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ABSTRACT

Glucagon-like peptide-1 (GLP-1) receptor agonists have been used extensively in the clinic

and have an established safety profile in cardiovascular disease settings. For the treatment of
peptide-secreting enteroendocrine cells, most research has focused on developing peptide
multi-agonists as most of these cells are multihormonal. Among the various peptides secreted
by enteroendocrine cells, the combination of GLP-1 and glucose-dependent insulinotropic
polypeptide (GIP) is an attractive strategy for treating type 2 diabetes mellitus (T2DM) because
both of these hormones have glucose-lowering actions. Tirzepatide, a synthetic peptide
composed of 39 amino acids, functions as a dual receptor agonist of both the GIP and GLP-1
receptors. This unique mechanism of action has earned tirzepatide the nickname “twincretin.”
Tirzepatide’s dual agonist activity may be the mechanism by which tirzepatide significantly
reduces glycated hemoglobin levels and body weight in patients with T2DM as observed

in phase 3 clinical trials. Besides its glucose-lowering and anti-obesity effects, tirzepatide

has been reported to have potential cardiovascular benefits. In this review, we discuss the
cardiovascular effects of tirzepatide based on the available preclinical and clinical data.

Keywords: Tirzepatide; GLP-1; Glucose-dependent insulinotropic peptide;
Cardiovascular risk factors

INTRODUCTION

Tirzepatide is a synthetic peptide composed of 39 amino acids, which functions as a dual
receptor agonist (RA) binding both the glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1) receptors and this unique mechanism of action resulted
in the nickname “twincretin.” The structure of tirzepatide is based on that of the native GIP
with the addition of a 20-carbon fatty diacid moiety, which increases its half-life to 5 days
allowing for once-weekly administration.

Studies using animal models of obesity and diabetes have shown that the co-administration

of GIP and GLP-1 has synergistic effects in reducing body weight, food consumption, and fat
mass.! Tirzepatide’s dual agonist activity may result in these benefits in humans as well, as
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evidenced the significant reductions in glycated hemoglobin (HbAlc) levels and body weight
in patients with type 2 diabetes mellitus (T2DM) observed in phase 3 clinical trials (such as,
SURPASS; A Study of Tirzepatide [LY3298176] in Participants With T2DM and SURMOUNT;
A Study of Tirzepatide (LY3298176) in Participants With Obesity or Overweight).?” Tirzepatide
has been reported to have potential cardiovascular benefits in addition to its glucose-
lowering effects.

In this review, we provide an overview of the available preclinical and clinical data describing
the cardiovascular effects of tirzepatide.

GLP-1 AND GIP

Given the extensive clinical experience with GLP-1 RAs and the established safety profile
in cardiovascular disease settings, peptide multi-agonists have been developed to target
multihormonal peptide-secreting enteroendocrine cells.® Due to their glucose-lowering
functions, the combination of GLP-1 and GIP hormones is one of the most attractive
strategies for treating T2DM.*°

GLP-1 was first identified as a cleavage product of preproglucagon generated by L cells in the
small intestine and functions to increase postprandial insulin production and lower blood
glucose.'® Since its discovery, efforts have focused on extending GLP-1 agonist activity
through structural changes.! Liraglutide and semaglutide, two long-acting GLP-1 RAs,

have been authorized for the treatment of T2DM and obesity. While GLP-1 RAs were the

first to reach the market, primarily due to the serendipitous discovery of exendin-4, GLP-1

is only one of many hormones that modulate glucose metabolism and regulate appetite.

GIP is another hormone that regulates glucose metabolism. GIP was initially isolated from
intestinal extracts and shown to have a potent insulinotropic effect.*>® However, clinical
studies demonstrated that, in hyperglycemic states, the insulinotropic action of GIP is
inhibited, while GLP-1’s function remains intact.”® Recent research indicates that GIP is
largely responsible for postprandial insulin secretion in T2DM, rather than the opposite.”
In preclinical studies, GIP receptor deficiency in mice leads to impaired glucose tolerance
with reduced B-cell function,?® while GIP-overexpressing mice demonstrate reduced diet-
induced obesity and steatosis, and improved beta cell function and glucose homeostasis.*
Collectively, GLP-1 and GIP seem to work in tandem with GLP-1 inhibiting glucagon secretion
when the plasma glucose concentration is high, while GIP acts at lower glucose levels.”*
Thus, these two hormones could work together in T2DM as the consistent glucose-lowering
effect of GLP-1 could potentiate the role of GIP, whose action is dependent upon the glycemic
status. Based on these findings, the first unimolecular GIP/GLP1 receptor co-agonist was
introduced in 2013.% This peptide exhibited enhanced antihyperglycemic and insulinotropic
efficacy, as well as a weight loss effect.® Dual GIP/GLP-1 receptor co-agonists have been
demonstrated to be safe and efficacious in humans,* and in 2022, tirzepatide was the first
GIP/GLP-1 receptor co-agonist to be approved for the treatment of T2DM.

The detailed physiology of GLP-1 and GIP is not the primary objective of this review. Please
refer to some excellent review papers for the detailed information on this issue.”?
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METABOLIC AND CARDIOVASCULAR EFFECTS OF
TIRZEPATIDE

1. HbA1lc

Once-weekly subcutaneous administration of tirzepatide dose-dependently reduced

HbA1lc levels across all studies using the combination of GLP-1 and GIP.>® The results of

the SURPASS-2 study showed that individuals who had established T2DM and were treated
with tirzepatide at doses ranging from 5 to 15 mg for a duration of 40 weeks experienced a
reduction in HbAlc levels ranging from 2.09% to 2.46%.3 This reduction was higher than that
observed in individuals treated with semaglutide (1 mg), who experienced a 1.86% reduction
in HbA1c levels.? Similarly, in the SURPASS-3 study, individuals who received tirzepatide at
doses ranging from 5 to 15 mg for 52 weeks experienced a reduction in HbAlc levels ranging
from 1.93% to 2.37%, which was higher than that observed in individuals treated with insulin
degludec, who experienced a decrease 0f 1.34%.*

In Japanese individuals with T2DM, after 52 weeks of treatment, tirzepatide at doses ranging
from 5 to 15 mg reduced HbAlc levels by 2.4%-3.02%.% Additionally, in this population,
tirzepatide was more effective in controlling blood glucose levels than dulaglutide
administered once weekly at a dose of 0.75 mg.” Collectively, tirzepatide elicited a much
stronger HbAlc-lowering effect in all the SURPASS programs compared with placebo or
active comparators, including GLP-1 RA and basal insulin.>** Table 1 summarizes the main
findings of the SURPASS programs and details the HbAlc lowering efficacy of tirzepatide.

Table 1. The main results of tirzepatide in phase 3 clinical trials

Study name  Enrolled Study arms  Duration ~ AHbAlc ABW ASBP ADBP ALDL-C ATG AHDL-C
patients (wk) (%) (kg) (mmHg) (mmHg) (%) (%) (%)
SURPASS 12 T2DM Placebo 40 0.04 -0.7 -2.0 -1.4 -1.6 4.7 -3.8
Tirzepatide -1.87, -1.89, -7.0, -7.8, -4.7,-4.7, -2.-,-3.1,-3.4 -6.7,-7.6, -18.5,-18.2, 4.8, 3.2,
(5, 10, 15 mg) -2.07 -9.5 -5.2 -12.4 -21.0 7.5
SURPASS 23  T2DM Semaglutide 40 -1.86 =57/ =36 =10 -6.4 =5 4.4
1mg
Tirzepatide -2.01, -2.24, -7.6,-9.3, -4.8,-5.3, =18, =95, -7.7, 5.6, -19.0, -24.1, 6.8,7.9,
(5, 10, 15 mg) -2.30 -11.2 -6.5 -2.9 -5.9 -24.8 7.1
SURPASS 34  T2DM  Insulin Degludec 52 -1.34 2.3 0.5 0.4 -2.71 -12.2 1.03
Tirzepatide -1.93,-2.20, -7.5,-10.7, -4.9, -6.6, -2.0, -2.5, -6.01, -5.70, -15.4,-26.7, 5.49, 10.22,
(5, 10, 15 mg) -2.37 -12.9 -5.5 -1.9 -6.55 -25.2 10.20
SURPASS 45 T2DM Insulin Glargine 52 -1.44 1.9 1.3 0.7 1.4 -6.4 2.9
Tirzepatide -2.24,-2.43, -7.1,-9.5, =08, =3.7, -1.0, -0.8, -6.8,-8.3, -16.3,-20.1, 6.7,9.7,
(5, 10, 15 mg) -2.58 -11.7 -4.8 -1.0 -7.9 =0002).5 10.8
SURPASS 56 T2DM* Placebo 40 -0.86 1.6 -1.7 -2.1 2.8 -6.8 1.7
Tirzepatide -2.11, -2.40, -5.4,-7.5, -6.1, -8.3, -2.0, -3.3, -8.9,-12.8, -15.2,-19.3, 2.1, 1.8,
(5, 10, 15 mg) -2.34 -8.8 -12.6 -4.5 -15.5 -24.9 0.9
SURPASS T2DM Dulaglutide 52 =13 =0.5 -1.4 0.1 -4.8 -8.2 0
J-Mono27 0.75 mg
Tirzepatide -2.4,-2.6, =5, =L, -6.5, -8.8, -3.2,-4.0, -12.0,-12.8, -27.1,-32.8, 3.8, 5.4,
(5, 10, 15 mg) -2.8 -10.7 -11.0 -5.6 =1€.3 =377 5.9
SURPASS T2DM Tirzepatide 52 -2.5,-3.0, -3.8,-7.5, -5.1,-8.7, -2.7,-3.4, -13.6,-15.1, -21.9,-31.1, 0.9, 2.4,
J-Combo28 (5, 10, 15 mg) -3.0 -10.2 -10.2 -3.6 -18.0 -37.4 5.1
SURMOUNT Non-T2DM Placebo 72 N/A =31l 1.2 -1.0 -0.9 =53 0.2
17 Tirzepatide N/A -15.0, -19.5, -7.0, -7.6, -4.6, -5.2, -5.3,-6.6, -24.3,-27.0, 7.0,8.6,
(5, 10, 15 mg) -20.9 -8.2 -5.5 -8.6 -31.4 8.2

All values indicate the changes from the baseline (A).

HbA1c, glycated hemoglobin; BW, body weight; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL-C, low-density lipoprotein cholesterol; TG,
triglyceride; HDL-C, high-density lipoprotein cholesterol; T2DM, type 2 diabetes mellitus; N/A, not available.

*Treated with insulin glargine.
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2. Body weight

Tirzepatide has also been shown to significantly reduce body weight in clinical trials. In the
SURPASS-3 trial, once-weekly subcutaneous tirzepatide administration reduced body weight
by 9.8 kg at the dose of 5 mg and 15.2 kg at the dose of 15 mg compared with insulin degludec
in patients with T2DM.* In the SURPASS-5 trial, tirzepatide reduced body weight by 7.1 kg at
the once-weekly dose of 5 mg and 10.5 kg at the once-weekly dose of 15 mg compared with
placebo when added to insulin glargine in patients with T2DM.°

Subsequently, in June 2022, the results of the SURMOUNTH trial, a phase 3 trial including
only obese patients, were announced.” The trial was a randomized, double-blind, placebo-
controlled study in which 2,539 patients with a body mass index (BMI) >30 kg/m? or >27 kg/
m? with at least one comorbidity other than T2DM were assigned to receive subcutaneous
tirzepatide at a dose of 5 mg, 10 mg, or 15 mg or placebo once a week for 72 weeks.” The mean
weight and BMI at baseline were 104.8 kg and 38.0 kg/m?, respectively, and after 72 weeks,
the weight loss rates in patients who received tirzepatide at doses of 5 mg, 10 mg, and 15 mg
were 15%, 19.5%, and 20.9%, respectively, which were significantly higher than the 3.1%
weight loss rate observed in patients who received placebo.” The percentage of patients who
lost >20% of their body weight was over 50% in the tirzepatide 10-mg and 15-mg groups,
whereas it was only 3% in the placebo group.” The most common adverse effect observed
was gastrointestinal symptoms, which were generally mild to moderate, and the drug
discontinuation rate due to adverse effects was 2.6% in the placebo group and 6.2% in the
tirzepatide 15-mg group.” Table 1 summarizes the main findings of the SURPASS programs
and SURMOUNT-1 regarding the body weight-reducing effect of tirzepatide.

The weight loss effects of tirzepatide are notable, as obesity is a major risk factor for the
development of T2DM and cardiovascular diseases. The reduction in body weight achieved
with tirzepatide may also improve cardiovascular risk factors as observed in clinical trials.

Besides its profound body weight-reducing effect, tirzepatide also showed a significant
ability to reduce liver fat content (measured by magnetic resonance imaging-proton density
fat fraction) compared with insulin degludec in the subpopulation of patients with T2DM
in the SURPASS-3 study.” These data provide additional evidence on the metabolic effects
of this novel GLP-1/GIP dual RA. The impact of tirzepatide in individuals with nonalcoholic
steatohepatitis will be assessed in the ongoing A Study of Tirzepatide (LY3298176) in
Participants With Nonalcoholic Steatohepatitis (SYNERGY-NASH) trial (NCT04166773).

Although the reduced food intake stimulated by tirzepatide is considered to be the main
contributor to the reduced body weight,*® other mechanisms, including increased energy
expenditure induced by tirzepatide, may contribute to the reduced body weight and liver fat
content.* An ongoing clinical trial whose main purpose is to investigate the effect of tirzepatide
on energy expenditure and food intake in obese patients (NCT04081337) will provide more
information on the mechanism by which tirzepatide treatment reduces body weight.

3. Lipid profiles

Tirzepatide has been shown to improve lipid profiles in clinical studies. In humans,
tirzepatide, whether used as monotherapy or add-on therapy, lowered the percentage change
of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TGs)
and significantly increased high-density lipoprotein cholesterol (HDL-C). For instance,
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in the SURPASS-4 trial, where tirzepatide was compared with insulin glargine in patients
with T2DM and a high cardiovascular risk, 15 mg of tirzepatide reduced the levels of TC,
LDL-C, and TGs by 5.6%, 7.9%, and 22.5%, respectively, and increased the levels of HDL-C
by 10.8%.° In the SURPASS-5 trial, where tirzepatide was added to basal insulin treatment,
tirzepatide also showed favorable effects on lipid profile parameters compared with placebo
in patients with T2DM.° Specifically, tirzepatide reduced the levels of TC, LDL-C, and TGs
by 12.9%, 15.5%, and 24.9%, respectively, and increased the levels of HDL-C by 0.9%.° In
both trials, the effects of tirzepatide on lipid profile were dose-dependent, with greater
improvements observed at higher doses and these improvements were sustained over the
duration of the trials.>* Table 1 summarizes the main findings of the SURPASS programs
regarding the ability of tirzepatide to improve atherogenic dyslipidemia.

Although GLP-1 RAs have been shown to reduce the production of lipoproteins,
chylomicrons, and postprandial TGs,* the effect of chronic treatment of GIP RAs on plasma
lipids is not well understood. Considering the findings that the activation of the GIP receptor
increases adipose tissue blood flow and promotes adipose tissue lipid uptake, GIP receptor
agonism in adipocytes may be a key regulator of postprandial lipid clearance and overall
lipid homeostasis.? Further studies on how GLP-1/GIP dual agonism improves atherogenic
dyslipidemia are needed.

4. Blood pressure (BP)

Tirzepatide has also been shown to reduce BP in clinical studies. The patients treated with
tirzepatide showed significantly lowered systolic and diastolic BP compared with patients
in the control group, regardless of whether tirzepatide was used as a monotherapy or add-
on therapy. Overall, tirzepatide treatment reduced systolic and diastolic BP by 4.8 and 1.7
mmHg, respectively.®

Tirzepatide appears to have a more significant impact on BP in Japanese individuals with
T2DM.*? At a dose of 15 mg, tirzepatide reduced systolic BP by 11.0 mmHg and diastolic
BP by 5.6 mmHg from baseline.” Further research is necessary to determine which factors
of tirzepatide treatment are responsible for the more pronounced decrease in BP observed
in Asian populations. Table 1 summarizes the main findings of the SURPASS programs
regarding the BP-lowering effect of tirzepatide.

The effect of tirzepatide on 24-hour mean systolic BP, diastolic BP, and heart rate (HR)
measured during 24-hour ambulatory BP monitoring (ABPM) in individuals living with
obesity without T2DM, has been evaluated in the SURMOUNT-1 ABPM sub-study.* After

36 weeks of treatment, tirzepatide was associated with statistically significant and clinically
meaningful reductions in the mean 24-hour systolic BP at all doses and reduced diastolic BP
at the 2 lower doses.** Simultaneously, tirzepatide treatment was associated with a dose-
dependent increase in the mean 24-hour HR.** Fortunately, there is no clear evidence that
tirzepatide increases the risk of atrial fibrillation.®

5. Inflammatory markers

Low-grade inflammation has been identified as a significant risk factor for cardiovascular
diseases.* Tirzepatide treatment has been shown to have favorable effects on inflammatory
markers in clinical trials. In a 26-week phase 2 study involving patients with obesity and
T2DM, treatment with tirzepatide dose-dependently decreased the circulating levels of
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specific biomarkers of inflammation and endothelial dysfunction previously associated

with cardiovascular events, suggesting a net improvement in the cardiovascular risk profile
of these patients.” In this post hoc analysis, inflammation, endothelial dysfunction, and
cellular stress biomarkers were measured at baseline and 4, 12, and 26 weeks to evaluate the
additional effects of tirzepatide on cardiovascular risk factors.” After 26 weeks, tirzepatide
treatment at doses of 10 and 15 mg decreased the levels of YKL-40 (also known as chitinase-3
like-protein-1), intercellular adhesion molecule 1 (ICAM-1), leptin, and growth differentiation
factor 15 compared with baseline. In addition, tirzepatide administration reduced the levels
of YKL-40 and leptin versus placebo and dulaglutide treatment.” Tirzepatide treatment

at a dose of 15 mg also decreased ICAM-1 levels compared with placebo and dulaglutide
administration and reduced high-sensitivity C-reactive protein levels compared with baseline
and placebo treatment, but not dulaglutide treatment.”

The mechanism by which tirzepatide reduces these inflammatory markers is not fully
understood; however, it may be related to the compound’s dual agonist activity. Both GLP-1 and
GIP have anti-inflammatory effects,® and it is possible that the combination of these 2 hormones
in tirzepatide leads to a greater reduction in inflammation than either hormone alone.

6. Major adverse cardiovascular events (MACEs)

An ongoing cardiovascular outcome trial of tirzepatide, called A Study of Tirzepatide
(LY3298176) Compared With Dulaglutide on Major Cardiovascular Events in Participants
With Type 2 Diabetes (SURPASS-CVOT), aims to evaluate the potential benefits of dual GIP
and GLP-1 receptor agonism, which has been shown to have greater glucose-lowering and
weight loss effects compared to GLP-1 receptor agonism alone. The study is a randomized,
double-blind, active comparator-controlled trial that enrolled 13,299 patients with T2DM
and established cardiovascular disease or high risk of cardiovascular disease. Patients were
randomized to receive either tirzepatide or dulaglutide once weekly for up to 236 weeks. The
primary outcome measure of the study is a composite of MACEs, including cardiovascular
death, non-fatal myocardial infarction, or non-fatal stroke. Secondary outcome measures
include the expanded analysis of cardiovascular-related death, myocardial infarction, stroke,
coronary revascularization, hospitalization for unstable angina, or heart failure. Changes
from baseline in HbAlc levels, body weight, urinary albumin to creatinine ratio, and lipid
profiles, are also included as secondary outcomes.

Although the clinical relevance of the aforementioned cardiovascular risk factor alterations
by tirzepatide will be assessed in the planned cardiovascular outcome study SURPASS-CVOT
(NCTO04255433), a pre-specified cardiovascular meta-analysis indicated that tirzepatide did
not increase the risk of MACEs in participants with T2DM compared with controls.* This pre-
specified meta-analysis included all seven randomized controlled trials with a duration of at
least 26 weeks included in the tirzepatide T2DM clinical development program, SURPASS.*
The pre-specified primary objective of this meta-analysis was the comparison of the time to
the first occurrence of confirmed 4-component MACEs (MACE-4) (i.e., cardiovascular death,
myocardial infarction, stroke, and hospitalization for unstable angina) between the pooled
tirzepatide and control groups.® The hazard ratios comparing tirzepatide versus controls
were 0.80 (95% confidence interval [CI], 0.57-1.11) for MACE-4, 0.90 (95% CI, 0.50-1.61) for
cardiovascular death, and 0.80 (95% CI, 0.51-1.25) for all-cause death.*
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The effect of tirzepatide treatment on cardiovascular events has been studied in SURPASS-4,
a trial involving patients with known coronary, peripheral arterial, or cerebrovascular
diseases or those who were at a high risk of these diseases.’ In this study, no tirzepatide dose
numerically increased the risk of cardiovascular events.’ Instead, for patients treated with
the highest dose of tirzepatide (15 mg per week), the risk of developing any MACE (e.g.,
myocardial infarction, stroke, hospitalization for angina, or all-cause death) was estimated to
be 0.50 (95% CI, 0.26-0.95).°> However, this was based on only 11 events in the tirzepatide 15
mg per week group (and 62 events with insulin glargine treatment).” Collectively, tirzepatide
did not increase the risk of MACEs in participants with T2DM compared with controls.

The above-mentioned ongoing long-term cardiovascular outcome trials using tripeptide
will provide clear answers on whether tirzepatide can protect patients with T2DM at a high
cardiovascular risk from recurrent cardiovascular events.

CONCLUSION

Fig. 1 summarizes the several characteristics between single agonism using GLP-1 and dual
agonism of GLP-1/GIP (i.e., tirzepatide) treatment. Tirzepatide is a unique dual RA of both
the GLP-1 and GIP receptors, which significantly reduces HbAlc levels and body weight in
patients with T2DM and obesity. Its once-weekly dosing and potential cardiovascular benefits
make tirzepatide an attractive option for treating these conditions (Fig. 2). Tirzepatide’s
ability to co-administer GIP and GLP-1 has synergistic effects on reducing body weight, food
consumption, and fat mass in animal models, and this benefit has been observed in humans
as well. Although gastrointestinal symptoms have been reported to be the most common
adverse effects, they were mild to moderate. Further research is needed to understand the
long-term effects of tirzepatide on cardiovascular outcomes.

‘Single agonist " Dual agonist
s ' (tirzepatide)

9 voae 2 2 2
2 2 2
' *
4 Energy expenditure L s
<

L A 4
1% MACE < ¥

Fig. 1. Comparison between GLP-1 RA and the GLP-1/GIP dual agonist (tirzepatide).

GLP-1, glucagon-Llike peptide-1; GIP, glucose-dependent insulinotropic polypeptide; RA, receptor agonist; HbAlc,
glycated hemoglobin; G, gastrointestinal; MACE, major adverse cardiovascular event.
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Fig. 2. Potential mechanisms by which tirzepatide imparts cardiovascular benefits.

HbA1c, glycated hemoglobin; BP, blood pressure; TC, total cholesterol; LDL-C, low-density lipoprotein
cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; ICAM-1, intercellular adhesion molecule
1; GDF-15, growth differentiation factor 15; CRP, C-reactive protein.
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