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Abstract

Among newer classes of drugs for type 2 diabetes mellitus
(T2DM), glucagon-like peptide 1 receptor agonists (GLP-1 RAs)
are incretin-based agents that lower both blood sugar levels
and promote weight loss. They do so by activating pancreatic
GLP-1 receptors (GLP-1R) to promote glucose-dependent
insulin release and inhibit glucagon secretion. They also act
on receptors in the brain and gastrointestinal tract to suppress
appetite, slow gastric emptying, and delay glucose absorption.
Phase 3 clinical trials have shown that GLP-1 RAs improve
cardiovascular outcomes in the setting of T2DM or over-
weight/obesity in people who have, or are at high risk of
having atherosclerotic cardiovascular disease. This is largely
driven by reductions in ischemic events, although emerging
evidence also supports benefits in other cardiovascular condi-
tions, such as heart failure with preserved ejection fraction. The
success of GLP-1 RAs has also seen the evolution of other
incretin therapies. Tirzepatide has emerged as a dual glucose-
dependent insulinotropic polypeptide (GIP)/GLP-1 RA, with
more striking effects on glycemic control and weight reduction
than those achieved by isolated GLP-1R agonism alone. This

consists of lowering glycated hemoglobin levels by more than
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2% and weight loss exceeding 15% from baseline. Here, we
review the pharmacological properties of GLP-1 RAs and tir-
zepatide and discuss their clinical effectiveness for T2DM and
overweight/obesity, including their ability to reduce adverse
cardiovascular outcomes. We also delve into the mechanistic
basis for these cardioprotective effects and consider the next
steps in implementing existing and future incretin-based
therapies for the broader management of cardiometabolic

disease.
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1 | INTRODUCTION

Metabolic disorders, such as type 2 diabetes mellitus (T2DM) and overweight/obesity, are among the most important
modifiable risk factors for cardiovascular disease (CVD).* CVD represents a significant and increasing public health burden,
with a projected global mortality of 23.4 million people in 2030, representing an increase of 31.5% from 2017.2 The rising
global prevalence of CVD is compounded both by aging populations and the linked pandemics of overweight/obesity and
T2DM. By 2030, it is forecast that 1.025 billion adults will be obese (BMI 2 30 kg/m?) (Figure 1A,B).2 In parallel, rates of
T2DM are also surging and are predicted to increase from a worldwide prevalence of 151 million people in 2000 to 643
million by 2030 (Figure 1C,D).* CVD is the commonest cause of death in T2DM and cardiovascular deaths related to
metabolic disease are expected to reach an annual prevalence of 16.5 million globally by 2029 (Figure 1E,F).> These
concerning trends have continued despite a growing armory of antidiabetic and obesity therapies with proven efficacy,
such as sodium-glucose cotransporter 2 inhibitors (SGLT2 inhibitors) and incretin-based drugs, beginning with glucagon-
like peptide 1 receptor agonists (GLP-1 RAs). Therefore, there still exists a need for more effective therapies. One novel
agent that has been developed following the arrival of GLP-1 RAs is tirzepatide, which is a glucose-dependent in-
sulinotropic polypeptide (GIP) receptor (GIPR)/GLP-1 receptor (GLP-1R), or dual incretin, agonist. Results from the first
wave of SURPASS studies in T2DM’~*! and SURMOUNT trials in overweight/obesity*? suggest that in addition to its
effects on glucose lowering and weight loss, tirzepatide may also exert cardiovascular outcome benefits.™®

Here, we review the continually evolving field of incretin therapies for T2DM and overweight/obesity, ex-
tending from the initial experience with GLP-1 RAs to the more potent effects of dual incretin agonism with
tirzepatide. We focus specifically on how both types of drugs affect cardiovascular outcomes and describe the
proposed mechanisms underlying these observations. Finally, we discuss the next wave of treatments in this space
and consider key questions and challenges that should be addressed to optimize the effectiveness and safety of
these agents as they are used more widely for cardiometabolic disease moving forward.

2 | PUBLIC HEALTH BURDEN OF CVD, OVERWEIGHT/OBESITY,
AND T2DM

The rising worldwide burden of CVD is compounded both by aging populations and the pandemics of T2DM and
overweight/obesity. The prevalence rates of T2DM and obesity differ geographically, and within many countries

are disproportionally higher among those who are socioeconomically disadvantaged, live in rural and remote
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communities and are of certain ethnic groups.”’15 The increased prevalence in these demographics coincides with
elevated rates of both atherosclerotic and nonatherosclerotic CVD.'**> Australian data from 2018 to 2019 report
that 60% of the population were overweight with BMI > 27 kg/m? or obese, and 5.2% had T2DM.**¢ Similarly,
rates of obesity are rapidly rising in the United States, where up to 75% are now considered overweight or obese,*”
with projections that half the adult population will have a BMI 2 30 kg/m? by 2030.*8 This trend is also emerging in
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FIGURE 1 (See caption on next page).
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regions where obesity has not traditionally been prevalent; for example, in Southeast Asia where rates are expected
to double between 2010 and 2030.7

Given that two-thirds of all obesity-related deaths are due to CVD, and that almost a third of people with
T2DM suffer from CVD, it follows that the rising prevalence of these two conditions will have major implications for
the mortality, morbidity, and health economic burden associated with CVD globally over the next decade.?%2!
Among the many mechanisms by which T2DM and obesity lead to cardiovascular complications, key contributors
are heightened states of inflammation, oxidative stress, dyslipidemia and hypertension, which are all known to
promote accelerated growth and destabilization of atherosclerotic plaques across different vascular territories, %22
as well as imposing increased risk of myocardial fibrosis, heart failure with reduced (HFrEF) and preserved ejection

fraction (HFpEF) and arrhythmias, such as atrial fibrillation (AF).

3 | UNMET TREATMENT NEEDS FOR PATIENTS WITH T2DM AND
OVERWEIGHT/OBESITY

Despite the roles that overweight/obesity and T2DM play in the pathogenesis of different types of CVD, treat-
ments aimed at addressing these risk factors have only recently been shown to reduce adverse cardiovascular
outcomes. Dietary and lifestyle interventions have typically achieved only modest sustained effects on weight loss
of <5% in most randomized trials, while early generations of drugs (e.g., orlistat) have been associated with up to
10% weight loss but are hampered by limiting side effects.?#2> Concerning T2DM, the traditional glucocentric
approach to treatment with agents such as metformin, sulfonylureas, and insulin failed to reduce macrovascular
complications. In fact, in the ACCORD trial, intensive glucose lowering was associated with increased cardiovascular
and total mortality when compared to a more permissive approach to glycemia control.24?7 In 2008, the goalposts
changed for new pharmacotherapies in T2DM when the US Food and Drug Association (FDA) mandated that new
classes of diabetic drugs be evaluated for cardiovascular outcomes to ensure adequate safety. From this, two major
classes of agents emerged at an inflection point for the T2DM field, achieving not only adequate safety but also
benefits in cardiovascular outcomes. These were SGLT2 inhibitors and incretin-based drugs, beginning with GLP-1
RAs. In the case of GLP-1 RAs, these agents have subsequently shown dual utility for glucose-lowering in T2DM
and weight reduction in overweight/obesity. In both settings, GLP-1 RAs offer demonstrable cardiovascular pro-
tection with 12%-26% reductions in major adverse cardiovascular events (MACE),?®-%° depending on the individual
agent trialed and the specific clinical context. In contrast to SGLT2 inhibitors which mediate most of their cardi-
oprotective benefit through the prevention of heart failure and slowing of chronic kidney disease, GLP-1 RAs

)29
s

appear to modify atherosclerotic and ischemic endpoints, such as stroke and myocardial infarction (MI),“” although

data for other salutary effects are also emerging.®!

FIGURE 1 Global trends in obesity, T2DM and cardiovascular disease. (A) Graph depicts the estimated

global prevalence of obesity from 2010 to 2030, with obesity stratified into class 1 (body mass index [BMI]
30-34.9 kg/m?), class 2 (BMI 35-39.9 kg/m?), and class 3 (BMI = 40 kg/m?). (B) Graph shows estimated percentage
of adults with obesity worldwide from 2010 to 2030. Data extracted from Lobstein et al.® (C) Trend in estimated
global prevalence of type 2 diabetes mellitus (T2DM) from 2000 to 2045. (D) Graph summarises age-adjusted
comparative prevalence of T2DM from 2000 to 2045. Data extracted from International Diabetes Federation.*
(E) Pie-chart shows breakdown of causes of death in the SAVOR-TIMI 53 trial, which enrolled 16,492 patients with
T2DM who had either established atherosclerotic cardiovascular disease (ASCVD) or multiple risk factors.
Two-thirds (66.3%) of the 798 deaths that occurred after a median of 2.1 years follow-up were due to one of five
cardiovascular (CV) causes. One-third (33.7%) of deaths were from non-CV causes, including malignancy (13.9%)
and infection (9.3%). Adapted from Cavallari et al.’ (F) Graph depicts the prevalence of metabolism-related CV
deaths from 1990 to 2029. Data extracted from Wang et al.® [Color figure can be viewed at wileyonlinelibrary.com]
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While GLP-1 RAs are now recommended cornerstone therapies for patients with T2DM at high cardiovascular
risk, real-world uptake continues to lag, with recent US data indicating their use in only 3.9% of eligible patients.*?
Even among individuals who are appropriately prescribed these drugs, cardiovascular event rates remain un-
acceptably high. For example, in the LEADER trial comparing liraglutide and placebo, 13% of participants with
T2DM in the active treatment arm still experienced a new cardiovascular event over a median follow-up of
3.8 years.® Considering the spiralling upward trends in T2DM and obesity globally, more effective therapies are still

required.

4 | BIOLOGICAL BASIS OF INCRETIN THERAPIES

Incretins are a family of hormones released from the gut postprandially that regulate insulin secretion in response to
a meal, accounting for ~65% of postprandial insulin secretion by pancreatic beta (B) cells in health.>3 GIP and GLP-1
are the two known incretin hormones. GLP-1 is a 30-amino acid peptide produced in enteroendocrine L-cells of the
small intestine and ascending colon. It exists in two main forms: (1) biologically active GLP-1 (7-36) amide which has
a terminally amidated carboxyl group and comprises over 80% of GLP-1 in humans and (2) GLP-1 (7-37).2* Once
released into circulation, GLP-1 binds to specific GLP-1R, expressed on cells of the pancreas, gastrointestinal tract,
kidney, heart, and brain.®>%¢ Ligand-receptor binding on pancreatic B-cells exerts an insulinotropic effect through
two main mechanisms: (1) GLP-1 increases insulin synthesis by stimulating B-cell proliferation through increased
intracellular cyclic adenosine monophosphate (cAMP) signaling and upregulation of the B-cell transcription factor,
pancreatic duodenal homeobox-1 protein and (2) GLP-1 increases insulin release through similar cAMP signaling
leading to a rise in intracellular calcium ion levels.>* Figure 2 expands on the intracellular signaling pathways of GLP-
1 in B-pancreatic cells. Furthermore, GLP-1 also binds to its receptor on pancreatic alpha (a) cells to exert a
glucagonostatic effect, inhibiting glucagon secretion under both normoglycemic and hyperglycemic conditions.®* In
addition to these canonical actions on pancreatic secretion of insulin and glucagon, binding of GLP-1 to receptors in
the hypothalamus results in increased satiety, while in the gastrointestinal system, it leads to decreased gastro-
intestinal motility, gastric emptying, and appetite.>33#

Endogenous GLP-1 (7-36) has a very short half-life of only 1-2 min in peripheral blood and is rapidly degraded
by dipeptidyl peptidase 4 (DPP-4) to GLP-1 (9-36) amide, which has no direct insulinotropic effects. Despite this,
GLP-1 (7-36) exerts direct cardioprotective effects by maintaining cardiomyocyte and endothelial cell health.3®
Other preclinical research has demonstrated that both GLP-1 (7-36) and its metabolic byproduct, GLP-1 (9-36),
exert direct and indirect cardioprotective effects by promoting endothelium-dependent vasodilation and increasing
cardiomyocyte uptake of glucose which, in the setting of acute MI, may help attenuate infarct size.>? In the clinical
setting, parenteral infusion of GLP-1 (7-36) has also been shown to improve myocardial function and left ven-
tricular ejection fraction in patients with chronic heart failure.*® These findings suggest that native GLP-1 plays an
important, albeit incompletely understood role in preserving cardiovascular health, laying the groundwork for
investigating the cardiovascular benefits of GLP-1 RAs and tirzepatide.

GIP is a 42-amino acid peptide produced by enteroendocrine K-cells of the duodenum and proximal jejunum in
response to detecting intestinal glucose via sodium/glucose cotransporter 1. The GIP receptor (GIPR) is a class Il
G-protein coupled receptor expressed in similar amounts on both pancreatic a- and B-cells.>**! Studies with
exogenously administered GIP have illustrated that this incretin can regulate blood glucose levels (BGLs) in both
hypoglycemic and hyperglycemic states, by binding to pancreatic a-cells to promote glucagon secretion in the
former, and pancreatic B-cells to promote insulin secretion in the latter. However, endogenous GIP is predominantly
secreted postprandially in only the hyperglycemic state.*? GIP is also responsible for enhancing alanine-stimulated
glucagon secretion by pancreatic a-cells, leading to further insulin secretion through signaling between a- and
B-cells in pancreatic islets.?
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FIGURE 2 Signaling mechanisms of GLP-1 in pancreatic B-cells. Scheme depicting the intracellular signaling
pathway of glucagon-like peptide 1 (GLP-1) in pancreatic beta (B) cells. GLP-1 binding to the GLP-1 receptor
(GLP-1R) activates the G alpha subunit (Gas), which subsequently phosphorylates and activates adenylyl cyclase.
Adenylyl cyclase converts adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) which then
activates protein kinase A (PKA). Protein kinase A inhibits potassium (K*) ATP channels, leading to membrane
depolarization, influx of extracellular calcium (Ca*) and finally insulin secretion. PKA also activates cCAMP response
element binding protein (CREB) in the nucleus which induces transcription of key genes that: (1) promote B-cell
proliferation, (2) inhibit B-cell apoptosis, (3) promote insulin synthesis and (4) attenuate endoplasmic reticulum (ER)
stress, protecting cellular health. Figure created using www.biorender.com and Adapted from Mayendraraj et al.>”
[Color figure can be viewed at wileyonlinelibrary.com]

Interestingly, although the secretion of GIP can also be triggered by ingestion of fat, it does not exert in-
sulinotropic effects in that setting.33 This is because insulin secretion mediated by GIP is strictly glucose-
dependent.®® However, it is a key player in lipid metabolism. Fatty acid-mediated GIP secretion promotes lipo-
genesis through direct GIP-GIPR binding on adipocytes and (in the presence of glucose) increased insulin secretion
leading to anabolic conditions.*> The GIPR is also expressed in the central nervous system (CNS), and studies in
obese people have found that increased endogenous GIP activity in the CNS plays a role in propagating leptin
resistance and obesity.** This is contrasted by the effect of long-acting GIP agonists shown to have significant
antiobesity effects.*> The paradoxical effect of exogenous GIP may be because chronic GIP agonism induces
downregulation and desensitization of the GIPR, thereby mimicking antagonism and positively impacting metabolic
homeostasis.*®

Endogenous GIP has been shown to exert numerous cardiovascular effects in studies of healthy subjects. GIP
stimulates endothelial cells of the hepatic portal vein to secrete nitric oxide (NO), which can help counteract portal
hypertension.*¢ It also promotes arterial vasodilation and confers anti-inflammatory and antiproliferative effects on
endothelium to protect against adverse arterial remodeling.*® Furthermore, GIP may exert atheroprotective effects
by inhibiting cholesterol uptake by macrophages and subsequent foam cell formation, and was found to reduce
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atherosclerosis formation in Apolipoprotein E knockout (Apoe™ ") mice fed an atherogenic diet.*® Therefore, both
GLP-1 and GIP exert pleiotropic actions that may benefit cardiovascular health.

5 | ROLE OF INCRETINS IN T2DM AND OVERWEIGHT/OBESITY
51 | T2DM

The incretin effect, mediated by GIP and GLP-1, is considerably reduced in people with T2DM.*” In healthy
individuals, GIP is thought to be the more dominant incretin; however, under hyperglycemic conditions inT2DM the

effect of GIP is significantly reduced.*®

Hyperglycemic clamp experiments comparing the incretin effect of GIP and
GLP-1 found that GIP's ability to augment insulin secretion was more than halved in patients with T2DM compared
to controls, whereas GLP-1's incretin effect was mostly preserved.*” Furthermore, studies monitoring secretion of
immunoreactive GIP in response to oral glucose showed that GIP secretion is largely preserved in mild T2DM.%°>2
Therefore, the loss of GIP incretin effect in T2DM is due to a qualitative defect in GIP's insulinotropic action rather
than a quantitative defect in its secretion. This is potentially due to rapid desensitization of GIPR under hyper-
glycemic conditions.>®

The pathogenesis of obesity and T2DM are closely intertwined and GIP's role in promoting postprandial lipid
metabolism may also contribute to development of T2DM. Excess GIP secretion plays a role in diet-induced
obesity.>* Obesity, in turn, promotes insulin resistance and T2DM by releasing free fatty acids and adipokines from
adipocytes, impairing the insulin-mediated activation of insulin receptor substrate 1 and glucose cotransporter 4
activity.>* This inhibits insulin signaling and subsequent glucose uptake by muscle and adipose cells.> In this way,
although GIP secretion is largely preserved in T2DM patients or elevated in those with high BMI, its ensuing effect
on the actions of insulin is significantly reduced.®® Because it was recognized in the 1980s-90s that the in-
sulinotropic actions of GIP are lost under hyperglycemia, interest in GIP agonism for therapeutic glucose-lowering
waned substantially for the next decade.*”">® However, it is now known that near-normalization of hyperglycemia
by insulin can partially restore GIP's insulinotropic activity,”” suggesting that the loss of its activity in T2DM is
reversible.

Hyperglycemic clamp experiments have demonstrated that, unlike GIP, GLP-1 retains its insulinotropic actions
in mild T2DM and lowers glucagon concentrations to a similar extent as that achieved during hyperglycemia in
healthy individuals.*’ As with GIP, GLP-1 secretion in T2DM also appears preserved.’® Taken together, poor insulin
secretion in people with T2DM despite unchanged levels of GIP and GLP-1 secretion suggests that the impaired
incretin effect is due to the impaired insulinotropic action of GIP with GLP-1 being insufficient to maintain phys-
iologic insulin levels. Notably, there may be downregulation of GLP-1R expression on B-cells in T2DM, which can
lead to some GLP-1 resistance.’” Like B-cell dysfunction in T2DM, pancreatic a-cell function is also disrupted, with
patients with T2DM exhibiting elevated glucagon levels under postprandial conditions.®® This can be explained by
the fact that, unlike B-cells, a-cells remain sensitive to incretins in T2DM, so GLP-1 stimulates glucagon release
irrespective of the glycemic state due to loss of insulin-mediated a-cell inhibition.°

5.2 | Overweight/obesity

Overweight/obesity is associated with impaired secretion and functioning of incretin hormones. In overweight
individuals, leptin resistance and dysfunctional ghrelin secretion are hypothesized to impair physiological GLP-1
signaling, leading to increased hedonic feeding and reward-related pathway activation. This drives hyperphagia and
increased appetite.®>%2 In contrast, endogenous GIP secretion is upregulated in obesity. Excess GIP secretion in

response to fatty foods contributes to diet-induced obesity, by promoting leptin inhibition and lipogenesis.**
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Furthermore, murine studies suggest that inhibition of the GIPR is protective against obesity, as GIPR knock-out
mice do not become obese when fed a high-fat diet—possibly due to increased lipolysis and lipoprotein lipase

activity.63%4

6 | GLP-1 RAS IN T2DM AND OVERWEIGHT/OBESITY
6.1 | T2DM

Despite the pivotal role that endogenous GLP-1 plays in regulating body weight and glycemia, its short half-life due
to rapid degradation by DPP-4 precludes its therapeutic use.®® This prompted the development of GLP-1 RAs with
longer half-lives, which reach plasma levels up to 40 times higher than endogenous GLP-1.3%%¢ The first synthetic
GLP-1 RA for T2DM was exendin-4 (exenatide), which was FDA approved in 2005.%” Exenatide exhibited ~50%
homology to native GLP-1, was resistant to cleavage by DPP-4 and had a half-life of 3.3-4 h, allowing it to be
administered subcutaneously twice daily.®® Lixisenatide was then developed, based on slight modifications to
exenatide, so that it could be administered subcutaneously once daily despite a half-life of only 2.6 h.2® Exenatide
and lixisenatide, among other short-acting GLP-1 RAs, act through multiple mechanisms, including insulin secretion,
glucagon suppression, and by delaying gastric emptying, which sharply lower postprandial glucose levels in people
with T2DM.%%7° Over time, longer-acting GLP-1 RAs were formulated with greater resemblance to native GLP-1
and higher affinity for GLP-1R on pancreatic B-cells, stimulating insulin secretion and leading to sustained lowering
of fasting BGLs.”®

The difference in mechanisms of action between short and long-acting GLP-1 RAs is due to continuous
activation of the GLP-1R by long-acting agents, which can lead to tachyphylaxis in the delay of gastric emptying.”®
The first long-acting GLP-1 RA, liraglutide, became commercially available in 2009-10 and featured the addition of
a fatty acid chain which facilitated binding to albumin.3”*® This modification impaired DPP-4 degradation, ex-
tending the drug's half-life to 12 h and making it more suitable for once-daily subcutaneous injection.?® Other long-
acting GLP-1 RAs have since been developed, including albiglutide, dulaglutide, and semaglutide. Table 1 compares
the pharmacological properties of GLP1-RAs and other newly developed incretin agonists.

Both short and long-acting GLP-1 RAs are effective for glycemic control, with long-acting agents being more
effective for the long-term management of T2DM, based on greater and more consistent reductions in HbAlc
levels.”* Landmark trials of dulaglutide, albiglutide, and semaglutide in T2DM demonstrated that they lower HbAlc
from baseline by averages of 0.9% (1.5mg dulaglutide), 1.6% (30mg albiglutide), and 1.1% (1.0mg
semaglutide).”?"7* Similarly, 1.8 mg liraglutide reduced HbA1c by a mean of 1.3% more than placebo when added to
insulin, irrespective of concurrent use of metformin.”>

6.2 | Overweight/obesity

Some GLP-1 RAs were also found to cause weight loss when used for T2DM. The first wave of agents in this class,
namely exenatide, lixisenatide, and albiglutide, resulted in a modest weight reduction of 1%-3%. However, newer,
longer-acting agents have had a more pronounced effect.”® Among these, liraglutide (up to 3.0 mg daily) was the
first GLP-1 RA approved by the FDA in 2014 for weight management, followed by semaglutide (up to 2.4 mg
weekly) in 2021.”7 In the Phase 3a SCALE program, comprising five randomized, controlled studies of liraglutide for
weight management among participants with and without T2DM, the range of weight loss achieved across all doses
(1.2, 1.8, 2.4, and 3.0 mg) was 4.8-7.2 kg.”® Furthermore, ~60% of participants on liraglutide achieved the generally
accepted criterion of clinically significant weight loss (CSWL) of 25%, which was higher than the placebo
comparator.78
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In the landmark SUSTAIN 6 trial, the use of semaglutide for T2DM achieved mean body weight 2.9 kg lower
than placebo at a dose of 0.5 mg weekly, and 4.3 kg lower at 1 mg weekly.?? At the 2.4 mg weekly dose in STEP 2,
the semaglutide group had an average weight reduction of 6.2 percentage points more than placebo.”” Moreover,
almost 70% of participants on semaglutide had 5% weight loss from baseline. These results highlight the effec-

tiveness of GLP-1 RAs for weight management in patients with and without T2DM.”?

7 | GLP-1 RAS AND CARDIOVASCULAR OUTCOMES

71 | T2DM

The 2008 FDA mandate that all new diabetic drugs undergo evaluation for cardiovascular outcomes has resulted in
a large body of phase 3 data showing that not only are GLP-1 RAs safe from a cardiovascular perspective, but they
also confer significant cardiovascular benefits (Table 2).2873980-84 These have been consistent for most of the
individual agents studied and, unlike SGLT2 inhibitors, have been predominantly driven by reductions in the
ischemic endpoints of nonfatal Ml and stroke, along with cardiovascular death.® In their respective clinical trials for
the indication of T2DM and high cardiovascular risk, dulaglutide, albiglutide, and semaglutide each significantly
reduced these cardiovascular complications compared to placebo.??6283 |n the REWIND (dulaglutide) and LEADER
(liraglutide) studies, active drug reduced the primary composite MACE endpoint by 12% (hazard ratio [HR]: 0.88,
95% confidence interval [Cl]: 0.79-0.99, p=0.026) and 13% (HR: 0.87, 95% Cl: 0.78-0.97, p <0.001 for non-
inferiority and p < 0.01 for superiority) relative to placebo, respectively.?®8% Subsequently, SUSTAIN 6 showed a
relative reduction of 26% for three-point MACE (nonfatal MlI, stroke, cardiovascular death) when subcutaneous
semaglutide (up to 1 mg weekly) was compared against placebo.??*° Notably, this appeared to be driven by fewer
cases of stroke (HR: 0.61, 95% Cl: 0.38-0.99, p = 0.04), with a nonsignificant trend for reduced risk of nonfatal Ml
(HR: 0.74, 95% Cl: 0.51-1.08, p = 0.12). However, there was no difference in cardiovascular death (HR: 0.98, 95%
Cl: 0.65-1.48, p = 0.92) over 104 weeks of follow-up.?’

In PIONEER 6, oral semaglutide was tested at up to 14 mg daily and resulted in 21% reduction in a similar
composite MACE outcome.®° This reached statistical significance for noninferiority compared to placebo, but not
for the prespecified superiority requirement. Secondary analysis of the individual components of MACE also
suggested reduction in cardiovascular mortality (HR: 0.49, 95% Cl: 0.27-0.92) over median follow-up of
15.9 months.*° Therefore, while PIONEER 6 demonstrated cardiovascular safety, it was not powered to assess the
cardiovascular efficacy of oral semaglutide, which will be formally addressed in the Semaglutide CardiOvascular
oUtcomes (SOUL) study.®> Other noteworthy surrogate effects of semaglutide compared to placebo in SUSTAIN 6
and PIONEER 6 were: (1) reductions in systolic blood pressure by ~2.6 mmHg; (2) average weight reduction of 4.3
and 3.4 kg, respectively; and (3) average increases in heart rate by 2.5 and 4 bpm, respectively.2?*°

Support for the reduction of cardiovascular event rates by GLP-1 RAs in T2DM has also been consolidated
through meta-analysis. One such study analyzed 60,080 participants enrolled into eight major trials for lixisenatide
(ELIXA), liraglutide (LEADER), semaglutide (SUSTAIN 6 and PIONER 6), exenatide ER (EXSCEL), dulaglutide
(REWIND), efpeglenatide (AMPLITUDE-O), and albiglutide (Harmony Outcomes), and found a 14% relative
reduction in MACE (HR: 0.86, 95% Cl: 0.80-0.93, p < 0.0001).8¢

7.2 | Overweight/obesity

Recently, the SELECT trial also reported cardiovascular outcome benefits for semaglutide in nondiabetic individuals
who are overweight or obese and have established atherosclerotic CVD. This double-blind, phase 3 trial randomized
17,604 participants (72.5% male, mean age 61.6 years, mean BMI 33.3kg/m?) to placebo or semaglutide (up to
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2.4 mg subcutaneous weekly).8”88 Semaglutide was associated with 20% relative reduction in MACE (HR: 0.80,
95% Cl: 0.72-0.90, p < 0.001) and a nonsignificant 15% reduction in cardiovascular death. It also reduced the heart
failure composite endpoint (HR: 0.82, 95% Cl: 0.71-0.96) and had favorable effects compared to placebo on
multiple metabolic parameters, including weight loss (estimated treatment difference of -8.5%), systolic blood
pressure (-3.3 mmHg), triglyceride levels (-15%), and HbA1c (-0.3%).8? The results of this landmark study align
with previous observational data that showed significant cardiovascular event reduction associated with weight loss

of ~20%-30% achieved through bariatric surgery.”®

7.3 | Heart failure

The benefits of targeting weight loss with semaglutide have also been demonstrated in patients with obesity and
HFpEF in the STEP-HFpEF study.! In this trial, 529 participants were randomized 1:1 to receive 2.4 mg se-
maglutide or placebo for 52 weeks. The dual primary endpoints were change in Kansas City Cardiomyopathy
Questionnaire clinical summary score (KCCQ-CSS) and percentage change in body weight. The KCCQ-CSS
increased by 16.6 points in the semaglutide group compared to 8.7 points in those allocated placebo (estimated
difference 7.8 points, p < 0.001), while weight reduced by an average of 13.3% with semaglutide compared to 2.6%
with placebo (p < 0.001).3! Semaglutide also improved the secondary endpoint of 6-min walking distance (mean
+21.5m vs. +1.2 m with placebo, p <0.001). Finally, it was associated with greater reductions in systolic blood
pressure and blood levels of C-reactive protein (CRP) and NT-pro-brain natriuretic peptide, with fewer serious
adverse events than the placebo group. Although not powered for clinical outcomes, there were also numerically

fewer heart failure events among participants on semaglutide.®?

8 | MECHANISTIC BASIS FOR CARDIOVASCULAR BENEFITS OF
GLP-1 RAS

Figure 3 summarizes different organ-targeted effects of GLP-1 RAs that are relevant to T2DM, overweight/obesity,
and CVD. While GLP-1 RAs exert favorable actions on glycemia, systolic blood pressure, weight, and serum
concentrations of low-density lipoprotein cholesterol (LDL-C) and triglycerides, it is unlikely these effects on
traditional risk factors fully account for the scope of cardiovascular outcome benefits.”*~?% Consequently, pre-
clinical and clinical studies have sought to elucidate additional cardioprotective mechanisms of action.®®> Consistent
evidence now shows that GLP-1 RAs exert pleiotropic anti-inflammatory and antiatherosclerotic effects, even at
relatively low doses.®® For example, semaglutide reduced atherosclerotic plague formation in aortas of Apoe™~
mice, in association with reduced messenger RNA expression of key inflammatory and osteogenic proteins, such as
interferon-y (IFN-y), tumour necrosis factor-a (TNF-a), and osteopontin (OPN).?* In humans, liraglutide reduced
serum CRP levels by 30.5% compared to placebo, further building the case that GLP-1 RAs have anti-inflammatory
properties.”® It was also associated with modest reductions of interleukin 1-beta (IL-b) and TNF-a,?® and reduced
macrophage uptake of oxidized-LDL, thereby inhibiting foam cell accumulation in arterial plaques.®”

GLP-1 RAs also impart direct actions on vascular endothelial cells, expressing GLP-1R. This may result in higher
expression of endothelial nitric oxide synthase (eNOS), promoting vasodilation, and lower expression of intercellular
adhesion molecule-1 (ICAM-1), inhibiting leukocyte recruitment to the vasculature.”®°? In addition, GLP-1 RAs
inhibit phosphorylation of AKT-Thr308 in vascular smooth muscle cells,”® a key kinase that promotes cell growth
and survival. This downregulates the expression of matrix metalloproteinase (MMPs), which may help stabilize
plaque by increasing plaque fibrous cap thickness.”®1%°
Although there appear to be several mechanisms whereby GLP-1 RAs exert athero-protective effects to lower

ischemic risk, there is still a lack of direct proof for their antiatherosclerotic activity in human studies.
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FIGURE 3 Organ-targeted effects of GLP-1 RAs. Schematic showing the different organ-targeted effects that
glucagon-like peptide 1 receptor agonists (GLP-1 RAs) exert in the management of overweight/obesity, type 2
diabetes mellitus (T2DM) and cardiovascular disease (CVD). These include: (1) pancreatic effects, consisting of
increased insulin release from beta (B) cells, reduced glucagon release from alpha (a) cells and glucose lowering, as
measured by reduction in Hemoglobin Alc (HbA1c) levels; (2) gastrointestinal effects, including delayed gastric
emptying and reduced appetite; (3) cardioprotective effects in the form of reduced major adverse cardiovascular
events (MACE) and systolic blood pressure; and (4) increased satiety mediated through the central nervous system
(CNS). Figure created using www.biorender.com. [Color figure can be viewed at wileyonlinelibrary.com]

The Semaglutide Treatment Effect on Atherosclerosis Progression (STOP) study used computed tomography
coronary angiography (CTCA) to measure calcified and noncalcified coronary plaque at baseline and after 52 weeks
in 140 participants with T2DM randomized to once weekly semaglutide or placebo.'°? Although not yet in peer-
reviewed form at the time of writing, results presented at the 2022 American Heart Association ASM found no
significant difference in the primary endpoint of change in calcified or noncalcified plaque volume between the two
groups.'®* However, exploratory analysis suggested a greater conversion of noncalcified to calcified plaque with
semaglutide, which may represent a “plaque stabilization” effect. Meanwhile, the placebo-controlled LIRAFLAME
study also failed to show a benefit of liraglutide on arterial inflammation in patients with T2DM, as measured by
change in [*8F]-fluorodeoxyglucose positron emission tomography.1©2

The capacity of GLP-1 RAs to reduce ischemic events could also be mediated by direct cardioprotective, in
addition to vasculoprotective, effects. For example, these agents can attenuate myocardial ischemia and infarction
by counteracting oxidative stress.?? As discussed above, evidence from STEP-HFpEF also supports that GLP-1 RAs
may exert benefits in nonatherosclerotic CVD, at least in obesity.3 Preclinical results also point to potential effects
in AF. Daily dosing with subcutaneous liraglutide reduced atrial fibrosis in hyperglycemic db/db mice, with less
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susceptibility to AF episodes, which were also of shorter duration when they occurred compared to control.1*2

Outcomes of clinical studies that address arrhythmic burden, including AF, are now awaited.

9 | SAFETY OF GLP-1 RAS

Gastrointestinal adverse events are common with GLP-1 RAs.** Nausea and diarrhea affect ~25% and ~12% of
patients respectively, while vomiting, abdominal pain, and dyspepsia occur in up to 10%.”* Upper gastrointestinal
effects (e.g., nausea and vomiting) are likely due to slowing of the stomach and proximal small intestine.'®®
Meanwhile, the mechanisms behind lower gastrointestinal effects, such as constipation and diarrhea, are unclear.
Importantly, gastrointestinal side effects are common early in treatment and tend to subside over time.!%*
Therefore, GLP-1 RAs are usually introduced at low doses and then steadily up-titrated to a maximum toler-
ated dose.

A handful of GLP-1 RA outcome trials observed an increased risk for diabetic retinopathy; however, none were
designed to provide robust estimates of this endpoint, and the methodology for ascertainment varied. More recent
evaluation suggests that the magnitude and rapidity of HbA1lc reduction may drive the risk of retinopathy, rather
than a GLP-1 RA-specific class effect.'%¢ While we await results from the placebo-controlled FOCUS trial, which
will serially evaluate retinal changes from semaglutide (NCT03811561), it is recommended that all patients have
their retinopathy status monitored while intensifying glucose-lowering treatment.?’ The use of GLP-1 RAs for at
least 1 year is also associated with an increased risk of thyroid cancer,'®” such that they are contraindicated if there
is a prior or family history of this. There has also been conjecture about whether GLP-1 RAs confer increased risk of
pancreatitis.2°® Those with prior pancreatitis and obese people on GLP-1 RAs for weight loss appear to be most
vulnerable.1? Given their overall frequency, the different adverse effects of GLP-1 RA pose a real-world challenge
for long-term patient adherence, which is problematic given that the benefits of these agents depend on their
continued use.

Concerns have also arisen around the significant impact that GLP-1 signaling has on gastric emptying. Intra-
venous GLP-1 delays gastric emptying in a dose-dependent manner, such that its action to delay emptying may
outweigh its insulinotropic effects on health.21° Intermittent and continuous infusions of GLP-1 appear to impair
gastric emptying to a comparative extent.}'! However, the evidence base is low quality as the large randomized
trials involving GLP1-RAs have tracked gastric emptying using suboptimal techniques, such as paracetamol
absorption, or not at all.1*2 This is important to consider, as employing the ‘gold standard’ technique of scintigraphy
shows that while both short-acting (exenatide bidaily and lixisenatide) and long-acting (liraglutide, exenatide once
weekly and subcutaneous semaglutide) GLP-1 RAs delay gastric emptying, the magnitude of delay is greater with
the short-acting agents.2*37116 The effect of dulaglutide and oral semaglutide on gastric emptying has not yet been
evaluated, to the best our knowledge. Cases of GLP-1 RA-induced gastroparesis have also now been reported.'”

The prolonged gastric retention of contents induced by GLP-1 RAs poses two potential issues:

(1) Perioperative aspiration risk: The American Society of Anesthesiologists, in recognition of this, published a press
release in June 2023 on the preoperative management of people using GLP-1 RAs. They advised that “for
patients on daily dosing, consider holding GLP-1 agonists on the day of the procedure/surgery. For patients on
weekly dosing, consider holding GLP-1 agonists a week before the procedure/surgery.”*8 The effects of long-
acting GLP-1 RAs on gastric retention may last longer than a week, and it is likely this recommendation will be
revised in the future.

(2) Risk of hypoglycemia: People with diabetes who have developed gastroparesis (e.g., from diabetic autonomic
neuropathy) require lower postprandial insulin doses compared with those with normal gastric emptying.*’
There is a concern that delayed gastric emptying in GLP-1 RA-treated individuals may cause mismatch between
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glucose absorption and insulin delivery and predispose to hypoglycemia, especially in those concomitantly

treated with insulin or sulfonylureas.'?°

10 | DEVELOPMENT OF INCRETIN CO-AGONISTS

Building from the success of GLP-1 RAs, there have been concerted efforts to advance the field of incretin-based
pharmacotherapy for metabolic disease.??! This has led to development of the dual GIPR/GLP-1R agonist, tirze-
patide. As the first dual incretin agonist, tirzepatide holds great promise in the treatment of T2DM and overweight/
obesity. It achieves its effects on glucose lowering and weight loss via its binding to both GIPR and GLP-1R,
generating intracellular signaling cascades.*?? Tracer displacement and cAMP generation studies have demon-
strated that it has the same affinity for the GIPR as native GIP but binds to the GLP-1R with five times weaker
affinity than native GLP-1.222 This preference for GIPR activation is thought to enable higher dosing of tirzepatide,
without proportionally increasing the risk of gastrointestinal intolerance associated with high doses of GLP-1
RAs.122 Figure 4 depicts tirzepatide's primary structure alongside that of GIP, GLP-1 and GLP-1 RAs, while Figure 5
provides an overview of tirzepatide's dual GIPR/GLP-1R agonist effects.

11 | MECHANISMS OF ACTION OF TIRZEPATIDE: FOCUS ON GIP

The co-agonism of GLP-1 and GIP results in significantly greater blood glucose and weight reduction than for GLP-
1R agonism alone,®'?? [ikely via multiple mechanisms. However, the specific role that activation of GIP plays,
especially for weight loss, remains unclear because preclinical evidence suggests that it may have a weight gain
effect.'?® For example, GIP accelerates lipoprotein lipase activity in a dose-dependent manner in cultured pre-
adipocytes63 and induces fatty acid incorporation into adipose tissues in obese Zucker rats.*2* Moreover, mice
deficient in the GIPR are lean and resistant to weight gain after increased dietary caloric intake.®*

Relatively few clinical studies have focused on the actions of GIP over the past three decades, especially when
compared to GLP-1.12° Animal studies report that GIP agonists reduce nausea and vomiting 2 and have proposed
that this is mediated centrally via GIP receptors in the brain.2?” However, it is not known if this applies to humans.
Complicating our understanding of how tirzepatide works is the fact that combining GLP-1R agonism with a GIP
“antagonist” (rather than GIP agonist, as for tirzepatide) improved glycemia and reduced weight in an early phase
clinical study.'?® Therefore, GIP agonism and GIP antagonism appear to have similar effects. Clearly, there is still
much to learn about how the co-agonism of GIPR and GLP-1R mediates synergistic benefits on glucose and weight.

12 | CLINICAL TRIAL RESULTS FOR TIRZEPATIDE

Tirzepatide's effects on glycemia in T2DM and weight management in overweight/obesity have been evaluated
respectively in the SURPASS and SURMOUNT clinical trial programs, together with its cardiovascular safety profile.

12.1 | T2DM: SURPASS trials

The SURPASS program has studied the effectiveness and safety of tirzepatide in T2DM. It encompasses the
SURPASS-1 to 6 trials, SURPASS-J mono and combo studies in Japanese populations, SURPASS-AP in Asian-Pacific
patients and SURPASS-CVOT, an ongoing cardiovascular outcomes trial.'®> Across all studies, tirzepatide was
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FIGURE 4 Primary structures of glucagon-like peptide 1 receptor agonists (GLP-1 RAs) and tirzepatide.
Schematic shows tirzepatide's primary structure alongside those of GIP, GLP-1 (7-36) which is cleaved via DPP-4 to
GLP-1 (9-36) and exenatide and semaglutide. Tirzepatide is a 39-amino acid linear polypeptide which is conjugated
with a C-20 free fatty di-acid moiety at lysine position 20. It contains two noncoded amino acid residues (Aib, a-
amino isobutyric acid) at positions 2 and 13. These residues contribute to tirzepatide's long-half life and high affinity
to albumin. Figure created using www.biorender.com and Adapted from Nauck and D‘Alessio.*® [Color figure can
be viewed at wileyonlinelibrary.com]

studied at three doses of 5, 10, and 15 mg per week, with the initiation of treatment at 2.5 mg weekly and dose
escalation at 4-week intervals, as tolerated.'® Table 3 summarizes the major results from SURPASS-1 to 5.
SURPASS-1 was a placebo-controlled, dose-comparison study in which tirzepatide was studied over 40 weeks
in 478 participants with T2DM and mean baseline HbA1c 7.9%.” Tirzepatide significantly reduced HbA1c (-1.87%
to -2.07%) across all doses versus placebo.” Furthermore, depending on dose, 31%-52% of the participants
randomized to active drug achieved normoglycemia (HbA. < 5.7%) compared to only 1% of placebo recipients.”
These compelling results demonstrate the glucose-lowering potency of tirzepatide, which also induced a dose-

dependent reduction of body weight in the order of 7-9.5 kg.”
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FIGURE 5 Tirzepatide's dual receptor agonist effects. Schematic showing tirzepatide's dual receptor agonist
actions, mediated through both the glucagon-like peptide 1 receptor (GLP-1R) and glucose-dependent
insulinotropic polypeptide receptor (GIPR). Relevant effects of tirzepatide in the context of type 2 diabetes mellitus
and/or overweight/obesity include: increased satiety, delayed gastric emptying and reduced appetite, weight loss,
increased insulin release, and reduction of Hemoglobin Alc (HbA1c). Tirzepatide has also been found to reduce
systolic blood pressure and is currently being investigated for its ability to reduce major adverse cardiovascular
events (MACE) in the setting of atherosclerotic cardiovascular disease. Figure created using www.biorender.com.
[Color figure can be viewed at wileyonlinelibrary.com]

SURPASS-2 then compared the same three doses of tirzepatide against 1 mg semaglutide in 1879 participants
with T2DM who were already on metformin (randomization 1:1:1:1).2 Tirzepatide was superior to semaglutide for
HbA1c lowering and weight reduction. This was further supported by a recent network meta-analysis of 22
randomized controlled trials comprising n = 18,472 participants with T2DM. Preliminary data, presented at the 2023
annual European Association for the Study of Diabetes (EASD), showed that tirzepatide 15 mg was most efficacious
at reducing HbA1c compared to placebo (mean difference of —2.00%), followed by tirzepatide 10 mg (-1.86%) and
then semaglutide 2.0 mg (-1.62%). Furthermore, in this meta-analysis, each of the three doses of tirzepatide (5, 10,

» o«

and 15 mg) assessed were more effective for weight reduction than the corresponding “low,” “medium,” and “high”

doses of semaglutide (0.5, 1, and 2 mg).*?’

SURPASS-3 compared once weekly tirzepatide to daily insulin degludec as an adjunct to metformin in sub-
optimally controlled T2DM (HbA1c 7.0%-10.5%). In this trial, 1444 participants were randomized to the afore-
mentioned doses of tirzepatide or insulin degludec with a 52-week treatment period.® All tirzepatide groups
displayed significantly greater reductions in HbA1c from baseline compared to insulin. Furthermore, a larger pro-
portion of participants on tirzepatide achieved the target Hb1Ac of less than 7.0% compared to the insulin group
(82-93% vs. 61%).

SURPASS-4 compared tirzepatide and insulin glargine in adults with high cardiovascular risk and T2DM

(HbA1c 7.5%-10.5%) who were already on other glucose-lowering medications (e.g., metformin, sulfonylurea
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or SGLT2 inhibitors).'° This study randomized 1995 participants to receive tirzepatide (5, 10, and 15 mg) or
insulin glargine in a 1:1:1:3 ratio. At 52 weeks, the 10 and 15 mg tirzepatide groups achieved mean HbA1lc
reductions of 2.43% and 2.58%, respectively, compared to 1.44% for glargine. Nausea, diarrhea, decreased
appetite, and vomiting were more frequent with tirzepatide but most cases were mild to moderate and
occurred during dose escalation. Importantly, tirzepatide was associated with less hypoglycemia than
glargine, and no increase in adjudicated MACE-4 events, indicating satisfactory cardiovascular safety.
SURPASS-5 studied tirzepatide in combination with insulin glargine for 475 patients with T2DM and suboptimal
glycemic control (HbAlc 7.0%-10.5%).1! Participants were randomized 1:1:1:1 to the standard doses of tirzepatide
or placebo. By 40 weeks, the active treatment arms achieved both marked lowering of HbAlc and weight reduction
compared to placebo. The magnitude of weight loss ranged from 5.4 to 8.8 kg for the different doses of tirzepatide.

This is still considerable given the background use of insulin, which itself, is typically associated with weight gain.

12.2 | Overweight/obesity: SURMOUNT trials

The SURMOUNT program includes four global, phase 3, double-blind, randomized, placebo-controlled studies,
SURMOUNT-1 to 4. Each of these studied different doses of tirzepatide (5, 10, and 15 mg weekly) in overweight/
obese individuals who had at least one weight-related complication, not including diabetes.'? The placebo groups in
these studies received weight loss advice around dietary and lifestyle modifications. Table 4 summarizes the key
findings from SURMOUNT-1 to 4.

SURMOUNT-1 investigated 2359 participants and found that over 72 weeks, the mean percentage weight
change from baseline was -15.0%, -19.5%, and -20.9% for 5, 10, and 15 mg tirzepatide, respectively, compared to
-3.1% for placebo.'? Moreover, the percentage of participants who achieved 25% weight reduction was 85%, 89%,
and 91% in the three tirzepatide groups versus 35% with placebo. Tirzepatide recipients achieving 220% weight
reduction in the same groups were 30%, 50%, and 57%. Additional effects of tirzepatide included: (1) mean
reductions in waist circumference of 14.0 cm (for 5mg), 17.7 cm (10 mg), and 18.5 cm (15 mg) compared to 4.0 cm
with placebo; (2) mean reduction in total body fat mass of 33.9% overall versus 8.2% with placebo, as measured by
dual-energy X-ray absorptiometry; and (3) improved physical function and greater control of cardiometabolic risk
factors. Pooled analysis of the three tirzepatide groups also showed a greater mean increase in the Short Form-36
physical function score of 3.6 points compared to 1.7 points for placebo. Meanwhile, 95.3% of pre-diabetic
participants (defined as having HbAlc 5.7%-6.4%) allocated to tirzepatide returned to normoglycemia by the end
of the study, compared to 61.9% in the placebo group. Finally, tirzepatide resulted in reductions in systolic blood
pressure (-7.2 vs. —=1.0 mmHg with placebo), triglycerides (-24.8% vs. -5.6%), total cholesterol (-4.8% vs. -1.8%),
LDL-C (-5.8% vs. -1.7%), very low-density lipoprotein-cholesterol (VLDL-C) (-24.4% vs. -4.8%) and an increase in
high-density lipoprotein-cholesterol (HDL-C) (+8.0% vs. +0.7%).12

SURMOUNT-2 randomized 938 participants with T2DM to weekly tirzepatide 10 mg, tirzepatide 15 mg or
placebo over a 72-week follow-up period. Tirzepatide 15 mg resulted in the largest body weight reduction (-14.7%),
followed by tirzepatide 10 mg (-12.8%) and placebo (-3.2%). Therefore, both doses were superior to placebo with
estimated treatment differences of -9.6 and -11.6 percentage points for 10 and 15 mg, respectively. Meanwhile,
HbA1c was reduced to a similar extent with both 10 mg (-1.55%) and 15 mg (-1.57%).2%°

SURMOUNT-3 enrolled 806 participants who underwent a 12-week lifestyle intervention lead-in period
consisting of a low-calorie diet, exercise, and counseling sessions.’®! The 579 individuals who achieved at least 5%
weight loss by this were then randomized to once weekly placebo or 15 mg tirzepatide for another 72 weeks. From
the time of randomization, the mean change in body weight was -21.1% with tirzepatide versus +3.3% with
placebo, giving an estimated treatment difference of -24.5 percentage points (p < 0.001).2%! Tirzepatide also
achieved greater reductions in waist circumference compared to placebo (-14.8%), systolic blood pressure
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(-9.2mmHg), LDL-C (-11.5%), VLDL-C (-27.8%), triglycerides (-28.0%), and a greater increase in HDL-C
(+11.4%).13

SURMOUNT-4 recruited 783 participants with obesity/overweight but not T2DM to open-label tirzepatide
during an initial 36-week run-in phase, before then randomizing 1:1 to tirzepatide or placebo for the next 52 weeks.
Mean weight loss was 20.9% during run-in, with an additional 6.7% weight loss in the group that continued active
therapy compared to 14.8% weight gain in those changed to placebo (p < 0.001).1%2 Over 88 weeks, 97.3% of
participants on tirzepatide achieved 5% weight reduction, compared to 70.3% on placebo. Weight reduction of at
least 20% was achieved by 69.5% on tirzepatide and only 12.6% on placebo.'®?

Collectively, these impressive data from the SURMOUNT program highlight that tirzepatide is capable of rapid
and substantial weight reduction with accompanying benefits on cardiometabolic risk parameters. However, as is
the case with GLP-1 RAs, discontinuation of the drug results in regain of lost weight.?>® Further results from
SURMOUNT-5 are awaited to compare the weight loss benefits of tirzepatide and semaglutide in overweight/
obese patients who do not have diabetes (NCT05822830).

13 | TIRZEPATIDE AND CARDIOVASCULAR OUTCOMES

Beyond its ability to improve glycemic control and induce weight loss, tirzepatide is also expected to exert cardio-
vascular benefits.'®> SURPASS-4 provided preliminary evidence of its safe cardiovascular profile, and moreover,
suggested a trend for reduced four-point MACE (M, angina, stroke, all-cause death) with a HR of 0.74 (95% CI:
0.51-1.08) compared to placebo over a median of 52 weeks follow-up.1® This signal was strongest for the highest
dose of 15 mg, which was associated with a HR of 0.50 (95% Cl: 0.26-0.95). Further insights into tirzepatide's impact
on cardiovascular outcomes among patients with T2DM were provided by a recent meta-analysis of 7215 participants
recruited into the SURPASS-1 to 5 trials. In contrast to the comparator groups in these studies, tirzepatide had a
nonsignificant HR of 0.80 (95% Cl: 0.51-1.08, p = 0.18) for MACE-4 events, with HRs of 0.90 (95% Cl: 0.50-1.61) for
cardiovascular death, 0.76 (95% Cl: 0.45-1.26) for nonfatal MI, 0.81 (95% Cl: 0.39-1.68) for nonfatal stroke and 0.46
(95% Cl: 0.15-1.41) for hospitalization for unstable angina.’** This analysis also concluded that the upper bounds of
confidence for the HR of MACE-3 (M, stroke, and all-cause death) and MACE-4 were both below 1.3,1%134 indicating
that tirzepatide is safe for clinical use from a cardiovascular perspective, in line with FDA requirements.

Table 5 illustrates how tirzepatide's use in both T2DM and overweight/obesity has also been accompanied by
improvements in the atherogenic lipid signature in plasma. In SURPASS-1, this consisted of dose-dependent mean
reductions in plasma triglyceride concentrations of 18.5%-21.0% and LDL-C by 6.7%-12.4%, while HDL-C
increased by 4.8%-7.5%.” These changes were all significantly greater than those in the placebo group. SURPASS-2
also found that tirzepatide's effects on triglycerides, VLDL-C, and HDL-C were greater than for semaglutide at each
of the three doses studied, although this did not apply to total cholesterol or LDL-C.® Limited available data from
pooled randomized trials suggest reductions in systolic blood pressure between 4 and 6 mmHg for different
doses.*®> Tirzepatide's effects on blood pressure and lipids would be expected to have flow-on benefits for
reducing clinical outcomes from atherosclerotic and non-atherosclerotic CVD, although this needs to be formally
evaluated in ongoing phase 3 trials (see below).

14 | THE MECHANISTIC BASIS FOR CARDIOVASCULAR BENEFITS
FROM TIRZEPATIDE

Despite a lack of mechanistic studies in human populations, murine experiments have provided signs of tirze-
patide's multifaceted cardiovascular protective properties (Figure 6). In female Apoe*3-Leiden CETP mice with

diet-induced hyperlipidemia, administering a GIPR/GLP-1R co-agonist increased plasma triglyceride clearance
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TABLE 5 Tirzepatide's effects on lipids in SURPASS-1 to 5 trials.
Mean % change Mean % change Mean % change Mean % change Mean % change
Trial Triglycerides Total cholesterol HDL-C LDL-C VLDL-C
SURPASS-17 T 5mg: -18.5% T 5mg: -5.5% T 5mg: +4.8% T 5mg: -6.7% N/A
T 10 mg: -18.2% T 10 mg: -6.3% T 10 mg: +3.2% T 10 mg: -7.6%
T 15mg: -21.0% T 15mg: -8.4% T 15mg: +7.5% T 15mg: -12.4%
Placebo: +4.7% Placebo: -0.8% Placebo: -3.8% Placebo: -1.6%
SURPASS-2®2 T 5mg: -19.0% T 5mg: -5.5% T 5mg: +6.8% T5mg: -7.7% T 5mg: -17.5%
T 10 mg: -24.1% T 10 mg: -6.0% T 10 mg: +7.9% T 10 mg: -5.6% T 10 mg: -23.1%
T 15 mg: -24.8% T 15mg: -6.3% T 15mg: +7.1% T 15mg: -5.2% T 15mg: -23.7%
S 1mg: -11.5% S 1mg: -4.8% S 1 mg: +4.4% S 1mg: -6.4% S 1mg: -11.1%
SURPASS-3° T 5mg: -15.4% T 5mg: -4.25% T 5mg: +5.49% T 5mg: -6.01% T 5mg: -14.2%

SURPASS-41°

SURPASS-51

T 10mg: -26.7%

T 15mg: -25.2%

Ins degludec: -12.2%

T 5mg: -16.3%

T 10 mg: -20.1%
T 15mg: -22.5%
Ins glargine: -6.4%
T 5mg: -15.2%

T 10 mg: -19.3%
T 15mg: -24.9%

Placebo: -6.8%

T 10 mg: -5.81%

T 15mg: -5.69%

Ins degludec: -2.92%

T 5mg: -5.1%

T 10 mg: -5.5%
T 15mg: -5.6%
Ins glargine: 0%
T 5mg: -8.8%

T 10 mg: -10.3%
T 15mg: -12.9%

Placebo: -0.4%

T 10 mg: +10.22%
T 15 mg: +10.20%
Ins degludec: +1.03%
T 5mg: +6.7%

T 10 mg: +9.7%

T 15 mg: +10.8%
Ins glargine: +2.9%
T 5mg: +2.1%

T 10 mg: +1.8%

T 15mg: +0.9%

Placebo: +1.7%

T 10 mg: -5.70%

T 15mg: -6.55%

Ins degludec: -2.71%

T 5mg: -6.8%

T 10 mg: -8.3%

T 15mg: -7.9%
Ins glargine: +1.4%
T 5mg: -8.9%

T 10mg: -12.8%
T 15mg: -15.5%

Placebo: +2.8%

T 10 mg: -25.2%

T 15mg: -23.8%
Ins degludec: -10.6%
T 5mg: -15.7%

T 10 mg: -19.5%

T 15mg: -21.8%
Ins glargine: -5.7%
T 5mg: -15.1%

T 10 mg: -18.7%

T 15mg: -24.1%

Placebo: -5.5%

Abbreviations: HDL-C, high-density lipoprotein-cholesterol; Ins, insulin; LDL-C, low-density lipoprotein-cholesterol; N/A,
not available; S, semaglutide; T, tirzepatide; VLDL-C, very low-density lipoprotein-cholesterol.

compared to the control group.'®® This was mediated via increased VLDL-derived fatty acid uptake by adipose
tissue and increased liver uptake of VLDL remnants.'*® Combined GIPR/GLP-1R agonism also decreased the rate
of VLDL-C production by 33% compared to control. Reduction of excess circulating VLDL and LDL available for
oxidization and enzymatic modification may lead to decreased deposition of apolipoprotein B-containing cho-
lesterol in the sub-endothelial compartment of arteries, which in turn would help reduce atherosclerosis. Indeed,
this signal was seen in the study of Apoe*3-Leiden CETP mice, where GIPR/GLP-1R agonism resulted in a
nonsignificant 22% reduction in plaque size.?®® Interestingly, this effect was not achieved in mice receiving only
GLP-1 or GIP receptor monoagonists.*¢

Mechanistic studies have also shown that tirzepatide attenuates other mediators of atherogenesis. In a phase
2b clinical study comparing once weekly tirzepatide at 1, 5, 10, or 15 mg against dulaglutide 1.5 mg or placebo in
T2DM, tirzepatide achieved dose-dependent reductions in circulating levels of the pro-atherosclerotic adhesion
molecule, ICAM-1 and high-sensitivity CRP after just 4 weeks.'®” Although the above results hint at its potential for
modifying atherosclerosis, serial plaque imaging studies are required to demonstrate its actions on coronary and

non-coronary atherosclerosis.* 38137
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FIGURE 6 Proposed mechanisms underlying the potential cardioprotective effects of tirzepatide. Among
numerous mechanisms that are expected to mediate cardiovascular protective effects, tirzepatide has been shown
to: (i) reduce systemic levels of inflammation, as evidenced by reductions in circulating concentrations of high-
sensitivity C-reactive protein (hsCRP) and proinflammatory cytokines, such as interleukin-1p (IL-1B) and tumor
necrosis factor-a (TNF-a); (ii) reduce vascular cell expression of intracellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule 1 (VCAM-1); (iii) decrease blood concentrations of low-density lipoprotein-
cholesterol (LDL-C) and triglycerides; (iv) promote vascular dilation by upregulating expression of nitric oxide (NO)
synthetase; and v) downregulate expression of matrix metalloproteinases (MMPs) in atherosclerotic plaques,
thereby potentially improving fibrous cap thickness to stabilize plaque. Figure created using www.biorender.com.
[Color figure can be viewed at wileyonlinelibrary.com]

15 | SAFETY OF TIRZEPATIDE

Tirzepatide was approved by the FDA in May 2022 as an adjunct to diet and exercise to improve glycemic control in
patients with T2DM.4° It does not require dosage adjustments in the presence of hepatic or renal impairment. Not
surprisingly, it shares many of the gastrointestinal adverse effects of GLP-1 RAs. Nausea and diarrhea occur in
~25% of patients and vomiting and headaches in ~13%-15%.14* Reduced appetite is also common because tir-
zepatide suppresses hunger and increases satiety by acting directly on the CNS and as a byproduct of delayed
gastric emptying.2*! These effects are commonest soon after starting the drug and can be minimized by smaller,
more gradual dosage escalations.'? In severe cases, tirzepatide's gastrointestinal effects may also cause acute
kidney injury secondary to dehydration. Other reported adverse effects include sinus tachycardia, hypersensitivity
reactions, acute cholecystitis/cholelithiasis, and pancreatitis.}*?>24® Given the nature of glucose-dependent glucose
lowering, tirzepatide does not inherently cause hypoglycemia. However, SURPASS-5 demonstrated that in the
presence of co-administered insulin, it does confer a higher risk of severe hypoglycemia than placebo.!?
Tirzepatide also has the potential for long-term effects on nutritional uptake. An 18-week study of 55 obese

participants randomized 1:1 to 15 mg tirzepatide or placebo found that it substantially decreased appetite, as
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measured during fasting and standardized mixed meal tolerance testing.'** Food cravings and preference were also
measured via the Food Craving Inventory and Food Preference Questionnaire at baseline and 18 weeks, and
identified that tirzepatide reduced preference for sweets, carbohydrates, starches, and fast-food fats, but not fruit
and vegetables, compared to placebo. On the surface, this effect seems favorable. Indeed, in addition to achieving
weight loss, tirzepatide was associated with beneficial effects on body composition in SURMOUNT-1, with per-
centage reductions in total fat mass that were threefold higher than that of lean mass after 72 weeks.'*® These
proportions of fat:lean muscle loss are similar to those accompanied by effective dietary, lifestyle, and surgical
treatments for obesity.2*® However, it remains to be seen if there will be longer-term adverse consequences of
reduced dietary intake, such as nutritional or vitamin deficiencies, sarcopenia, or osteoporosis. It is well-established
that T2DM itself carries an increased risk of fractures.!*” While some GLP-1 RAs in T2DM (e.g., exenatide, du-

laglutide) are thought to positively affect bone mineral density,2*® data with tirzepatide is still lacking.

16 | FUTURE DIRECTIONS
16.1 | Ongoing studies

Although the SURPASS and SURMOUNT programs have shown the beneficial effects of tirzepatide on glycemic
control and weight loss over follow-up periods of up to 72 weeks, its longer-term effects still need to be deter-
mined. Its potential cardiovascular benefits are also being explored in dedicated outcome trials in diabetic and
overweight/obese participants with established CVD or high cardiovascular risk (Table 6). SURPASS-CVOT
(NCT04255433) has enrolled 13,299 participants with T2DM and CVD and will compare tirzepatide and dulaglutide
for cardiovascular events.2*’ Baseline characteristics include mean age 64.1 years, diabetes duration ~15 years,
HbAlc 8.4%, and BMI 32.6 kg/mz. Meanwhile, SURMOUNT-MMO is a placebo-controlled, multinational phase 3
trial that is recruiting overweight/obese participants without diabetes, who have atherosclerotic CVD (secondary
prevention) or an enriched risk profile (primary prevention). The primary outcome is a cardiovascular composite of
all-cause death, nonfatal MI, nonfatal stroke, coronary revascularization, and heart failure. It will be evaluated over a
5-year period with results expected in 2027 (NCT05556512).

As described earlier, future mechanistic studies using different plague imaging modalities will help understand
how GLP-1 RAs and tirzepatide work on the atherosclerotic substrate in coronary, cerebrovascular and peripheral
arterial disease. Similarly, the impact of these agents remains to be fully determined in patients with nonathero-
sclerotic CVD, such as HFpEF, HFrEF, and AF, for which there is already literature showing the benefits of weight
loss from lifestyle interventions.>>15 On the back of semaglutide's use in the STEP-HFpEF study, the SUMMIT
trial (NCT04847557) will now examine the safety and efficacy of tirzepatide against placebo in 700 obese
individuals with HFpEF but not diabetes.

16.2 | Next generation of therapeutics

Tirzepatide's superiority over its mono-agonist counterparts represents a significant milestone in the evolution of
incretin-based therapies and has sparked the development of additional multi-agonistic medications as the next
generation of therapeutics for metabolic disease. One such medication that has shown promise is retatrutide, a
triple GIP/GLP-1/glucagon receptor agonist. In a recently completed phase 2 study, 338 obese adults were ran-
domized to once-weekly subcutaneous retatrutide at doses up to 12mg (starting at 2mg) or placebo for
48 weeks. 152 At 24 weeks, retatrutide resulted in dose-dependent reductions in body weight of up to 24.2% with
12 mg compared to 2.1% with placebo. Moreover, the proportions of participants achieving 5%, 10%, or 15%

weight loss were far greater than for placebo, with 83% of those on 12 mg achieving at least 15% weight loss by
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48 weeks, and 100% of those on 8 or 12 mg achieving at least 5% weight loss.*>? Dose-dependent effects on heart
rate were also reported, along with gastrointestinal side effects.*>? The glucose-lowering activity of retatrutide in
T2DM has also been demonstrated in another phase 2 study, where it achieved mean HbA1c reductions of 1.88%
with fast escalation of the 8 mg dose, 1.99% for slow escalation of 8 mg, and 2.02% for 12 mg, outperforming both
placebo and 1.5 mg dulaglutide, which achieved a 1.41% reduction.'>® These results were accompanied by mean
weight loss of 16%-17% after just 36 weeks on the 8 and 12 mg doses. Although mild-moderate gastrointestinal
side-effects were reported in 35% of retatrutide recipients overall, there were no cases of severe hypoglycemia or
death. The long-term safety profile and tolerability of more potent incretin-based therapies, like retatrutide, still
need to be determined.

Other multi-agonists have also shown promise, with phase 2 trials of GLP-1 and glucagon co-agonists, such as
survodutide (Bl 456906), having demonstrated significant dose-dependent reductions in weight (up to 18.7% with
once weekly survodutide 0.6 to 4.8 mg vs 2% with placebo) and HbA1c (up to 1.9% with 1.8 mg twice weekly
survodutide vs 1.5% with 1 mg semaglutide).*>* Moreover, dual agonism of GLP-1 with other entero-pancreatic
hormones, such as amylin, are also being evaluated. Amycretin is an example of an oral GLP-1/amylin co-agonist
that is currently in early-phase clinical trial (NCT05369390).

Given the complex interplay between CVD, obesity, and T2DM, GLP-1 analogs have also been combined with lipid-
lowering medications, most notably proprotein convertase subtilisin/kexin type 9 (PCSK9) monoclonal antibodies.®
Once such fusion molecule, dubbed MEDI4166, has been assessed in a 5-week phase 1 double-blinded study where 63
participants were randomized 3:1 to once weekly subcutaneous MEDI4166 (50, 200, or 400 mg) or placebo. Although
MEDI4166 resulted in significant but modest dose-dependent decreases in LDL-C compared to placebo, it did not
produce a clinically relevant reduction in plasma glucose concentration after mixed-tolerance test.>>*

Many current incretin-based therapies for metabolic disease are given subcutaneously and some patients may
be reluctant to use injectable medications. Therefore, there is growing interest in the development of oral GLP-1
RAs, as exemplified by oral semaglutide which has been evaluated in the PIONEER clinical trial program.t>¢
However, patient preference to take oral medication may be counterbalanced by the need for more frequent dosing

with this administration route, which is a known deterrent to long-term compliance.

16.3 | Special considerations

Despite the already established benefits of incretin analogs in T2DM and overweight/obesity, several important
considerations exist for their long-term implementation into broader clinical practice. Due to unprecedented
demand, the last 2 years have seen a global shortage, limiting continuous access to GLP-1 RAs, with supplies of
these agents not expected to catch up to an increasing market demand until at least late 2024. This has important
implications for maintaining consistent levels of glycemic control in people with T2DM and sustained weight loss in
those who take these medications for weight loss. To our knowledge, the short-term consequences of these
interruptions to GLP-1 RA treatment (e.g., on diabetic complications including cardiovascular events) have yet to be
formally measured and represent an important area of future research that may shape the viability of both existing
and future therapeutics.

As the pandemics of T2DM and obesity continue to grow, it is only expected that the demand for incretin-based
agents will also soar. It is therefore already worth anticipating the impact that current, and any future, global shortages in
access to GLP-1 RAs will have on the implementation and uptake of novel incretin agents, including tirzepatide, when it
becomes approved for use across the globe. The current recommendation regarding a single missed dose of tirzepatide is
that patients should administer their next dose as soon as possible, preferably within 4 days of the missed dose.*®” If more
than 4 days have passed, they are advised to skip the dose and administer the drug on the next scheduled day. If one or
two doses are missed, then tirzepatide should be resumed at the same dose as was previously taken; but if three or more

doses have lapsed, then it should be recommenced at 5mg once weekly.'>”
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The recent shortages have also highlighted the need to prioritize the availability of these agents to people with
T2DM in preference to those without T2DM for weight management. For example, in Australia access to GLP-1
RAs was already partly subsidized by the government for individuals with suboptimal control of T2DM but requires
full private payment for those without diabetes using the treatment for weight management. During this extended
period of limited and interrupted supply, Australian pharmacies have been instructed to further restrict access to
patients with a diabetes indication only. The recent shortages and high demand of incretin agonists highlight the
need to have as much therapeutic choice in the market as possible, including newer agents that require less
frequent dosing. A suitable analogy for this is the advent of lipid-lowering RNA-therapeutics, that can be given
monthly in the case of antisense oligonucleotides or 6-monthly for small interfering RNAs (siRNAs).1>8

Supply issues aside, the lack of reimbursement for these agents is likely to amplify already inequitable access to
efficacious weight management care. Socioeconomically disadvantaged communities around the world are dis-
proportionately affected by obesity and its physical and mental health consequences. Yet in most countries, these
people will not have the financial means to access incretin-based pharmacotherapies unless there are changes to
existing public and private health insurance models to cover their considerable costs. Therefore, the efficacy of any
future incretin-based therapies should be weighed alongside their potential cost and accessibility.

As emphasized earlier, our current understanding is that these agents' glycemic and weight loss benefits require
continued use. The experience from clinical trials and real-world practice is that lost weight is often entirely
regained within 12 months after GLP-1 RAs or tirzepatide are discontinued.*®® The very long-term effects of these
drugs on nutritional status, bone, and muscle health still need to be established, along with the impact they will have
on societal trends (e.g., eating and exercise habits) and nonhealth industries. Beyond better understanding of the
broader cardiovascular impact and the responsible mechanisms of action, including effects on atherosclerosis,
thrombosis, vascular and myocardial function and arrhythmogenic substrate, future research may also wish to
explore the degree to which these actions are also contingent on uninterrupted, long-term use. For example, it
remains to be seen whether taking incretin-based therapies for even the short or intermediate term could induce
epigenetic changes that have longer-lasting positive health consequences even after treatment is stopped. In a
similar vein, one might speculate about how they could impact other age-related diseases (e.g., dementia) that share

similar metabolic risk factors with CVD.

17 | CONCLUSION

Despite current therapies, the burden of CVD in patients with T2DM and overweight/obesity continues to grow.
The last decade has seen the emergence of new therapies that act on incretin receptors to achieve better metabolic
control and unprecedented amounts of pharmacological weight loss. This began with single agonist GLP-1 RAs and
has rapidly evolved into the potent dual agonist agent, tirzepatide, with triple agonist therapy also on the horizon.
There is already growing evidence that tirzepatide's dual-agonist actions give it significant advantages over its single
agonist predecessors, with results from the SURPASS and SURMOUNT studies highlighting major therapeutic
benefits in the treatment of T2DM and obesity. In the wake of the cardiovascular benefits shown for semaglutide,
there is expectation that tirzepatide and other new therapies in this space may achieve even greater cardiovascular
event reduction. There is still much to understand about the scope of benefit they may achieve in both athero-
sclerotic and non-atherosclerotic CVD and the mechanisms by which this is mediated. However, as these agents

will likely be lifelong therapies, it is imperative that we continue to learn about their long-term safety.
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