Pharmacological Research 230 (2026) 108321

Contents lists available at ScienceDirect

Brazilian Journal of Health and Clinical Approaches

ELSEVIER journal homepage: www.elsevier.com/bjhca

Tirzepatide, a dual GIP/GLP-1 receptor agonist, attenuates endothelial
dysfunction and angiotensin II-induced abdominal aortic aneurysm in
ApoE™/~ mice
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ARTICLE INFO ABSTRACT
Keywords: Endothelial dysfunction is a critical initiating event in abdominal aortic aneurysm (AAA), a condition posing a
Abdominal aortic aneurysm high risk of a fatal rupture. Dual glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide
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(GIP) receptor agonists have emerged as potent treatments for diabetes and obesity, with clinical evidence
suggesting broader cardiovascular benefits. However, the direct impact of tirzepatide (dual GLP-1R/GIPR
agonist) on endothelial dysfunction and AAA pathogenesis remains poorly understood. We investigated the ef-
fects of dual GLP-1R/GIPR agonism on endothelial dysfunction and AAA development.

We employed parallel-plate flow chamber assays to evaluate the effects of tirzepatide on TNFa-induced leu-
kocyte-endothelium interactions. Expression of GLP-1R, GIPR, adhesion molecules (VCAM-1 and ICAM-1), and
NF-xB activation was quantified using immunofluorescence and western blotting. The in vivo efficacy of tirze-
patide was assessed using an angiotensin-Il-infused apoE~/~ mouse model of AAA.

GLP-1R and GIPR were expressed in human endothelial cells and murine suprarenal aortas. Tirzepatide
significantly attenuated TNFa-induced leukocyte-endothelium interactions, downregulated VCAM-1/ICAM-1/
CX3CL1 expression, and inhibited the mRNA expression and generation of MCP-1 and RANTES. Mechanistically,
these effects were driven by the suppression of NF-kB activation. Chronic subcutaneous administration of tir-
zepatide over 28 days significantly limited suprarenal aortic expansion and reduced AAA incidence in Ang-II-
infused mice. This vasoprotective effect was characterized by preserved elastin integrity, reduced neovessel
formation, and diminished macrophage accumulation within the aneurysmal wall.

Dual GLP-1R/GIPR agonism mitigates endothelial dysfunction and suppresses inflammatory pathways driving
AAA progression. These findings position tirzepatide as a promising therapeutic strategy for the prevention of
vascular remodeling and AAA development.

1. Background defined by the localized dilation of the abdominal aorta, posing a sub-
stantial risk of life-threatening rupture [1]. This condition is highly
Abdominal aortic aneurysm (AAA) is a chronic vascular pathology prevalent among the elderly, affecting approximately 4-8% of men and
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2% of women over the age of 65. Primary risk factors for AAA include
male sex, advanced age, smoking, genetic predisposition, hypercholes-
terolemia, and hypertension [2]. Additionally, several studies have
demonstrated an association between sympathomimetic recreational
drugs such as cocaine and acute aortic rupture [3]. Currently, there is no
effective pharmacotherapy to halt AAA progression, and clinical man-
agement is mainly restricted to surgical intervention [4]. Given the high
morbidity and mortality associated with aortic rupture, there is a critical
need to identify novel pharmacological targets capable of attenuating
aneurysm expansion and improving patient outcomes.

Endothelial dysfunction and chronic inflammation are fundamental
drivers of the progressive remodeling and structural weakening of the
vessel wall in AAA [5,6]. Central to this process is macrophage accu-
mulation, which plays a pivotal role in AAA pathophysiology by
secreting pro-inflammatory chemokines/cytokines and matrix metal-
loproteases (MMPs) that facilitate aortic structural disruption [7]. This
inflammatory cascade is often mediated by angiotensin-II (Ang-II), the
primary effector peptide of the renin-angiotensin system, which is
heavily implicated in both vascular inflammation and pathological
expansion [8,9]. Consequently, the 28-day infusion of Ang-II in hyper-
cholesterolemic mice has become a gold-standard preclinical model for
studying AAA [10,11]. This model effectively recapitulates the hallmark
pathological features of human AAA, including robust chemokine and
MMP release, leukocyte infiltration, degradation of the aortic elastic
laminae, and enhanced neovessel formation [8].

Tirzepatide, a dual glucagon-like peptide—1 (GLP—1) and glucose-
dependent insulinotropic peptide (GIP) receptor agonist, has recently
been approved for the treatment of type 2 diabetes (T2D) and obesity,
demonstrating superior efficacy in improving glycemic control and
reducing body weight compared with selective GLP—1R agonists
[12-14]. Beyond metabolic regulation, tirzepatide has shown thera-
peutic promise in metabolic dysfunction-associated steatotic liver dis-
ease and other systemic metabolic conditions [15]. Clinical evidence
further suggests significant cardiovascular benefits, as tirzepatide is
associated with the reduction of key risk factors, including hypertension,
dyslipidemia, and chronic systemic inflammation [16,17]. Moreover,
dual GLP—1R/GIPR agonism has been linked to improved cardiac
function, metabolic control, and functional capacity in patients with
heart failure [18].

Despite these multi-organ benefits, the specific impact of dual
GLP—1R/GIPR agonism on endothelial dysfunction and the pathogen-
esis of AAA remains largely unexplored. In the present study, we sought
to evaluate the impact of dual GLP—1R/GIPR agonism on vascular
dysfunction and AAA growth using both in vitro and in vivo approaches.

2. Methods
2.1. Invitro studies

2.1.1. Cell culture

All research with human samples complied with the principles out-
lined in the Declaration of Helsinki and also those approved (N°. 2021/
047) by the Institutional Ethics Committee of the University Clinic
Hospital of Valencia (Valencia, Spain). Written informed consent was
obtained from all volunteers.

Human umbilical vein endothelial cells (HUVEC) were isolated by
collagenase treatment [19] and maintained up to passage 2 in human
endothelial cell-specific medium (EBM—2, Lonza, Basel, Switzerland)
supplemented with endothelial growth media (EGM—2, Lonza) and 10%
fetal bovine serum (FBS, Biowest, Nuaille, France). Before every
experiment, HUVEC were incubated for 24 h in medium containing 1%
FBS.

2.1.2. Quantification of soluble chemokines in cell supernatants
HUVEC were grown to confluence and stimulated with tumor ne-
crosis factor-a (TNFa, 20 ng/mL; Thermo Fisher Scientific, Waltham,
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MA) for 24 h. To assess the effects of dual receptor agonism, specific
plates were preincubated with tirzepatide (1-100 nM, MedChemEx-
press, Monmouth Junction, NJ) for 24 h prior to TNFa stimulation. The
release of human monocyte chemoattractant protein—1 (MCP—1)/CCL2
and regulated on activation normal T-cell expressed and secreted
(RANTES/CCL5) was quantified in HUVEC supernatants using com-
mercial enzyme-linked immunosorbent assay (ELISA) kits (DuoSet; R&D
Systems, Abingdon, UK).

2.1.3. Leukocyte-HUVEC interactions under flow conditions

To evaluate leukocyte-endothelial cell interactions under dynamic
conditions, a parallel-plate flow chamber assay was performed as pre-
viously described [20]. HUVEC were grown to confluence and pre-
incubated with tirzepatide (100 nM; MedChemExpress, Monmouth
Junction, NJ) for 24 h. After this pretreatment period, the culture me-
dium was replaced and cells were stimulated with TNFa (20 ng/mL;
Thermo Fisher Scientific, Waltham, MA) or an additional 24 h in the
presence of freshly added tirzepatide. To determine the receptor-specific
contributions, a selective GLP—1R antagonist (exendin(9-39), 1 uM)
and/or a selective GIPR antagonist (GIP(3-30), 1 pM) were added (both
from MedChemExpress, Monmouth Junction, NJ) 1 h before tirzepatide
treatment. The flow chamber (GlycoTech, Gaithersburg, MD) was
assembled and mounted on an inverted phase-contrast microscope (Axio
Observer Al, ZEISS, Oberkochen, Germany). Whole blood from healthy
donors (diluted 1:10 in Hank’s balanced salts solution) was perfused
across HUVEC monolayers at a shear stress of 0.5 dyn/cm? [21,22].
Stable leukocyte adhesion was quantified after 5 min of perfusion. For
each experimental condition, at least five independent fields were
recorded (x20 objective, x10 eyepiece) for 10 s, as described [23]. The
resulting images were digitized and analyzed to determine the average
number of adherent cells per field.

2.1.4. Western blotting

Following the experimental treatments, HUVEC were washed with
phosphate-buffered saline (PBS) and lysed using RIPA buffer supple-
mented with protease and phosphatase inhibitors (Pierce™ RIPA Buffer
and Halt Protease and Phosphatase Inhibitor Single-Use Cocktail 100 x,
Thermo Fisher Scientific, Waltham, MA). Cells were incubated on ice
with gentle agitation for 15 min, subsequently scraped, and the resulting
whole-cell lysates were transferred to a microcentrifuge tube and
rotated for 30 min at 4°C to ensure complete cell lysis and protein
extraction. The lysates were then centrifuged, and total protein con-
centration was determined via the bicinchoninic acid (BCA) assay using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

Protein samples were denatured in loading buffer containing
B-mercaptoethanol at 95°C for 5 min. Equal amounts of protein were
subjected to sodium dodecyl sulphate polyacrylamide gel electropho-
resis using a 12% acrylamide running gel and subsequently transferred
onto polyvinylidene difluoride (PVDF) membranes (Amersham Hybond
0.2 pm PVDF blotting membrane, GE Healthcare, Chicago, IL). Non-
specific binding sites were blocked with 2% BSA in Tris-buffered sa-
line (TBS) containing 0.1% Tween—20 solution for 1 h. The membranes
were then incubated overnight with the appropriate primary antibody:
rabbit IgG polyclonal antibody against human GIPR (#Cat: ab136266,
#Lot: 1048958-6, dilution 1:200, Abcam, Cambridge, UK), mouse I1gG2,
monoclonal antibody against human GLP—1R (#Cat: sc390774, #Lot:
L1321, dilution 1:2000, Santa Cruz Biotechnology, Dallas, TX), rabbit
IgG monoclonal antibody against human nuclear factor-kappa B (NF-
kB)/p65 (#Cat: 8242, #Lot: 20, dilution 1:500, Cell Signaling Tech-
nology, Danvers, MA), rabbit IgG polyclonal antibody against human
phosphorylated-NF-kB/p65 (#Cat: 3031, #Lot: 14, dilution 1:300, Cell
Signaling Technology), rabbit IgG monoclonal antibody against human
c-Jun (#Cat: ab40766, #Lot: 1058316-47, dilution 1:500, Abcam),
rabbit IgG monoclonal antibody against human phosphorylated-c-Jun
(#Cat: ab32385, #Lot: 1121314-2, dilution 1:500, Abcam), and
mouse IgGop monoclonal antibody against human p-actin (#Cat: 3700,
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#Lot: 18, dilution 1:2000, Cell Signaling Technology). Membranes were
subsequently washed, incubated for an additional hour with the sec-
ondary horseradish peroxidase (HRP)-conjugated anti-rabbit antibody
(#Cat: P0448, #Lot: 41424306, 1:2000 dilution) or HRP-conjugated
anti-mouse antibody (#Cat: P0447, #Lot: 41456532, 1:2000 dilution;
both from Dako-Agilent Technologies, Santa Clara, CA) and developed
using the Amersham ECL Western Blotting Reagent (GE Healthcare).
Signals were recorded using a luminescent analyzer (FujiFilm Image
Reader LAS 4000, Fuji, Tokyo, Japan) and analyzed with ImageJ soft-
ware (Windows free version, developed by NIH, Bethesda, MD).

2.1.5. Immunofluorescence

HUVEC were grown to confluence on glass coverslips. Following the
experimental treatments, HUVEC were washed twice with ice-cold PBS,
fixed with 4% paraformaldehyde, and blocked in a TBS solution with 1%
BSA. For protein localization, HUVEC were incubated at 4°C overnight
with the following primary rabbit antibodies against human: GLP—1R
(IgG polyclonal, #Cat: sc390774, #Lot: L1321, dilution 1:100, Santa
Cruz Biotechnology, Dallas, TX), GIPR (IgG polyclonal, #Cat: ab136266,
#Lot: 1048958-6, dilution 1:500, Abcam, Cambridge, UK), VCAM—1
(IgG polyclonal, #Cat: 500-P300, #Lot: 1011M490RB J0418, dilution
1:50, Thermo Fisher Scientific, Waltham, MA), ICAM—1 (IgG poly-
clonal, #Cat: 500-P287, #Lot: 0909M464Rb J2609, dilution 1:100,
Thermo Fisher Scientific), CX3CL1/fractalkine (IgG polyclonal, #Cat:
ab25088, #Lot: GR18924-35, dilution 1:200, Abcam), or NFxB (IgG
monoclonal, #Cat: ab76311, #Lot: GR149932-8, dilution 1:100,
Abcam). Primary antibodies were diluted in a 0.1% BSA/TBS solution.
Immunofluorescence signals were visualized using Alexa Fluor 488-con-
jugated goat anti-rabbit (1:1000 dilution, #Cat: A—11034, #Lot:
2256692) or Alexa Fluor 488-conjugated goat anti-mouse (1:1000
dilution, #Cat: A—11001, #Lot: 1752514; both from Molecular Probes,
Carlsbad, CA) secondary antibodies, incubated for 1 h at room temper-
ature. Cell nuclei were counterstained with Hoechst dye (1:4000 dilu-
tion, Sigma-Aldrich, St. Louis, MO) for 20 min at room temperature.
Images were captured with a fluorescence microscope (Axio Observer
Al, ZEISS, Oberkochen, Germany) equipped with a 63 x objective lens
and a 10 x eyepiece.

2.2. In vivo studies

All animal procedures and experiments adhered to ethical regula-
tions and were approved by the Ethics Review Committee of the School
of Medicine, University of Valencia and the Valencian regional author-
ities (ref. VSC187-186 PEA—0260). All animal experiments complied
with the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. These procedures complied with the EU Directive 2010/63/
EU for the protection of animals used for scientific purposes and the EU
Commission Recommendation 2007/526/EC on guidelines for the ac-
commodation and care of animals used for experimental and other sci-
entific purposes, as implemented in Spanish law under Real Decreto
1201/2005. All efforts were made to minimize the number of animals
used and their suffering. Apolipoprotein E knockout (apoE'/ ) C57BL/6
male mice were supplied by Charles River Laboratories (Chatillon-sur-
Chalaronne, France). Mice were housed under specific pathogen-free
conditions with ad libitum access to a standard chow diet and water.
Environmental conditions were maintained at a constant temperature of
22 + 2°C and 60-65% humidity, following a 12-h light/dark cycle
(lights on at 08:00 h).

2.2.1. Experimental protocol of aortic aneurysm induced by Ang-I

To induce AAA formation, 10-week-old male apoE-/- C57BL/6 mice
were implanted with osmotic minipumps (Alzet, Model 2004, Charles
River Laboratories, Chatillon-sur-Chalaronne, France). Under anesthesia
(1.5-2% isoflurane) and maintained on a heating blanket, a small dorsal
incision was made in the neck for the subcutaneous (sc) placement of the
pumps. These pumps delivered either angiotensin-Il (Ang-II;
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Calbiochem, San Diego, CA) at a rate of 1.44 mg/kg/day or sterile saline
(0.9% NacCl) as a control for 28 days [10]. Following implantation, the
incisions were sutured and the surgical site was disinfected. Tirzepatide
or vehicle treatments were initiated on the same day as Ang-II infusion
and maintained throughout the 28-day experimental period. Ang-II
infused apoE”" C57BL/6 mice were randomly allocated into four
experimental groups: i) control saline-infused (n = 12, sc); ii) treatment
with vehicle (n = 12, sc); iii) treatment with tirzepatide at a dose of 10
nmol/kg/day (n = 12, sc), and iv) treatment with tirzepatide at a dose of
30 nmol/kg/day (n = 12, sc). The selected doses of tirzepatide were
based on established efficacy and pharmacokinetic profiles in murine
models [24,25].

2.2.2. Measurement of blood pressure

Systolic blood pressure was monitored in conscious mice using a non-
invasive tail-cuff system (CODA-—6, Kent Scientific, Torrington, CT)
according to previously established methods [26]. To ensure accurate
readings and peripheral vasodilation, animals were placed in a
restrainer on a warming chamber maintained at 37°C (Model LE5510,
PANLAB, Barcelona, Spain). Mice underwent a one-week acclimatiza-
tion period prior to baseline measurements and osmotic pump implan-
tation. To account for circadian variations in vascular tone, all
measurements were consistently recorded between 09:00 and 11:00 h.

2.2.3. Morphological analysis of AAA

On day 28, mice were deeply anesthetized with xylazine (1 mg/kg)
and ketamine (150 mg/kg) via intraperitoneal injection. Unconscious
animals were then euthanized by exsanguination via direct cardiac
puncture, and 0.8 mL of blood was collected. Plasma was isolated by
centrifugation and stored at —80°C for subsequent analyses. Left cardiac
ventricles were immediately perfused with PBS (10 mL) with an exit via
the severed right atrium. The aorta was carefully exposed under a dis-
secting microscope, and periadvential tissue was removed. To determine
the maximal outer diameter of the suprarenal aorta ex vivo, digital im-
ages were captured (Leica DMD108; Leica Microsystems, Wetzlar, Ger-
many) and analyzed using ImageJ software (Windows free version,
developed by NIH, Bethesda, MD). Aneurysm severity was classified
(stage I to stage IV) by an investigator blinded to the experimental
groups, based on a previous study [27]: stage I, dilated suprarenal lumen
without thrombus or with minimal thrombus; stage II, pronounced
bulbous suprarenal dilation in the suprarenal region containing a
thrombus; stage III, multiple aneurysms; stage IV, ruptured aneurysm.
Necropsies were performed on all mice that died during the 28-day
treatment period. Aortic rupture was defined by the presence of blood
clots within the retroperitoneal cavity (abdominal aortic rupture). While
these animals were excluded from morphological tissue analysis due to
post-mortem degradation, they were included in the final mortality and
rupture rate calculations. Aneurysm characterization was performed on
aortas harvested from surviving mice at the study endpoint or during the
necropsy of mice that succumbed to aortic rupture [27].

2.2.4. Determination of biochemical parameters

Following a 12-hour fast [28], blood was collected by cardiac
puncture under anesthesia, as described above. Plasma was isolated by
centrifugation and stored at —80°C for further analysis. Total choles-
terol, triglycerides, and high-density lipoprotein cholesterol (HDL-C)
concentrations were determined using enzymatic colorimetric proced-
ures (Wako Pure Chemicals Industries, Cape Charles, VA). Blood glucose
levels were measured using the Contour® Next USB Blood glucose meter
(Bayer HealthCare, Basel, Switzerland).

2.2.5. Histological and immunohistochemical analysis

Suprarenal aorta samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at a thickness of 5 pm. Sections
were mounted on Superfrost™ plus slides (J1800AMNZ; Thermo Fisher
Scientific, Waltham, MA) for examination. General histological
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morphology was assessed via hematoxylin and eosin (H&E) staining
(Sigma-Aldrich, St. Louis, MO). Weigert Van Gieson staining (Bio-
Optica, Milan, Italy) was performed to evaluate elastic fibers. Elastin
degradation was qualitatively assessed under 40 x magnification by a
blinded observer using digital images and a semiquantitative grading
system, as described [29]. Elastin preservation was graded as follows:
grade 1, non-elastin degradation, well-organized elastin laminae; grade
2, elastic laminae with occasional interruptions and breaks; grade 3,
elastic laminae with multiple interruptions and breaks; grade 4, severe
elastin fragmentation or loss.

Inflammatory infiltration and microvessel formation were also
measured in aortic cross-sections. Endogenous peroxidase activity was
quenched with 0.3% H0,, followed by sequential blocking of endoge-
nous biotin/streptavidin sites and non-specific binding using normal
goat serum. Sections were incubated overnight at 4°C with the following
primary antibodies: i) smooth muscle cell (SMC) staining was carried out
using a Cy3-conjugated goat IgG monoclonal antibody against mouse
alpha smooth muscle actin (#Cat: C6198, #Lot: 037M4783V, dilution
1:100, Sigma-Aldrich); ii) CD31 staining was performed with a rabbit
IgG polyclonal antibody against mouse CD31 (#Cat: ab28364, #Lot:
1109707-16, dilution 1:50, Abcam, Cambridge, UK); iii) for MMP
analysis, we used a rabbit IgG polyclonal antibody against mouse
MMP-2 (#Cat: ab37150, #Lot: GR286050-13, dilution 1:1000, Abcam)
or against mouse MMP—9 (#Cat: sc—10737, #Lot: F1014, dilution
1:100, Santa Cruz Biotechnology, Dallas, TX); iv) for macrophage
detection, we used a rat IgG; monoclonal antibody against mouse Mac3
(#Cat: sc—19991, #Lot: A3119, dilution 1:100, Santa Cruz
Biotechnology).

Primary antibody labeling was detected suing either biotin-
conjugated goat anti-rabbit (#Cat: 65-6140, #Lot: AA392265, dilu-
tion 1:200, Molecular Probes/Invitrogen, Carlsbad, CA) or biotin-
conjugated goat anti-rat (#Cat: 31830, #Lot: AC4666481, dilution
1:200, Molecular Probes/Invitrogen) secondary antibody, followed by
HRP-conjugated streptavidin (#Cat: SA—5704-100, #Lab: ZL0223,
Vector Laboratories, Newark, CA). Signals were visualized using 3’-
diaminobenzidine (DAB, SK—4100, Vector Laboratories) and sections
were counterstained with Harris Hematoxylin (Sigma-Aldrich) and
dehydrated. Fields from each suprarenal aortic section were captured
(Axio Observer Al, ZEISS, Oberkochen, Germany), digitized, and
analyzed (ImageJ, Windows free version, developed by NIH, Bethesda,
MD).

2.2.6. Quantitative RT-PCR for mRNA expression

Total RNA was extracted from human endothelial cells and murine
aortas using TRIzol RNA Reagent (Life Technologies, Thermo Fisher
Scientific, Waltham, MA) and purified by standard methods. Reverse
transcription was performed using 1 pg of total RNA and the TagMan
reverse transcription reagent kit (Applied Biosystem, Thermo Fisher
Scientific). cDNA was amplified using a TagMan Universal PCR Master
Mix (Applied Biosystem, Thermo Fisher Scientific) and specific TagMan
probes (all pre-designed by Applied Biosystems) for human MCP—1/
CCL2 (Hs00234140_m1), RANTES/CCL5 (Hs00174575_m1), ICAM—1
(Hs00164932_m1), VCAM-1 (Hs01003372_m1), CX3CL1
(Hs00171086_m1), and for mouse Mcp—1/Ccl2 (Mm00441242_m1),
Rantes/Ccl5 (Mm01302427_m1), vascular endothelial growth factor
(Vegf, MmO00437306_m1l), Gipr (MmO01316344.ml) and Glp—Ir
(Mm00445292_m1) on a QuantStudio 5 Real-Time PCR (RT-PCR) Sys-
tem (Applied Biosystems, Thermo Fisher Scientific). Relative quantifi-
cation of the different transcripts was determined by the 2724t method
using Gapdh (Mm99999915 g1, Applied Biosystem, Thermo Fisher Sci-
entific) as an endogenous control [30].

2.3. Statistical analysis

Data are expressed as individual data points, percentages, or means
+ standard error of the mean (SEM). To assess the statistical significance
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of aneurysm subtype variables, chi-square test was performed. Kaplan-
Meier survival curves were constructed and analyzed using the log-
rank (Mantel-Cox) test. One-way analysis of variance (ANOVA) fol-
lowed by Tukey post hoc test was used for data that passed both
normality and equal variance; otherwise, a non-parametric Kruskal-
Wallis test followed by Dunn’s post hoc analysis was used. Data were
considered statistically significant at p < 0.05. The statistical analyses
were conducted using GraphPad Prism software (version 8.0.2, Graph-
Pad Software, Inc., La Jolla, CA).

3. Results

3.1. Tirzepatide reduces TNFa-induced endothelial chemokine release
and leukocyte-endothelium interactions

We first confirmed the expression of both GLP—1R and GIPR in
HUVEC. Western blot analyses demonstrated basal endothelial expres-
sion of both receptors (Fig. 1A-C), which remained unchanged
following TNFa stimulation and/or tirzepatide treatment (Fig. 1B-C).
Immunofluorescence analysis confirmed the localization of GLP—1R and
GIPR on the endothelial cell membrane (Fig. 1D).

Because TNFa stimulation triggers endothelial production of CC
chemokines, we evaluated whether tirzepatide modulates this response.
ELISA analysis of HUVEC supernatants revealed that 24 h of TNFa
stimulation significantly increased the secretion of MCP-1/CCL2
(p < 0.0001) and RANTES/CCL5 (p < 0.0001) (Fig. 1E-F). Notably,
pretreatment with 100 mM tirzepatide significantly attenuated these
increases for MCP—1/CCL2 (p = 0.0103, Fig. 1E) and RANTES/CCL5
(p < 0.0001, Fig. 1F). Consistent with these findings, RT-PCR analyses
demonstrated that tirzepatide also reduced TNFa-induced Mcp—1 and
Rantes mRNA expression (p = 0.013 and p = 0.015 respectively, Figure I
in the online-only Data Supplement, Fig. IA and B). Importantly, the
simultaneous blockade of GLP—1R and GIPR completely abolished the
inhibitory effect of tirzepatide (p < 0.05; Fig. IA-IB), indicating that
activation of both receptors is required for its anti-inflammatory action.

To assess the functional implications of these findings, we performed
dynamic flow chamber assays to evaluate leukocyte-endothelial cell
interactions [20]. Diluted whole blood from healthy volunteers was
perfused across HUVEC monolayers. As expected, TNFo stimulation
significantly  increased leukocyte adhesion compared with
vehicle-treated cells (p < 0.0001; Fig. 1G). Remarkably, tirzepatide
treatment significantly reduced TNFa-mediated leukocyte adhesion by
63.1% (p < 0.0001, Fig. 1G). This inhibitory effect was partially
reversed by pretreatment with either the GLP—1R antagonist exendin
(9-39) (p =0.024) or the GIPR antagonist GIP (3-30) (p = 0.029,
Fig. 1G). Furthermore, simultaneous blockade of both GLP—1R and
GIPR completely abolished the suppressive effect of tirzepatide on leu-
kocyte—endothelial cell interactions (p < 0.0001, Fig. 1G).

3.2. Tirzepatide attenuates TNFa-induced increased ICAM—1 and
VCAM—1 expression in human endothelial cells

To determine if the inhibitory effects of tirzepatide on leukocyte
adhesion were mediated by the modulation of endothelial cell adhesion
molecule (CAM) expression, we measured the protein expression of
intercellular adhesion molecule—1 (ICAM—1) and vascular cell adhesion
molecule—1 (VCAM-1). Immunofluorescence analysis revealed that
TNFa stimulation significantly upregulated both ICAM—1 (p < 0.0001)
and VCAM-1 (p < 0.0001) expression when compared with unstimu-
lated controls (Fig. 2A-C). Pretreatment of cells with tirzepatide
significantly decreased TNFo-induced expression of ICAM—1 by 57.4%
(p < 0.0001, Fig. 2A-B) and VCAM—1 by 48.5% (p < 0.0001, Fig. 2A
and C). This inhibitory effect was partially reversed by cotreatment with
either the GLP—1R antagonist exendin (9-39) or the GIPR antagonist
GIP (3-30) for both ICAM—1 and VCAM-1 (p < 0.0001 for both,
Fig. 2B-C). Notably, simultaneous blockade of both GLP—1R and GIPR
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Fig. 1. Tirzepatide attenuates TNFa-induced endothelial pro-inflammatory chemokine release and leukocyte-endothelium interactions. A-C Represen-
tative western blot analysis of (A) GLP—1R and GIPR protein expression in HUVEC treated with vehicle, TNFa (20 ng/mL), TNFx + tirzepatide (TZP) (100 nM), or
TZP alone (100 nM). Densitometric analysis is shown as protein expression ratios for (B) GLP—1R/p-actin (C) or GIPR/p-actin. Data represent the mean + SEM of 3-4
independent experiments. Data were analyzed by one-way ANOVA followed by Tukey post hoc test. D Representative immunofluorescence analysis of GLP—1R and
GIPR expression (green) in HUVEC. Nuclei are counterstained with DAPI (blue). Scale bar = 20 um. E-F Pro-inflammatory chemokine secretion. Concentrations of (E)
MCP—1/CCL2 and (F) RANTES/CCL5 (pg/mL) in HUVEC supernatants measured by ELISA. Data represent the mean + SEM of 5 independent experiments. Data were
analyzed by one-way ANOVA followed by Tukey post hoc test. G Leukocyte-endothelial interactions. Diluted blood (1:10 in HBSS) from healthy donors was perfused
across endothelial monolayers for 5 min at 0.5 dyn/cm? (scale bar = 100 um) and leukocyte adhesion was quantified as cells/mm?. HUVEC were preincubated with
TZP (100 nM) 24 h before stimulation with TNFa (20 ng/mL) for 24 h. In some plates, exendin (9-39) (GLP—1R antagonist; 1 pM) and/or GIP (3—30) (GIPR
antagonist; 1 pM) were added 1 h before TZP treatment. Representative images of leukocyte-endothelial cell interactions are shown. Data represent the mean + SEM
of 4-8 independent experiments. Data were analyzed by one-way ANOVA followed by Tukey post hoc test.

markedly abrogated the suppressive effect of tirzepatide on TNFa-
induced ICAM—1 and VCAM-1 expression (p < 0.0001, Fig. 2A-C).
Consistent with these protein data, RT-PCR analysis demonstrated that
tirzepatide significantly reduced TNFa-induced Icam—1 and Vecam—1
mRNA expression (p = 0.004 and p = 0.007 respectively, Figure I in the
online-only Data Supplement, Fig. IC and D). Importantly, combined
blockade of GLP—1R and GIPR completely abolished the inhibitory ef-
fect of tirzepatide (p < 0.05; Figure I in the online-only Data
Supplement, Fig. IC and D).

These findings prompted us to further investigate the effect of tir-
zepatide on the expression of the membrane-bound chemokine fractal-
kine/CX3CL1. Immunohistochemical analysis revealed that TNFa
markedly induced fractalkine/CX3CL1 expression in HUVECs
(p < 0.0001 Fig. 3A-B), whereas pretreatment with tirzepatide signifi-
cantly attenuated this response (p < 0.0001). Of note, simultaneous
blockade of GLP—1R and GIPR prevented the inhibitory effect of tirze-
patide, indicating that dual receptor activation is required for the sup-
pression of TNFa-induced fractalkine/CX3CL1 expression (p < 0.0001,

Fig. 3B). Consistent with these findings, RT-PCR analysis demonstrated
that tirzepatide significantly reduced TNFa-induced Cx3cll mRNA
expression. Furthermore, simultaneous blockade of GLP—1R and GIPR
prevented this inhibitory effect (p = 0.037, Fig. 3C), further supporting
the requirement of dual receptor activation for the anti-inflammatory
actions of tirzepatide.

3.3. Tirzepatide inhibits TNFa-induced NF-«kB/p65 signaling in human
endothelial cells

The NF-kB signaling cascade is a central mediator of TNFa-induced
CAM expression and chemokine release [31]. Accordingly, we investi-
gated the impact of tirzepatide on NF-kB pathway activation. Immu-
nofluorescence analysis showed that a 30-min stimulation with TNFa
induced significant translocation of the NF-kB/p65 subunit into the
nucleus (p < 0.0001, Fig. 4A-B). Notably, tirzepatide pretreatment
reduced this TNFo-induced nuclear translocation by 88.5% (p < 0.0001,
Fig. 4A-B). While cotreatment with either exendin (9-39) or GIP (3-30)
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Fig. 2. Tirzepatide reduces TNFo-induced ICAM—1 and VCAM—1 expression in human endothelial cells. Cells were treated with TZP (100 nM) for 24 h and
then stimulated with TNFa (20 ng/mL, 24 h). Specific plates were preincubated with exendin (9-39) (GLP—1R antagonist; 1 pM) and/or GIP (3—30) (GIPR
antagonist; 1 pM) 1 h before TNFu treatment. A Representative immunofluorescence analysis of ICAM—1 and VCAM—1 expression (green) in HUVEC. Nuclei are
counterstained with DAPI (blue). B-C Quantification of ICAM—1 and VCAM—1 expressed as fluorescence intensity (arbitrary units, ua). Data represent the mean +
SEM of 5-6 independent experiments. Data were analyzed by one-way ANOVA followed by Tukey post hoc test.

partially reversed this effect, simultaneous blockade of both GLP—1R
and GIPR significantly abolished the suppressive effect of tirzepatide on
NF-kB nuclear translocation (p < 0.0001, Fig. 4A-B). These findings
were further validated by western blot analysis, which demonstrated
that TNFa stimulation triggered significant phosphorylation of the p65
subunit (p < 0.0001, Fig. 4C-D). This was significantly attenuated by
tirzepatide treatment (p = 0.004, Fig. 4C-D). In additional experiments,
western blot analyses were performed to evaluate whether tirzepatide
affected the activity of the AP—1 transcription factor pathway, as
assessed by phosphorylation of c-Jun, a major component of the AP—1
complex. However, tirzepatide treatment did not alter TNFa-induced
c-Jun phosphorylation (p > 0.05, Fig. 4E-F).

3.4. Tirzepatide treatment inhibits Ang-Il-induced dissecting aneurysm
formation

To investigate whether tirzepatide influences aneurysm develop-
ment in vivo, apoE / mice were infused with Ang-II for 28 days to induce
AAA. As shown in Fig. 5A and B, Ang-II infusion resulted in a signifi-
cantly greater maximal external diameter of the suprarenal aorta
compared with vehicle-infused controls (Ang-1I: 2.37 £+ 0.18 mm vs.
vehicle: 0.91 + 0.03 mm, p < 0.0001). While a 28-day treatment with
10 nmol/kg/day tirzepatide had no detectable effect on Ang-II-induced
aortic dilation, the higher dose of 30 nmol/kg/day significantly reduced

the maximal external suprarenal aortic diameter by 76% (p < 0.0001,
Fig. 5B). Furthermore, according to the Daugherty classification system
[27], the aneurysms induced by Ang-II were more severe than those in
mice cotreated with 30 nmol/kg/day tirzepatide (Fig. 5C).

The impact of tirzepatide on mortality was also assessed. Compared
to vehicle treated mice, within the initial 23 days of treatment, 41% of
mice in both the Ang-Il-infused group (n = 5) and the cotreated low-
dose tirzepatide group (n = 5) died due to aortic rupture in the supra-
renal abdominal region (p = 0.013), while mortality was reduced to
16% (n = 2) in mice cotreated with 30 nmol/kg/day of tirzepatide
(p =0.179, Fig. 5D). Furthermore, tirzepatide significantly reduced
body weight and blood glucose levels in apoE”~ mice infused with Ang-II
(Table I in the online-only Data Supplement). However, tirzepatide
administration did not influence the Ang-II-induced elevation of blood
pressure or the lipid profile (total cholesterol, HDL cholesterol, tri-
glycerides) (Table I in the online-only Data Supplement).

Histological analysis of suprarenal aortic segments revealed that
Ang-II infusion induced marked structural alterations (Fig. 6A), char-
acterized by substantial degradation and fragmentation of the medial
elastic laminae (p = 0.005, Fig. 6B and D) and a pronounced loss of
vascular smooth muscle cells (VSMCs) within the media (p < 0.0001,
Fig. 6C and E). These pathological changes were notably ameliorated in
mice cotreated with tirzepatide, which preserved elastin architecture
and attenuated medial VSMC depletion (p = 0.033 and p < 0.0001,



A. Gomez-Martin et al.

Pharmacological Research 230 (2026) 108321

A CX3CL1/DAPI

Vehicle TNFa

TNFa+ TZP + Ex(9-39)

TNFa + TZP + GIP(3-30)

Vehicle

TNFa

TNFo + TZP

TNFo + TZP + Exendin(9-39)

TNFa + TZP + GIPR(3-30)

o TNFa + TZP + Exendin(9-39)+ GIPR(3-30)

O o oo

v/

80+
604 p<0.0001 p<0.0001
p<0.0001 p=0.976
»_ p=0.411 o

N
o
L

Mllily

o

CX3CL1 expression
(fluorescence intensity, ua)
I
o

TNFa+ TZP

TNFa + TZP + Ex(9-39) + GIP
(3-30)

o Vehicle
o TNFa
o TNFo +TZP
C o TNFa + TZP + Exendin(9-39)
TNFo + TZP + GIPR(3-30)
o TNFo + TZP + Exendin(9-39)+ GIPR(3-30)
oy
S
b~ -
S 800
< p<0.0001
< 600- p=0.0074
QE: p=0.037
~ _p=0.969
£ 4004 p=0.117
R~
&
‘(\3 200" o o | s
3 |
X =-CEET}
(§)

Fig. 3. Tirzepatide reduces TNFa-induced CX3CL1/fractalkine expression in human endothelial cells. Cells were treated with TZP (100 nM) for 24 h and then
stimulated with TNFa (20 ng/mL, 24 h). Specific plates were preincubated with exendin (9-39) (GLP—1R antagonist; 1 pM) and/or GIP (3—30) (GIPR antagonist; 1
pM) 1 h before TNFa treatment. A Representative immunofluorescence analysis of CX3CL1 expression (green) in HUVEC. Nuclei are counterstained with DAPI (blue).
B Quantification of CX3CL1 expressed as fluorescence intensity (arbitrary units, ua). Data represent the mean + SEM of 5-6 independent experiments. Data were
analyzed by one-way ANOVA followed by Tukey post hoc test. C Analysis of Cx3cll expression in suprarenal aortas. Data represent the mean + SEM of the ratio
between Cx3cll gene and Gapdh gene expression (n = 4-5 animals/group). Data were analyzed by one-way ANOVA followed by Tukey post hoc test.

respectively; Fig. 6C-D).

Given the critical role of MMPs in extracellular matrix degradation
and aortic wall remodeling in aortic aneurysm [32], we performed
immunohistochemistry analysis for MMP—2 and MMP-9. Aortic
expression of both MMP-2 (p < 0.0001, Fig. 6F and H) and MMP—9
(p < 0.0001, Fig. 6G and I) was significantly higher in Ang-II-infused
mice than in vehicle-treated mice. Tirzepatide treatment significantly
reduced the Ang-II-induced expression of both enzymes (p < 0.0001 for
both, Fig. 6H-I). These findings were further supported by RT-PCR
analysis. As shown in Fig. 6J and K, Mmp—2 and Mmp—9 mRNA levels in
suprarenal aortas were significantly reduced in tirzepatide-treated mice
(p = 0.0014 and p = 0.0280, respectively; Fig. 6J and K).

3.5. Tirzepatide reduces macrophage accumulation and
neovascularization in dissecting AAA induced by Ang-II

Because AAA pathogenesis is driven by inflammation and angio-
genesis [33,34], we assessed macrophage accumulation and microvessel
density. In Ang-II-treated mice, we observed substantial macrophage
accumulation within the medial and adventitial layers (p < 0.0001,
Fig. 7A and C). This inflammatory response was reduced by 88% in mice
cotreated with tirzepatide (p < 0.0001, Fig. 7A and C). Similarly, the

high density of CD31 + microvessels observed in Ang-II-stimulated
aortas (p < 0.0001, Fig. 7B and D) was markedly decreased by tirze-
patide cotreatment (p < 0.0001, Fig. 7B and D). These histological
findings were supported by mRNA analysis. The Ang-II-induced mRNA
upregulation of Mcp—1/Ccl2 (p=0.033, Fig. 7E), Rantes/Ccl5
(p = 0.0003, Fig. 7F), and Vegf (p = 0.0256, Fig. 7G) in suprarenal
aortas was significantly attenuated in tirzepatide-treated mice
(p =0.037, p=0.006, and p = 0.0022, respectively). In contrast,
Cx3cll mRNA expression was not significantly increased in
Ang-Il-infused suprarenal aortas compared with controls (p > 0.05,
Fig. 7H), and tirzepatide treatment did not significantly modify its
expression.

Finally, we confirmed the presence of both GLP—1R and GIPR in the
suprarenal aortas of apoE~/~ mice via western blot. Both receptors were
detectable, and their expression levels remained unchanged regardless
of Ang-II or tirzepatide treatment (Fig. 8A-C) (p > 0.05). Notably,
complementary immunofluorescence studies demonstrated that
GLP—1R and GIPR colocalize with both macrophages and endothelial
cells within the suprarenal aortic wall (Fig. 8D). Given the well-
established involvement of NF-kB signaling in AAA pathogenesis, we
next investigated the impact of tirzepatide treatment on this pathway in
suprarenal aneurysmal tissue. Compared with vehicle-treated controls,
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Fig. 4. Tirzepatide attenuates TNFa-induced NF-kB/p65 signaling in human endothelial cells. HUVEC were treated with TNFa (20 ng/mL) or vehicle for
30 min. Specific plates were pretreated with TZP (100 nM) 24 h before the stimulus. Similarly, specific TZP-treated cells were also pretreated with exendin (9-39)
(GLP—1R antagonist; 1 pM) and/or GIP (3—30) (GIPR antagonist; 1 uM) 1 h before. A-B NF-kB expression in the nucleus was visualized and measured by immu-
nofluorescence (scale bar = 100 um). Data represent the mean + SEM of 5-6 independent experiments. Data were analyzed by one-way ANOVA followed by Tukey
post hoc test. C Phosphorylation of p65/NF-kB was analyzed by western blotting. Representative images are shown. D Densitometry analysis of phospho-p65 relative
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suprarenal aortas from Ang-Il-infused apoE”" mice exhibited signifi-
cantly increased phosphorylation of p65 (Fig. 8E and F), indicating
activation of NF-kB signalling (p =0.0016). Notably, tirzepatide
cotreatment markedly reduced p65 phosphorylation in suprarenal aortic
tissue, suggesting attenuation of NF-kB pathway activation
(p =0.0217).

4. Discussion

Tirzepatide, currently the only approved dual GLP—1R/GIPR
agonist, has demonstrated impressive clinical efficacy in patients with
T2D and for chronic weight management in adults with obesity or
overweight who present with weight-related comorbidities [13,14,
35-37]. Beyond its metabolic indications, emerging clinical and pre-
clinical evidence suggests that tirzepatide may offer therapeutic benefits
in nondiabetic cardiovascular contexts, specifically regarding myocar-
dial infarction [18,38,39] and heart failure [40-42]. However, the direct
impact of dual GLP—1R/GIPR agonism on endothelial dysfunction and
AAA pathogenesis remains unexplored.

Endothelial dysfunction serves as a critical predictor of cardiovas-
cular events and plays a pivotal role in the early pathogenesis of AAA

[5]. TNFa is a key mediator of vascular inflammation and has been
consistently reported to be upregulated in Ang-II-induced abdominal
aortic aneurysm models [43,44], where it contributes to macrophage
accumulation and increased vascular inflammation. In our in vitro
studies, TNFa stimulation of human endothelial cells induced a
dysfunctional phenotype characterized by enhanced cell adhesion
molecule (VCAM—1 and ICAM-1) and fractalkine/CX3CL1 expression
and subsequent increased leukocyte adhesion. Pharmacological activa-
tion of either GLP—1R or GIPR partially attenuated these inflammatory
responses, whereas dual GLP—1R/GIPR agonism produced a more pro-
nounced inhibitory effect, suggesting additive or synergistic interactions
between the two pathways. Consistently, blockade of both receptors
reversed the protective effects of tirzepatide, while single receptor
antagonism only partially restored TNFa-induced CAM/fractalkine
expression and leukocyte recruitment. These findings indicate that
GLP-1R and GIPR signaling contribute individually to the
anti-inflammatory effects of tirzepatide, but co-activation is necessary to
fully suppress endothelial inflammation, highlighting the synergistic
relevance of dual agonism in mediating vascular protection. Consistent
with our findings, recent clinical data from patients with T2D have re-
ported that a 26-week regimen of tirzepatide reduces endothelial
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rupture. Data represent the mean + SEM. Data were analyzed by one-way ANOVA followed by Tukey post hoc test.

dysfunction and lowers several inflammatory biomarkers associated
with cardiovascular risk, including ICAM—1, YKL—40 (also known as
chitinase—3-like-protein—1), leptin, and growth differentiation
factor—15 [16]. Furthermore, while the GLP—1R agonist liraglutide has
previously been shown to decrease TNFa-induced VCAM-1 and
ICAM-1 expression in preclinical models [45,46], our findings suggest
that the protective effects of dual GLP—1R/GIPR agonism on AAA are
driven, at least in part, by a potent anti-inflammatory action on the
vascular endothelium.

We report the first evidence that chronic administration of tirzepa-
tide over 28 days effectively decreases Ang-II-induced aortic dilatation
and AAA formation. These beneficial effects were accompanied by a
significant reduction in macrophage accumulation within the lesions
and a downregulation of key proinflammatory chemokines, such as
Mcp—1/Ccl2 and Rantes/Ccl5, in the aorta wall. This aligns with previ-
ous findings showing an upregulation of these chemokines in both
human AAA and animal models [33,34,47-49]. Our observations are
also consistent with reports that liraglutide reduces Ang-II-induced AAA
by inhibiting M1 macrophage polarization (57). Interestingly, retro-
spective clinical data from 1401 matched patients with T2D and 336
matched patients without T2D with unruptured AAA have associated
GLP—1 receptor agonist prescriptions with lower rates of mortality and
AAA repair over a 5-year follow-up period, suggesting potential benefits
of GLP—1RAs in AAA management [50]. Additionally, the

anti-atherogenic effects of GLP—1 and GIP and their selective receptor
agonists are well documented in murine models [51-55]. For instance,
active forms of GLP—1 and GIP suppress macrophage accumulation into
the aortic wall and prevent atherosclerotic lesion development in
apoE~'~ mice [55]. Similarly, liraglutide reduces atheroma develop-
ment and several inflammatory mediators (TNFa, IL—18, MCP—1/CCL2)
in the vascular wall [52]. While the specific effects of GIP on vascular
inflammation are less established, evidence suggests it also reduces
macrophage accumulation in atherosclerosis models [56]. Beyond the
pancreas, GLP—1R and GIPR are expressed in various tissues and
vascular cells, including the endothelium [57], macrophages [58], im-
mune cells [59], as well as the aorta [59-62]. This expression pattern
suggests a pivotal role for these receptors in vascular biology. In the
present study, we confirmed the presence of both GLP—1R and GIPR in
macrophages and vascular endothelial cells.

Although macrophage accumulation was quantified using MAC—3
immunostaining, this approach did not permit discrimination between
resident and monocyte-derived macrophages or characterization of
macrophage phenotype. Current evidence indicates that macrophages in
AAA comprise a heterogeneous population and that the majority of cells
accumulating within the aneurysmal wall are derived from circulating
monocytes rather than resident macrophage populations [7]. In addi-
tion, macrophages in AAA can adopt diverse functional states, including
pro-inflammatory and reparative phenotypes, which contribute
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differentially to aneurysm progression and tissue remodeling [7,63]. infiltration, and restores left ventricular function [39]. Furthermore,
Therefore, the reduction in MAC—3-positive cells observed following tirzepatide was recently shown to attenuate doxorubicin-induced car-
tirzepatide treatment likely reflects attenuation of inflammatory cell diotoxicity by reducing macrophage accumulation and the expression of
recruitment and/or expansion within the lesion. However, the present several proinflammatory markers, including IL—1p, IL—6 and TNFq, in
study cannot determine whether tirzepatide preferentially affects spe- the myocardium [65]. By utilizing a pharmacological approach, our
cific macrophage subsets or phenotypic states. Given the emerging roles study further demonstrates the efficacy of tirzepatide in attenuating
of distinct macrophage populations in aneurysm progression and repair AAA and provides additional evidence for the combined roles of
[7,63], further studies are warranted to define the effects of tirzepatide GLP—1R and GIPR in modulating the immune and inflammatory profile
on macrophage origin, polarization, and function during AAA of the vascular wall.
development. The pathogenesis of AAA involves a complex interplay between
In a clinical context, the SUMMIT trial recently reported that tirze- endothelial cells, SMCs, and infiltrating immune cells — particularly
patide reduced circulatory volume-pressure overload and systemic macrophages — which release MMPs that drive elastin degradation and
inflammation while mitigating cardiovascular-kidney end-organ injury medial SMC apoptosis [32]. In our study, tirzepatide-treated mice
in patients with obesity and heart failure with preserved ejection frac- exhibited significantly reduced medial elastin destruction and down-
tion [64]. These findings provide critical insights into the pleiotropic regulated expression of MMP—2 and MMP—9 in suprarenal aortas.
cardiovascular benefits of this agent. Correspondingly, preclinical These findings align with data showing that GLP—1R activation via lir-
models of myocardial infarction have shown that chronic treatment with aglutide reduces both MMP expression and elastin degradation, and
tirzepatide reduces mortality, limits infarct size and inflammatory attenuates AAA formation induced by elastase [66]. Similarly, in vitro
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studies showed that GIP treatment significantly prevents
endotoxin-induced MMP—9 secretion in murine macrophages [56].
Collectively, these results suggest that dual GLP—1R/GIPR agonism
plays a crucial role in preserving vascular structural integrity.

Enhanced neovessel formation within the aortic media is a hallmark
of AAA progression and rupture [67]. Dysregulation of growth factors
and proangiogenic chemokines contributes to this neovascularization
[67], and MCP—1/CCL2, RANTES/CCLS5, and VEGF have been identified
as potential angiogenic factors in the response exerted by Ang-II [33,
68]. Currently, there is limited direct evidence on whether GLP—1R or
GIPR agonists could modulate angiogenic response in the arterial wall in
AAA. Our study provides some of the first evidence that tirzepatide re-
duces neovascularization and Vegf levels in the suprarenal aorta. This
effect might stem from a direct effect on endothelial cells or a secondary
reduction in macrophage infiltration, as macrophages are the primary
source of VEGF. Thus, it is highly probable that the anti-inflammatory
effects of tirzepatide indirectly suppress pathological angiogenesis in
the context of AAA.

The underlying mechanisms involved in the beneficial actions of
tirzepatide have been associated with antihypertensive effects. While
the SURPASS clinical program observed systolic blood pressure re-
ductions in patients with T2D [69], tirzepatide treatment in our model
had no significant effect on Ang-II-induced hypertension. This indicates
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that, in this experimental setting, the protective effects of dual
GLP—1R/GIPR agonism on vascular aneurysmal formation are blood
pressure-independent, consistent with a prior report of an
Ang-II-induced AAA model [70].

NF-kB activation is a central driver of cytokine/chemokine upregu-
lation, CAM expression, and leukocyte recruitment during AAA devel-
opment [34,47]. Activation of GLP—1R and GIPR engages multiple
intracellular pathways that may contribute to suppression of NF-kappa
B. These include increased cyclic AMP (cAMP) levels and subsequent
activation of protein kinase A (PKA), as well as engagement of PI3K/Akt
and AMP-activated protein kinase (AMPK) signaling, all of which have
been implicated in reducing inflammatory responses and NF-«B activity
in preclinical and clinical contexts [71,72]. We found that tirzepatide
attenuated human endothelial cell dysfunction, mitigated
VCAM-1/ICAM—1 expression and MCP—1 and RANTES release, and
decreased the phosphorylation of NF-kB/p65 in endothelial cells
induced by TNFa. In contrast, tirzepatide did not significantly affect
TNFa-induced c-Jun  phosphorylation, suggesting that its
anti-inflammatory actions are mediated predominantly through modu-
lation of NF-kB signaling rather than AP—1 pathway inhibition. These
findings are supported by evidence that GLP—1 R selective agonism
inhibits the NF-xB pathway in endothelial cells [73], and that GIP re-
duces lipopolysaccharide-induced IL—6 secretion and MMP—9 activity
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through NF-xB inhibition in macrophages [56]. Taken together, the
vascular benefits of tirzepatide indicate that impaired NF-kB pathway
activation attenuates the synthesis of proinflammatory molecules, ulti-
mately mitigating endothelial dysfunction. Our data further confirm
that both GIPR and GLP—1R contribute to these potent
anti-inflammatory effects.

Limitations of the present study should be considered. Due to the
higher prevalence of AAA in males, both in humans [74] and in exper-
imental models [10,75,76], all experiments were conducted exclusively
in male mice. In the original characterization of the suprarenal AAA
model, Manning et al. (2002) reported that when female mice were
studied, only 20-33% developed aneurysms under comparable experi-
mental conditions [76]. Therefore, the use of male animals is considered
standard practice to ensure model robustness and reproducibility.
Nevertheless, the biological mechanisms underlying sex-dependent
differences in aneurysm susceptibility remain incompletely understood
and warrant further investigation. Another potential limitation of our
study is the use of HUVEC for in vitro experiments rather than arterial
endothelial cells, such as human aortic endothelial cells (HAEC) or
human umbilical artery endothelial cells (HUAEC). While HUVEC are
widely used due to their robust growth, and well-characterized re-
sponses to inflammatory stimuli and shear stress, venous endothelial
cells differ from arterial endothelial cells in baseline gene expression,
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sensitivity to flow, and inflammatory signaling. Therefore, while our
HUVEC-based findings provide a valuable mechanistic insight into
GLP—1R/GIPR-mediated modulation of endothelial-leukocyte in-
teractions, caution should be exercised when extrapolating these results
to endothelial biology in AAA. Future studies using human aortic
endothelial cells will be important to confirm the vascular relevance of
these observations in the context of AAA pathophysiology.

5. Conclusions

In conclusion, the present study provides the first evidence that dual
GLP—1R/GIPR agonism significantly reduces endothelial dysfunction
and attenuates AAA formation in a murine model. The pleiotropic effects
of tirzepatide — specifically the mitigation of vascular inflammation,
pathological neovascularization, and MMP dysregulation — demonstrate
that dual receptor activation effectively preserves aortic structural
integrity. These findings suggest that therapeutic dual GLP—1R/GIPR
agonism represents a viable clinical strategy to limit AAA progression
and its associated mortality. Furthermore, our results highlight a
promising role for tirzepatide beyond metabolic control, opening a novel
avenue of cardiovascular research that warrants further investigation in
clinical trials.
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