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Abstract

Tirzepatide is a long-acting agonist for the glucagon-like peptide-1 and glucose-dependent
insulinotropic polypeptide receptors approved for the treatment of type 2 diabetes mel-
litus, weight management in obese patients, or overweight patients with at least one
weight-related comorbid condition. The clinical effects of tirzepatide are demonstrated
by improved glycemic control, reduced overall appetite, decreased food intake, and body
weight. Several studies indicated that the vasculoprotective effects and anti-atherosclerotic
potential of tirzepatide extend far beyond glycemic control. Tirzepatide stimulates the mo-
bilization and function of endothelial progenitor cells, which facilitates vascular repair and
mitigates hyperglycemia-induced damage. Tirzepatide enhances the activity of endothelial
nitric oxide synthase, reduces the activity of endothelial activation molecules such as inter-
cellular adhesion molecule 1 and vascular cell adhesion molecule 1, promotes vasodilation,
and reduces peripheral vascular resistance. Furthermore, the drug inhibits inflammation
by suppressing the expression of pro-inflammatory cytokines, such as tumor necrosis
factor α, interleukin-1β, and interleukin-6. Moreover, tirzepatide improves lipid profiles by
decreasing total cholesterol, low-density lipoprotein cholesterol, and triglycerides, while
increasing high-density lipoprotein cholesterol. By improving endothelial function, re-
ducing inflammation, and lowering body weight, tirzepatide lowers both systolic and
diastolic blood pressure. This article summarizes the data with special emphasis on the
mechanisms underlying the anti-atherosclerotic and vasoprotective effects of tirzepatide,
based on studies conducted to date.
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1. Introduction
Diabetes mellitus type 2 (T2D) is the most common form of diabetes in the world. A

few years ago, it mainly affected the elderly, but due to the growing incidence of obesity,
the disease has increasingly affected younger people, and now we are facing the epidemic
of T2D [1]. In 2021, an estimated 563 million people were affected by T2D, and the age of
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onset is decreasing [2,3]. Due to the increasing incidence of T2D and its complications, new
drugs that can control the course of the disease and reduce its metabolic consequences are
highly desirable. Tirzepatide was approved by the U.S. Food and Drug Administration
(FDA) in May 2022 and by the European Medicines Agency (EMA) in November 2022 for
the treatment of T2D that is not satisfactorily controlled with diet and physical activity. It
is the first long-acting polypeptide introduced into therapy that is not only an agonist of
the glucagon-like peptide-1 (GLP-1) receptor but also an agonist of the glucose-dependent
insulinotropic polypeptide (GIP) receptor. Therefore, the drug improves glycemic control
and weight loss compared with the GLP-1 receptor agonist—semaglutide [4,5]. Tirzepatide
lowers glycemia in adult patients with T2D, reduces weight, and delays progression
to T2D in people with both obesity and prediabetes [6]. Currently, tirzepatide is also
recommended as an adjunct to a reduced-calorie diet and increased physical activity for
weight management in obese patients and those who are overweight with at least one
weight-related comorbid condition (e.g., hypertension, dyslipidemia, obstructive sleep
apnea, cardiovascular disease (CVD), prediabetes, or T2D). Furthermore, the efficacy and
safety of tirzepatide in children and adolescents, aged 10–17 years, with youth-onset
T2D inadequately controlled with metformin and/or basal insulin were confirmed in the
SURPASS-PEDS study [4–10].

Vascular disorders, mainly atherosclerosis, remain the leading causes of death world-
wide. Risk factors for atherosclerosis include T2D, obesity, dyslipidemia, hyperglycemia,
old age, smoking, and an unhealthy diet. Generally, atherosclerosis leads to arterial narrow-
ing through the formation of plaques containing lipids, fibrin, calcium, and immune cells.
Atherosclerosis is a dynamic and measurable process that can be detected in the subclinical
stage by imaging and elevated coronary artery calcium scores. Therefore, it is necessary
to identify and treat risk factors of atherosclerotic cardiovascular disease (ASCVD) in
both secondary prevention and apparently healthy individuals, regardless of age. The
recommended algorithms to estimate 10-year fatal and non-fatal CVD risk in apparently
healthy people (SCORE2 and SCORE2-OP) do not take into account other potential risk
modifiers, such as obesity, obstructive sleep apnea syndrome, and persistently elevated
high-sensitivity C-reactive protein (hs-CRP) [11]. Notably, non-diabetic overweight or
obese individuals with at least one weight-related complication should undergo effective
interventions to reduce the risk of developing T2D and ASCVD.

T2D is a serious risk factor for macrovascular complications (e.g., atherosclerosis,
heart attacks, strokes) and microvascular complications (e.g., diabetic nephropathy, dia-
betic retinopathy, diabetic neuropathy). The pathomechanisms driving diabetes-associated
atherosclerosis are complex, involving pathways shared with non-diabetic individuals
and characterized by more pronounced immune responses within atherosclerotic plaques.
The development of atherosclerosis in T2D is initiated by vascular endothelial dysfunc-
tion, followed by lipid accumulation in the subendothelial space and the activation of
vascular inflammatory processes [12]. It has been shown that tirzepatide can reduce risk
for the development or progression of ASCVD in diabetic and non-diabetic patients with
different coexisting metabolic abnormalities through various mechanisms [13]. However,
the molecular mechanisms underlying this vascular protection are not fully understood.
This article summarizes the data with special emphasis on the mechanisms underlying
the anti-atherosclerotic and vasoprotective effects of tirzepatide based on selected studies
to date.

2. The Pharmacology of Tirzepatide
Tirzepatide is a peptide with the molecular formula C225H348N48O68 and a molecular

weight of 4813.45 Da. It contains 39 amino acids in the chain. Due to the presence of the
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C20 diacid, it is resistant to the action of the dipeptidyl peptidase IV, which is responsible
for its long half-life (6 days) and high affinity for albumins. The drug is administered
once a week by subcutaneous injection, reaches peak plasma concentrations within 8–72 h,
and maintains a stable level after 4 weeks of treatment. The effect of tirzepatide increases
proportionally with dose when administered in the abdominal wall, thigh, or upper arm.
Absolute bioavailability with such administration is about 80%. The drug binds 99% to
plasma albumin. Tirzepatide elimination involves cleavage of the peptide skeleton by
proteolytic enzymes, beta-oxidation of the C20 fatty acid, and amide hydrolysis. The
half-life of tirzepatide and the elimination half-life of metabolites are about 5 days [8]. Drug
metabolites are excreted in urine and feces; no unchanged drug has been detected in urine
or stool samples. Tirzepatide increases pancreatic β-cell sensitivity to glucose and enhances
insulin secretion in phases 1 and 2, in a glucose-dependent manner. Tirzepatide at a dose
of 15 mg increased insulin secretion in phases 1 and 2 by 466% and 302%, respectively.
Furthermore, the drug at a dose of 15 mg increased whole-body insulin sensitivity by
63% [9]. Tirzepatide binds to the GIP receptor at a level similar to the natural GIP. In contrast,
the affinity of the GLP-1 receptor is about five times weaker than that of the native hormone
GLP-1. GIP and GLP-1 receptors are located on the endocrine cells α and β of the pancreas,
as well as in the brain, heart, blood vessels, immune system cells (leukocytes), intestines,
and kidneys. GIP receptors are also found on adipocytes. Tirzepatide improves glycemic
control, reduces fasting and postprandial glucose levels in patients with T2D, increases
satiety and fullness, reduces overall appetite, and ameliorates metabolic dysfunction [10,14].
Tirzepatide reduces food intake and decreases body weight by reducing adipose tissue
mass, which is believed to improve insulin sensitivity. Age, gender, race, ethnicity, and renal
or hepatic impairment do not have a clinically significant effect on the pharmacokinetics of
tirzepatide. Tirzepatide exposure increases with decreasing body weight, but the effect of
weight loss on the drug pharmacokinetics does not appear to be clinically significant [15].
The main contraindication to using tirzepatide is hypersensitivity to any of its ingredients.
However, it is recommended to monitor patients taking oral drugs with a small therapeutic
index (e.g., warfarin, digoxin), especially when starting treatment with tirzepatide and
after increasing the dose. The dose starts at 2.5 mg once a week via the subcutaneous route
and after 4 weeks increases to 5 mg per week subcutaneously. To achieve optimal glycemic
control, the dose may be increased by 2.5 mg at intervals of at least four weeks, up to a
maximum dose of 15 mg subcutaneously once a week. There is no need to change the
dosage in people with liver or kidney failure or due to age, gender, or body weight [16–19].
Tirzepatide is generally well-tolerated. The most commonly reported side effects are mild to
moderate gastrointestinal events, including nausea, diarrhea, and vomiting. Less frequently
reported adverse reactions include injection site reactions, hypoglycemia, cholelithiasis,
cholecystitis, renal injury, and pancreatitis. Special attention should be paid to the possible
exacerbation of diabetic retinopathy symptoms and potentially increased risk of developing
thyroid C-cell tumors associated with tirzepatide treatment [20,21].

3. Pleiotropic Effects of Tirzepatide on Vascular Endothelium
3.1. Endothelium—Structure and Molecular Mechanisms of Dysfunction

The vascular endothelium, a single layer of endothelial cells in the blood vessels,
remains an important component in maintaining vascular homeostasis. It regulates blood
flow, the diameter of the blood vessels, immune responses of the cells, molecular exchange,
proper tissue perfusion, and protection against CVD. Endothelial cells (ECs) exhibit re-
markable heterogeneity across different vascular beds, adapting to the specific needs of
various organs. They are functioning as a wall, controlling selective transmittance and re-
sponding to biochemical and mechanical stimulations to maintain vascular integrity [22,23].
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Endothelial function is primarily governed by the balance between vasodilatory and vaso-
constrictive factors. Nitric oxide (NO) is produced by endothelial nitric oxide synthase. It is
a key mediator of vasodilation, inhibiting platelet aggregation and leukocyte adhesion [24].
Other vasorelaxants are prostacyclin (PGI2) and endothelium-derived hyperpolarizing
factor (EDHF). In contrast, vasoconstrictors such as endothelin-1 (ET-1), angiotensin-II
(Ang II), several components of the renin–angiotensin system (RAS), and thromboxane A2
(TxA2) regulate vascular resistance and blood pressure [25]. The endothelium also responds
to shear stress, the friction exerted by blood flow, which influences gene expression and
endothelial phenotype. Laminar shear stress promotes an anti-inflammatory, atheropro-
tective state, whereas disturbed flow patterns contribute to endothelial dysfunction and
atherosclerosis [26]. The endothelium is associated with angiogenesis processes, which are
essential for wound healing and tissue regeneration and can be dysregulated in conditions
such as diabetic retinopathy [27]. Endothelial dysfunction is characterized by impaired NO
bioavailability and increased oxidative stress and inflammation, hallmarks of cardiovascu-
lar diseases such as hypertension, atherosclerosis, and the side effects of T2D. Risk factors
promoting endothelial damage include aging, hypertension, hyperglycemia, dyslipidemia,
and nicotine addiction, leading to vascular complications [28–30]. Given its critical role in
cardiovascular health, therapeutic strategies targeting endothelial function have gained
significant interest in preventing and managing metabolic and vascular diseases.

3.2. Tirzepatide Ameliorates Endothelial Dysfunction

Tirzepatide improves vascular endothelial function through several mechanisms. The
drug stimulates the mobilization and function of endothelial progenitor cells (EPCs), which
facilitates vascular repair and mitigates hyperglycemia-induced damage. Clinical studies
have shown that administration of tirzepatide decreases levels of intercellular adhesion
molecule-1 (ICAM-1) and hs-CRP, which are well-recognized biomarkers of cardiovas-
cular risk [28]. Tirzepatide has the capacity to increase NO production and enhance the
activity of endothelial NO synthase in endothelial cells [31]. By increasing NO bioavail-
ability through improved insulin sensitivity and attenuation of inflammatory signaling,
tirzepatide promotes vasodilation and reduces peripheral vascular resistance [27]. It has
been shown that chronic inflammation and oxidative stress can cause endothelial dys-
function and atherosclerosis. Tirzepatide reduces inflammatory responses by decreasing
the pro-inflammatory cytokines tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β),
and interleukin-6 (IL-6) in mouse models [32]. Furthermore, post hoc analyses of data
from human clinical trials revealed that tirzepatide may reduce the levels of endothe-
lial activation markers ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) [33].
Tirzepatide attenuates visceral adipose tissue inflammation by inhibiting the expression of
inflammation-related genes, suppressing extracellular signal-regulated kinase signaling,
and reducing the infiltration of pro-inflammatory M1 macrophages into the adipose tissue
of obese mice [34]. A post hoc analysis of clinical trial data demonstrated that tirzepatide at
a dose of 15 mg significantly decreased levels of biomarkers that have been associated with
endothelial dysfunction, e.g., hsCRP or ICAM-1 [33,35]. Importantly, tirzepatide improves
endothelial function by decreasing systolic and diastolic blood pressure, total cholesterol,
low-density lipoprotein (LDL) cholesterol, and triglycerides, while increasing high-density
lipoprotein (HDL) cholesterol [36]. GLP-1 receptor agonists, which share a mechanism with
tirzepatide, have shown anti-atherosclerotic effects in animal models, including a reduction
in vascular inflammation and an improvement in endothelial function primarily through
the promotion of angiogenesis and inhibition of oxidative stress [37]. Furthermore, studies
indicate that GIP, the other component of tirzepatide’s dual action, possesses endothelial
protective properties and can suppress foam cell formation in macrophages by inhibiting
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the cyclin-dependent kinase 5 pathway [38]. SURMOUNT-1 study revealed tirzepatide’s
beneficial impact on atherosclerotic cardiovascular disease risk [25,29]. Beyond diabetes,
tirzepatide’s endothelial benefits extend to metabolic syndrome, obesity, and non-alcoholic
fatty liver disease (NAFLD). Other areas of interest include neurovascular endothelial
protection, with potential applications for tirzepatide in cerebrovascular health and stroke
prevention [26,28].

4. Tirzepatide and Vascular Inflammation
4.1. The Role of Inflammation in Vascular Damage

Processes involved in the deregulation of acute inflammation may lead to uncon-
trolled chronic inflammation [39]. Chronic inflammation has been shown to contribute
to the development of insulin resistance and T2D [40]. Moreover, there is evidence that
inflammation can be triggered by diabetes and obesity. Fluctuations in blood sugar levels
cause oxidative stress and the release of pro-inflammatory cytokines [41]. As a result,
systemic inflammation is associated with endothelial dysfunction in T2D [42]. Inflamma-
tory mechanisms in the blood vessels of individuals with diabetes include the secretion
of pro-inflammatory cytokines, vascular hyperactivation of nuclear factor-κB (NF-κB),
increased expression of cyclooxygenase, and induced NO synthase, imbalanced expression
of pro/anti-inflammatory microRNAs, and dysfunctional stress response systems (sirtuins,
Nrf2) [43]. One of the main targets of hyperglycemia is the NF-κB factor. NF-κB inhibits
endothelial cell migration induced by high glucose levels [44]. The NF-κB pathway regu-
lates the production of pro-inflammatory cytokines and the recruitment of inflammatory
cells that contribute to the inflammatory response [45]. Systemic inflammation leads to
the activation and release of the neutrophil extracellular trap and may initiate endothelial
damage. Monocytes, in turn, differentiate into macrophages under the influence of T cells.
They secrete pro-inflammatory mediators such as TNF-α, IL-6, and interleukin-18 (IL-18),
which leads to vascular damage [46]. Importantly, chronic inflammation leads to the onset
of insulin resistance and T2D, further supporting the continuation of the inflammation.

4.2. Anti-Inflammatory Mechanisms of Tirzepatide

The anti-inflammatory mechanisms of tirzepatide appear to be related to its agonistic
effects on GLP-1 and GIP, which are incretin hormones affecting glucose-dependent insulin
secretion [47]. Activation of GIP and GLP-1 reduces inflammation and increases anti-
inflammatory adiponectin and IGF levels [18]. GLP-1 receptors are highly expressed in
many tissues, including pancreatic β cells, lungs, central nervous system, endothelium,
gastrointestinal tract, immune cells, and kidneys [48]. Activation of GLP-1 receptors on
immune cells inhibits the NLRP3 and NF-κB inflammatory signaling pathways, thereby
reducing the production of the inflammatory cytokines IL-6 and TNF-α [49]. In addition,
GLP-1 stimulates cAMP and endothelial NO synthase, which have anti-inflammatory
effects [50]. Activation of GIP and GLP-1 receptors reduces inflammation caused by excess
body fat. GIP is a polypeptide that inhibits gastric emptying by acting on GIP receptors.
GIP is linked to the development of insulin resistance (IR) and, at a later stage, to T2D by
triggering inflammation in adipocytes. GIPR is highly expressed in the pancreas, central
nervous system, adipose tissue, and bones [51]. A study by Varol et al. showed that a
GIP analogue can inhibit pro-inflammatory monocytes and neutrophils, thus inhibiting
adipose tissue-induced inflammation in a murine model. Furthermore, GIP inhibits the
expression of IL-1β, IL-6, and TNF-α [52]. Mantelmacher et al. revealed that agonistic
effects on the GIP receptor reduce adipose tissue inflammation through the impact of GIP
on myeloid bone marrow cells, which show the presence of GIPR and cause the formation
of macrophages in adipose tissue [53]. Although tirzepatide is not an anti-inflammatory
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drug, several studies have shown that it reduces levels of pro-inflammatory cytokines and
endothelial dysfunction by affecting glucose homeostasis [54]. The effect of tirzepatide on
inflammation in various tissues and organs is currently of interest to researchers. A study
by Guo et al. evaluated the anti-inflammatory effect in the hippocampus of rats and the
impact on the development of cognitive impairment. The authors examined mRNA levels
of TNF-α, IL-6, and IL-1β, as well as phosphorylated NF-κB expression. This study showed
the inhibitory effect of tirzepatide on the increase in these levels and its potential effect on
reducing inflammation [55]. Another study on mice examined the impact of oxidative stress
and inflammation on the development of nephropathy. Tirzepatide modulates the IL-17
pathway and reduces the expression of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-
6) in both serum and renal homogenate [56]. Further confirmation of the anti-inflammatory
effect of tirzepatide was provided by a study on the effect of this drug in people with T2D
suffering from COVID-19 [54]. In COVID-19, pro-inflammatory cytokines such as ICAM-1,
GDF-15, and YKL-40 are activated, resulting in generalized inflammation [57]. Increased
release of TNF-α, IL-1β, and IL-6 has also been demonstrated, leading to generalized
inflammation. Activation of the GLP-1 receptor inhibits the expression of inflammatory
cytokines such as IL-6, IL-1β, TNF-α, and C-reactive protein (CRP) and promotes a milder
course of infection [58]. An important element in the development of inflammation is
macrophages in adipose tissue, which secrete a significant portion of inflammatory factors.
Increased numbers and activity of macrophages in adipose tissue have been demonstrated
in people with T2D and in obese individuals [59]. Several studies have addressed the
problem of cytokine activation in obese individuals, including TNF-α, whose expression
was induced in adipose tissue in obesity and diabetes in rodents [60]. Tirzepatide is a
drug with proven weight loss effects. Reducing the amount of adipose tissue reduces
its pro-inflammatory effects by decreasing the number of active macrophages and the
production of pro-inflammatory cytokines. Patients with type 2 diabetes and obesity were
enrolled in the study’s second phase. The effect of tirzepatide was evaluated at doses
ranging from 5 to 15 mg. After 26 weeks of tirzepatide treatment at doses of 10 and 15
mg, decreased YKL-40, ICAM-1, leptin, and CRP levels were observed compared with
baseline [61]. A study by Packer et al. revealed the effect of tirzepatide on generalized
inflammation by examining the level of hsCRP. Tirzepatide or a matching placebo was
initiated subcutaneously at a dose of 2.5 mg and increased by 2.5 mg every 4 weeks up to a
maximum dose of 15 mg per week after 20 weeks. At 52 weeks, the mean percent decrease in
the hsCRP was 38.8% in the tirzepatide group and 5.9% in the placebo group (p < 0.001) [62].
Therefore, tirzepatide is considered a drug that limits systemic chronic inflammation. It
affects glycemic homeostasis, reduces body weight by reducing the amount of body fat,
and decreases the secretion of pro-inflammatory cytokines.

5. Tirzepatide Ameliorates Glucose and Lipid Metabolism Disorders
5.1. Glucose and Lipid Metabolism in Atherogenesis

Lipids and glucose are the major energy sources in human organisms. Moreover, lipids
are the main building blocks of cell membranes. The metabolism of lipids and glucose
is often intertwined and has many common points, e.g., the conversion of monosaccha-
rides into fatty acids and cholesterol. Importantly, in a world full of excess food, it is
easy to overconsume calories, which, combined with insufficient physical exercise, leads
to obesity, fatty liver, and then to metabolic disorders, which are the cause of, among
others, diabetes and dyslipidemia [63]. Abdominal obesity combined with IR is charac-
terized by increased production of free fatty acids. Free fatty acids undergo oxidation
in mitochondria, where superoxide anions are produced, and the kinase system, NF-kB,
is activated, and an inflammatory response develops. In patients with IR, insulin stim-
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ulation of the phosphoinositide 3-kinase-dependent glucose transport pathway and NO
synthase expression is impaired, and the vasodilatory effect of insulin is reduced [64].
Lipid and glucose metabolism disorders have been shown to be strongly related to the
development of atherosclerosis. Population studies have demonstrated that elevated levels
of LDL cholesterol and apolipoprotein B (Apo B)100, the main structural protein of LDL,
are directly associated with risk for atherosclerosis, cardiovascular events, disability, and
even death. Hyperlipidemia and hyperglycemia lead to increased oxidative damage and
micro- and macrovascular changes. Atherosclerotic cardiovascular disease is accelerated
in people with obesity and diabetes. Dyslipidemia, hyperglycemia, oxidative stress, and
inflammation play a role via a variety of mechanisms operative in the artery wall [65].

5.2. Tirzepatide in the Struggle with Glucose and Lipid Metabolism Disorders

Recently completed clinical trials have evaluated different active compounds that
are designed to reduce body weight, regulate glycemia levels, and stop the process of
metabolic abnormalities that are believed to be the cause of cardiovascular disorders. A
phase 3, double-blind, randomized, controlled trial demonstrated the safety and efficacy of
tirzepatide compared with placebo in reducing body weight and the rate of progression
from prediabetes to T2D. This study enrolled 2539 participants with obesity, of whom 1032
also had prediabetes. Participants were assigned in a 1:1:1:1 ratio to receive tirzepatide at
once-weekly doses of 5 mg, 10 mg, or 15 mg, or placebo. At 176 weeks, the mean percent
change in body weight among the participants who received tirzepatide was −12.3% with
the 5 mg dose, −18.7% with the 10 mg dose, and −19.7% with the 15 mg dose, as compared
with −1.3% in the placebo group (p < 0.001 for all comparisons with placebo). Furthermore,
fewer participants in the tirzepatide groups received a diagnosis of T2D than in the placebo
group (1.3% vs. 13.3%; p < 0.001) [4–6].

In the SUPRASS studies evaluating different cohorts of patients with T2D, a benefi-
cial therapeutic effect of the drug on glycemia control, weight loss without a significant
hypoglycemic episode, and a reduction in the number of CV complications was demon-
strated [4,7,21,66]. SURPASS-3MRI study assessed tirzepatide versus insulin degludec on
liver fat content and abdominal adipose tissue in adults with T2D. The study was conducted
at 45 medical research centers and hospitals worldwide. The study group consisted of
insulin-naive adults with type 2 diabetes, baseline HbA1c of 7.0–10.5% (53–91 mmol/mol),
BMI of at least 25 kg/m2, and stable weight. Eligible patients were on metformin alone or
in combination with an SGLT2 inhibitor for at least 3 months prior to screening. The aim
of this substudy was to characterize changes in liver fat content (LFC), volume of visceral
adipose tissue (VAT), and abdominal subcutaneous adipose tissue (ASAT) in response to
tirzepatide subcutaneous injection once per week (pooled data for 10 mg and 15 mg) or
insulin degludec. In this substudy, tirzepatide showed a significant reduction in LFC, VAT,
and ASAT volumes compared with insulin degludec. At 52 weeks, the absolute reduction
in LFC was significantly greater in the pooled tirzepatide 10 mg and 15 mg groups (−8.09%)
than in the insulin degludec group (−3.38%). The reduction in LFC was significantly corre-
lated with baseline LFC, reductions in VAT, reductions in ASAT, and reductions in body
weight in the tirzepatide groups. These data provide additional evidence on the beneficial
metabolic effects of this novel dual GIP and GLP-1 receptor agonist [67].

The risk for atherosclerosis is increased in patients with diabetes mellitus, but the
underlying mechanism is not fully explained. Hyperglycemia and hyperlipidemia are
important risk factors in the development of atherosclerosis in patients with diabetes. En-
dothelial dysfunction has been proposed as an early manifestation of atherosclerosis. Lee
et al. assessed the acute consequences of oral glucose loading on endothelium-dependent
flow-mediated dilation (EFMD) and endothelium-independent flow-mediated dilation
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(EIFMD) of the brachial artery using a high-resolution ultrasound technique. The study,
carried out on 11 men (aged 59 ± 5 years) with T2D and without chronic complications of
diabetes, compared them with 12 healthy volunteers. The study revealed that EFMD was
decreased by acute hyperglycemia induced by 75 g oral glucose intake and by acute hyper-
triglyceridemia induced by high-fat feeding. These results suggest that chronically repeated
hyperglycemia and hypertriglyceridemia are implicated in endothelial dysfunction, and
may play important roles in the development and progression of vascular complications
in diabetes, probably through increased oxidative stress [68]. Among the mechanisms
involved in the development of chronic diabetes complications, direct and indirect toxic
effects of hyperglycemia on cells can be distinguished. Direct toxicity of glucose to cells
is achieved through its effects on gene expression and protein synthesis, its influence on
growth, proliferation, and production of extracellular matrix. As a result of glucose au-
toxidation, reactive oxygen derivatives are formed, leading to oxidative damage. Indirect
glucose toxicity includes protein glycation, activation of the polyol pathway, oxidative
stress, activation of the hexosamine pathway, and activation of the protein kinase path-
way [69]. In T2D and metabolic syndrome, hypertriglyceridemia and a decrease in HDL
cholesterol levels, as well as an increase in the small dense LDL fraction, are more fre-
quently observed. These laboratory abnormalities are commonly referred to as atherogenic
dyslipidemia and are mainly caused by IR. Small dense LDL have a greater susceptibility
to glycation and glycoxigenation, impaired ability to bind to native LDL receptor, ability to
damage endothelium, and pass into the subendothelial space. A reduction in HDL choles-
terol levels leads to impaired reverse transport of cholesterol from peripheral tissues to the
liver and to impaired antioxidant and anti-inflammatory effects of HDL in the endothelium.
Tirzepatide has been shown to increase adiponectin, decrease serum alanine aminotrans-
ferase, and decrease lipoprotein biomarkers such as apolipoprotein C-III, apolipoprotein B,
and large triglyceride-rich lipoprotein particles as well as small low-density lipoprotein
particles [18,70,71]. It has been shown that only 13% and 21% of the reduction in IR can be
attributed to drug-induced body-weight reduction, suggesting a possible, independent of
body-weight reduction, effect of tirzepatide on biochemical pathways related to insulin
action [72]. Wang et al. showed that an increased triglyceride-glucose (TyG) index was
associated with a higher risk of multi-vessel coronary artery disease (CAD). The study was
carried out on 2792 participants with CAD in China. There was a significant relationship
between the TyG index and the incidence of multi-vessel CAD observed. The study in-
dicated that TyG, as an estimation index for evaluating IR, could be a valuable predictor
of CAD severity, especially in individuals with pre-T2D [73]. In the SURPASS-CVOT
study, 13,299 patients with type 2 diabetes aged ≥40 years, with established atherosclerotic
cardiovascular (CV) disease, 7% ≤ HbA1c ≤ 10.5%, and body mass index ≥ 25 kg/m2

were randomized 1:1 to once weekly subcutaneous injection of either tirzepatide up to 15
mg or dulaglutide 1.5 mg. The primary outcome is time to first occurrence of any major
adverse cardiovascular event (MACE), defined as CV death, myocardial infarction, or
stroke. SURPASS-CVOT will provide definitive evidence as to the CV safety and efficacy of
tirzepatide as compared with dulaglutide, a GLP-1 receptor agonist with established CV
benefit [66]. Tirzepatide, as a new molecule capable of controlling blood glucose levels by
combining the dual agonism of GIP and GLP-1 receptors, appears to be a future hope in
the struggle with glucose and lipid metabolism disorders.

6. The Overall Cardiovascular Impact of Tirzepatide
CVDs are the most common causes of death and disability. In 2021, 20.5 million people

died from CVDs, accounting for approximately one-third of all deaths worldwide [74].
People with diabetes are at greater risk of developing CVD. Therefore, it is reasonable to
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use drugs that affect not only glycemia stabilization but also the risk factors for CVD and
MACE: cardiovascular death, myocardial infarction, stroke, and unstable angina requiring
hospitalization [68,73]. Tirzepatide has been shown to benefit the prevention of cardiovas-
cular and cerebrovascular diseases [75]. Taktaz et al. described the direct mechanisms of the
action of tirzepatide on the cardiovascular system. It seems that the cardioprotective effect
is associated with the anti-inflammatory effects of the drug and its effects on apoptosis
and autophagy [76]. In a study on mice with sepsis-induced cardiomyopathy, Liu et al.
demonstrated the protective effect of the drug and improved survival in the group treated
with tirzepatide. Tirzepatide inhibits the TLR4/NF-κB/NLR3 pathway, which plays a role
in apoptosis and inflammation. In mice treated with tirzepatide, the cardiac protein levels
of TNF-α, IL-6, and IL-1β were reduced [32]. Wilson et al. showed the effects of tirzepatide
on the levels of inflammatory markers YKL-40 and hsCRP; a marker of endothelial dysfunc-
tion, ICAM-1; and leptin, a satiety hormone secreted by adipose tissue [33]. Tirzepatide
indirectly improves cardiovascular health by influencing glycemic metabolism, obesity,
blood pressure, and lipid profile. Obesity predisposes not only to the occurrence of CVD,
but also to IR and T2D. Randomized studies on tirzepatide have shown its effect on weight
loss and the reduction in fat tissue. The SURPASS-3 study compared weight loss in people
with type 2 diabetes taking tirzepatide and those treated with insulin degludec. In the
first group, weight loss was 9.8 kg in subjects receiving 5 mg of tirzepatide and 15.2 kg
in those receiving 15 mg of tirzepatide [77]. In phase III of the placebo-controlled study,
SURMOUNT-1, tirzepatide was tested in various doses (5, 10, 15 mg) in overweight or
obese people without diabetes. At 72 weeks, 15% weight loss was achieved in individuals
receiving 5 mg of tirzepatide, 19.5% in those who received tirzepatide at a dose of 10 mg,
and 20.9% in those receiving 15 mg of tirzepatide, and 3.1% weight loss was observed in
the placebo group (p < 0.001 for all comparisons with placebo) [78]. A post hoc analysis of
the three-year SURMOUNT-1 trial revealed that tirzepatide treatment was associated with
a reduction in the 10-year predicted risk of cardiovascular outcomes and T2D in people
with obesity and prediabetes [79]. Tirzepatide has been proven to have a beneficial effect
on reducing adipose tissue, not only in diabetics but also in obese people without diabetes.
Increased total cholesterol, LDL, triglycerides (TG), and decreased HDL predispose to the
development of atherosclerosis. Atherosclerotic plaques form in blood vessels, which can
rupture, initiating the coagulation cascade and the possibility of thrombus detachment.
They increase the risk of cardiovascular events, including MACE. Tirzepatide has a bene-
ficial effect on the lipid profile, reducing the level of total cholesterol, LDL, and TG and
increasing the level of HDL, and this effect is dose-dependent [61]. In the SURPASS-5 study,
475 adults with T2D and inadequate glycemic control with once-daily insulin glargine with
or without metformin were randomized in a 1:1:1:1 ratio to receive once-weekly subcuta-
neous injections of 5 mg, 10 mg, or 15 mg tirzepatide or volume-matched placebo over
40 weeks. Treatment with 15 mg tirzepatide resulted in a decrease in total cholesterol by
12.9%, LDL-C by 15.5%, triglycerides by 24.9% and an increase in HDL by 0.9% [80]. The
regulation mechanism of lipids is possibly related to the homeostasis activation of the GIP
receptor, which increases blood flow through adipose tissue and promotes adipose tissue
lipid uptake [81]. One of the critical risk factors for CVDs is arterial hypertension. Several
randomized studies have shown a beneficial effect of tirzepatide on lowering systolic and di-
astolic blood pressure. The most significant reduction in blood pressure during tirzepatide
treatment compared to placebo was achieved in the SURPASS-5 study. In the placebo
group, the reduction in mean systolic blood pressure (SBP) was −1.7 mmHg, and diastolic
blood pressure (DBP) was −2.1 mmHg. In the tirzepatide group, the reduction in systolic
blood pressure ranged from −6.1 to −12.6 mmHg, and diastolic blood pressure from −2.0
to −4.5 mmHg [80]. The effect of tirzepatide on blood pressure is probably related to its



Int. J. Mol. Sci. 2025, 26, 12028 10 of 19

impact on improving endothelial function, reducing inflammation, and body weight [80].
GIPR and GLP1R are present in smooth muscle cells and endothelial arterioles [82]. GIP
regulates inflammation and leukocyte adhesion via ET-1 while simultaneously dilating
blood vessels via NO secretion [83]. GLP-1 increases eNOS pathway activity and nitric
oxide production [84]. Interestingly, tirzepatide significantly reduced the risk of major
adverse limb events in peripheral artery disease patients with T2D and was associated with
lower mortality, stroke, and MACE in this group [85]. An important aspect is also the assess-
ment of tirzepatide in terms of its effect on cardiovascular events, including cardiovascular
death, myocardial infarction, stroke, and unstable angina requiring hospitalization. Del
Prato et al. aimed to assess efficacy and safety, especially CV safety, of tirzepatide versus
insulin glargine in adults with T2D and high cardiovascular risk inadequately controlled
on oral glucose-lowering medications. Eligible patients with T2D were treated with any
combination of metformin, sulfonylurea, or sodium-glucose co-transporter-2 inhibitor, had
a baseline glycated hemoglobin (HbA1c) of 7.5–10.5% (58–91 mmol/mol), body mass index
of 25 kg/m2 or greater, and established cardiovascular disease or a high risk of CV events.
Study participants were randomly assigned (1:1:1:3) to subcutaneous injection of either
once-per-week tirzepatide (5 mg, 10 mg, or 15 mg) or glargine (100 U/mL), titrated to
reach fasting blood glucose of less than 100 mg/dL. At 52 weeks, mean HbA1c changes
with tirzepatide were −2.43% with 10 mg and −2.58% with 15 mg, versus −1.44% with
glargine. The percentage of participants with hypoglycemia was lower with tirzepatide
(6–9%) versus glargine (19%). Adverse effects such as nausea, diarrhea, decreased appetite,
and vomiting were more common in the tirzepatide group than in the glargine group,
mainly mild to moderate, and occurred during the dose-escalation phase. The authors
estimated the risk of MACE at 0.5. Adjudicated MACE-4 events (cardiovascular death,
myocardial infarction, stroke, hospitalization for unstable angina) occurred in 109 indi-
viduals and were not increased on tirzepatide compared with glargine [86]. The results
of the SURPASS-CVOT study, which is designed to compare tirzepatide with dulaglutide
regarding cardioprotection and MACE, are currently awaited [63]. Tirzepatide and its effect
on heart disease remain of interest to scientists. Liu et al., in a study conducted on mice
with sepsis-induced cardiomyopathy, showed that tirzepatide could reduce susceptibility
to ventricular arrhythmia and systolic dysfunction of the heart [32]. In the SUMMIT study,
Packer et al. showed that people with obesity and heart failure with preserved ejection frac-
tion (HFpEF) who were treated with tirzepatide had a lower risk of the composite of death
from cardiovascular causes or worsening heart failure compared to subjects who received
the placebo. In this international trial, 731 obese patients with heart failure, an ejection
fraction of at least 50%, receive tirzepatide (up to 15 mg subcutaneously once per week) or
placebo for at least 52 weeks. At 52 weeks, the mean increase from baseline in the Kansas
City Cardiomyopathy Questionnaire clinical summary score was significantly higher in
the tirzepatide group (19.5 ± 1.2) as compared with the placebo group (12.7 ± 1.3) [62].
The cardiac magnetic resonance substudy of the SUMMIT trial demonstrated a reduction
in left ventricular mass by 11 g and a decrease in pericardial adipose tissue by 45 mL in
the tirzepatide group when corrected for the placebo group [87]. This probably affects
the decrease in heart failure exacerbations in the SUMMIT study. Interestingly, it has
been shown that patients with T2D and obesity treated with GLP-1 agonists (semaglutide
or tirzepatide) had significantly lower risks of dementia, stroke, and all-cause mortality
compared with those receiving other antidiabetic drugs, but no difference in the risk of
Parkinson’s disease or intracerebral hemorrhage [88]. The ongoing randomized-controlled
trial assessing the effect of tirzepatide treatment on coronary atherosclerosis progression
in T2D patients, using multidetector computed tomography angiography, will provide
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the nature of coronary atherosclerosis progression, regression, and stabilization under the
influence of dual GLP-1-GIP therapy [89].

Table 1 summarizes the studies evaluating the efficacy of tirzepatide.

Table 1. Summary of studies evaluating the efficacy of tirzepatide.

Study Characteristics of the Subjects Doses of Tirzepatide Results

SURPASS 1
[21]

T2D patient inadequately
controlled by diet and exercise

vs. placebo.
5, 10, 15 mg once a week ↓ HbA1c (%),

Weight loss (kg)

SURPASS 2
[90]

T2D patient inadequately
controlled by diet and exercise vs.

Semaglutide.
5, 10, 15 mg once a week ↓ HbA1c (%),

Weight loss (kg)

SURPASS 3
[77]

T2D patient inadequately
controlled by diet and exercise vs.
once-daily insulin degludec as an

add-on to metformin with or
without inhibitors of

Sodium/Glucose Transporter 2
(SGLT2).

5, 10, 15 mg once a week ↓ HbA1c (%),
Weight loss (kg)

SURPASS 4
[86]

T2D patient inadequately
controlled by diet and exercise

with a high cardiovascular risk vs.
insulin glargine.

5, 10, 15 mg once a week ↓ HbA1c (%),
Weight loss (kg)

SURPASS 5
[80]

T2D patient inadequately
controlled despite treatment with

insulin glargine.
5, 10, 15 mg once a week ↓ HbA1c (%),

Weight loss (kg)

SURPASS 6
[91]

T2D patient inadequately
controlled with basal insulin with
or without any combination of up

to 2 of the following oral
glucose-lowering medications:

metformin of at least 1500 mg per
day, sulfonylurea, or dipeptidyl

peptidase-4 inhibitors.

5, 10, 15 mg once a week ↓ HbA1c (%),
Weight loss (kg)

SURPASS-CVOT
[66]

T2D patient 40 years or older with
established atherosclerotic CV
disease, HbA1c (7–10.5%), and

BMI of 25 or higher.

up to 15 mg compared to
dulaglutide

↓ HbA1c (%),
Weight loss (kg),

Improves renal function
and decreases all-cause

mortality

SURPASS-PEDS
[7]

Pediatric and adolescent
participants with T2D

inadequately controlled with
metformin or basal insulin,

or both.

5, 10 mg once a week
or PBO

↓ HbA1c (%),
Weight loss (kg)

SURMOUNT-1
[78]

Non diabetic patient with a
diagnosis of obesity. 5, 10, 15 mg once a week ↓ body weight (kg)

↓ waist circumference (cm)

SURMOUNT-2
[92] Adults with obesity and T2D. 10, 15 mg once a week

or PBO ↓ body weight (kg)
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Table 1. Cont.

Study Characteristics of the Subjects Doses of Tirzepatide Results

SURMOUNT-3
[93]

Adults with obesity or
overweight who had already lost
more than 5%weight following a

12-week intensive
lifestyle program.

10, 15 mg once a week
or PBO

Tirzepatide improved
HRQoL

SURMOUNT-4
[94]

Obesity patients of BMI 30 or
higher, or BMI of 27 or higher,

and weight-related complications,
excluding diabetes.

10, 15 mg once a week for
36 weeks than 10, 15 mg

or PBO
↓ body weight (kg)

SURMOUNT-5
[5]

Obesity patients of BMI 30 or
higher, or BMI of 27 or higher,
and at least one prespecified

obesity related complication, and
reported at least 1 unsuccessful

dietary effort of weight reduction.

TIRZEPATIDE (10 or 15 mg
once a week) vs.

SEMAGLUTIDE (1.7 or
2.4 mg once a week)

Greater weight loss (kg) in
the tirzepatide group.

SURMOUNT-J
[95]

Japanese adults with a BMI of 27
or higher, accompanied by two or

more obesity related health
disorders, or a BMI of 35 or

higher, accompanied by one or
more obesity related

health disorders.

10, 15 mg once a week
or PBO ↓ body weight (kg)

SURMOUNT-CN
[96]

Chinese adults with a BMI of 24
or higher, accompanied by one or

more obesity related health
disorders, or a BMI of 28 or
higher, excluding diabetes.

10, 15 mg once a week or
PBO and lifestyle

intervention
↓ body weight (kg)

SYNERGY-NASH
[97]

Participants with
biopsy-confirmed MASH and

stage F2 or F3 (moderate or
severe) fibrosis.

5, 10, 15 mg once a week or
PBO

Improved MASH
resolution without

worsening of fibrosis

SUMMIT
[62]

Patients with heart failure with
preserved ejection fraction

(HFpEF) and obesity.
15 mg once a week or PBO

↓ body weight (kg)
Improved patient-oriented

quality of life

Mimura H et al.
[98]

Japanese adult participants
with T2D.

5 mg, 10 mg, and 15 mg
s.c., 4–52 weeks

Weight loss, ↓
Triglycerides, ↓ HDL-C,
↓ SBP, ↓ DBP, ↓ FSG,

↓ SMBG
Note: ↓ = reduction, HDL-C = high-density lipoprotein, SBP = systolic blood pressure, DBP = diastolic blood
pressure, FSG = fasting serum glucose, HbA1c = glycated hemoglobin A1c, SMBG = self-monitored blood glucose,
HRQoL = health-related quality of life, PBO = placebo, MASH = metabolic dysfunction-associated steatohepatitis,
T2D = diabetes mellitus type 2.

Translational Application Prospects

Tirzepatide has antidiabetic effects with important cardio- and vasculoprotective
properties in patients with or without T2D. The drug’s multifaceted action significantly
expands its potential for early use in ASCVD. To address these needs, early identification
and monitoring of atherosclerosis using recent developments in diagnostic techniques
(e.g., intravascular ultrasound, microscopy imaging, magnetic resonance imaging, positron
emission tomography, and single-photon emission computed tomography), laboratory
testing (e.g., lipoprotein(a), imidazole propionate, and apolipoprotein B), and genetic
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techniques (e.g., microRNAs, whole-blood gene expression profiles) remain crucial. In the
era of personalized medicine, developing a profile of patients with CVD who will most
benefit from early tirzepatide initiation, with adjustments to the drug dose and treatment
duration, will reduce the global burden of these disorders and comorbidities, as well
as polytherapy.

7. Conclusions
The aforementioned data showed that tirzepatide has vasculoprotective effects and

anti-atherosclerotic potential, extending far beyond glycemic control. By improving vas-
cular endothelial function, inhibiting inflammatory signaling pathways, reducing body
weight, lowering blood pressure, and improving lipid profiles, the drug inhibits atheroscle-
rotic processes at various levels. Therefore, tirzepatide has the potential to beneficially
impact various components of the metabolic syndrome, significantly reducing the risk of
cardiovascular events. Although the studies included in this review differ in methodology,
drug dose, study populations, and analyzed endpoints, they indicate clinically important
aspects of cardiovascular events prevention in patients with T2D treated with tirzepatide.
However, as the frequency of tirzepatide use increases, the adverse effects profile will
require special attention, especially with long-term use of high doses of the drug.
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Abbreviations

CAD coronary artery disease
CV cardiovascular
CVD cardiovascular diseases
GLP-1 Glucagon-like peptide-1
GIP glucose-dependent insulinotropic polypeptide
ECs endothelial cells
EPCs endothelial progenitor cells
ICAM-1 intercellular adhesion molecule 1
VCAM-1 vascular cell adhesion molecule 1
TNF-α tumor necrosis factor α
IL-1β interleukin-1β
IL-6 interleukin-6
IL-18 interleukin-18
LDL low-density lipoprotein
HDL high-density lipoprotein
T2D diabetes mellitus type 2
FDA U.S. Food and Drug Administration
EMA European Medicines Agency
SBP systolic blood pressure
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DBP diastolic blood pressure
FSG fasting serum glucose
HbA1c glycated hemoglobin A1c
SMBG self-monitored blood glucose
HRQoL health-related quality of life
PBO placebo
MASH metabolic dysfunction-associated steatohepatitis
IR insulin resistance
NF-κB nuclear factor-κB
NO nitric oxide
PGI2 prostacyclin
EDHF endothelium-derived hyperpolarizing factor
ET-1 endothelin-1
Ang II angiotensin-II
RAS renin-angiotensin system
TxA2 thromboxane A2
NAFLD non-alcoholic fatty liver disease
Apo B apolipoprotein B
HFpEF heart failure with preserved ejection fraction
LFC liver fat content
VAT volume of visceral adipose tissue
ASAT abdominal subcutaneous adipose tissue
MACE major adverse cardiovascular event
TyG triglyceride-glucose
EFMD endothelium-dependent flow-mediated dilation
EIFMD endothelium-independent flow-mediated dilation
CRP C-reactive protein

References
1. Hossain, M.J.; Al-Mamun, M.; Islam, M.R. Diabetes mellitus, the fastest growing global public health concern: Early detection

should be focused. Health Sci. Rep. 2024, 7, e2004. [CrossRef]
2. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes—Global

Burden of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef] [PubMed]
3. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of diabetes from 1990 to 2021, with projections of

prevalence to 2050: A systematic analysis for the Global Burden of Disease Study 2021. Lancet 2023, 402, 203–234; Erratum in
Lancet 2023, 402, 1132; Erratum in Lancet 2025, 405, 202. [CrossRef] [PubMed]

4. Gao, L.; Lee, B.W.; Chawla, M.; Kim, J.; Huo, L.; Du, L.; Huang, Y.; Ji, L. Tirzepatide versus insulin glargine as second-line or
third-line therapy in type 2 diabetes in the Asia-Pacific region: The SURPASS-AP-Combo trial. Nat. Med. 2023, 29, 1500–1510.
[CrossRef] [PubMed]

5. Aronne, L.J.; Horn, D.B.; le Roux, C.W.; Ho, W.; Falcon, B.L.; Gomez Valderas, E.; Das, S.; Lee, C.J.; Glass, L.C.; Senyucel, C.; et al.
Tirzepatide as Compared with Semaglutide for the Treatment of Obesity. N. Engl. J. Med. 2025, 393, 26–36. [CrossRef]

6. Jastreboff, A.M.; le Roux, C.W.; Stefanski, A.; Aronne, L.J.; Halpern, B.; Wharton, S.; Wilding, J.P.H.; Perreault, L.; Zhang, S.;
Battula, R.; et al. Tirzepatide for Obesity Treatment and Diabetes Prevention. N. Engl. J. Med. 2025, 392, 958–971. [CrossRef]

7. Hannon, T.S.; Chao, L.C.; Barrientos-Pérez, M.; Pamidipati, K.C.; Landó, L.F.; Lee, C.J.; Patel, H.; Bergman, B.K. Efficacy and safety
of tirzepatide in children and adolescents with type 2 diabetes (SURPASS-PEDS): A randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet 2025, 406, 1484–1496; Erratum in Lancet 2025, 406, 1472. [CrossRef]

8. Bucheit, J.; Ayers, J.; Pamulapati, L.; Browning, A.; Sisson, E. A Novel Dual Incretin Agent, Tirzepatide (LY3298176), for the
Treatment of Type 2 Diabetes Mellitus and Cardiometabolic Health. J. Cardiovasc. Pharmacol. 2022, 80, 171–179. [CrossRef]

9. Heise, T.; Mari, A.; DeVries, J.H.; Urva, S.; Li, J.; Pratt, E.J.; Coskun, T.; Thomas, M.K.; Mather, K.J.; Haupt, A.; et al. Effects of
subcutaneous tirzepatide versus placebo or semaglutide on pancreatic islet function and insulin sensitivity in adults with type
2 diabetes: A multicentre, randomised, double-blind, parallel-arm, phase 1 clinical trial. Lancet Diabetes Endocrinol. 2022, 10,
418–429. [CrossRef]

https://doi.org/10.1002/hsr2.2004
https://doi.org/10.2991/jegh.k.191028.001
https://www.ncbi.nlm.nih.gov/pubmed/32175717
https://doi.org/10.1016/S0140-6736(23)01301-6
https://www.ncbi.nlm.nih.gov/pubmed/37356446
https://doi.org/10.1038/s41591-023-02344-1
https://www.ncbi.nlm.nih.gov/pubmed/37231074
https://doi.org/10.1056/NEJMoa2416394
https://doi.org/10.1056/NEJMoa2410819
https://doi.org/10.1016/S0140-6736(25)01774-X
https://doi.org/10.1097/FJC.0000000000001299
https://doi.org/10.1016/S2213-8587(22)00085-7


Int. J. Mol. Sci. 2025, 26, 12028 15 of 19

10. Eli Lilly and Company. Mounjaro (Tirzepatide) [Prescribing Information]; Lilly USA LLC: Indianapolis, IN, USA, 2022.
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