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Abstract

The obesity pandemic is accompanied by increased risk of developing metabolic syndrome (MetS) and related conditions: non-alcoholic
fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH), type 2 diabetes mellitus (T2DM) and cardiovascular (CV) disease
(CVD). Lifestyle, as well as an imbalance of energy intake/expenditure, genetic predisposition, and epigenetics could lead to a dys-
metabolic milieu, which is the cornerstone for the development of cardiometabolic complications. Glucagon-like peptide-1 (GLP-I)
receptor agonists (RAs) and dual glucose-dependent insulinotropic polypeptide (GIP)/GLP-1 RAs promote positive effects on most
components of the “cardiometabolic continuum” and consequently help reduce the need for polypharmacy. In this review, we highlight
the main pathophysiological mechanisms and risk factors (RFs), that could be controlled by GLP-1 and dual GIP/GLP-1 RAs inde-
pendently or through synergism or differences in their mode of action. We also address the evidence on the use of GLP-1 and dual GIP/
GLP-1 RAs in the treatment of obesity, MetS and its related conditions (prediabetes, T2DM and NAFLD/NASH). In conclusion, GLP-|
RAs have already been established for the treatment of T2DM, obesity and cardioprotection in T2DM patients, while dual GIP/GLP-I
RAs appear to have the potential to possibly surpass them for the same indications. However, their use in the prevention of T2DM and
the treatment of complex cardiometabolic metabolic diseases, such as NAFLD/NASH or other metabolic disorders, would benefit
from more evidence and a thorough clinical patient-centered approach. There is a need to identify those patients in whom the
metabolic component predominates, and whether the benefits outweigh any potential harm.
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Introduction

The pandemic proportions of obesity, defined as “abnormal or
excessive fat accumulation that presents a health risk”, have
received major attention.! Obese patients are at increased risk
of developing metabolic syndrome (MetS) and its related condi-
tions: non-alcoholic fatty liver disease (NAFLD)/non-alcoholic
steatohepatitis (NASH), type 2 diabetes mellitus (T2DM) and
cardiovascular (CV) disease (CVD).?

MetS includes a cluster of several CV risk factors (RFs) that
may lead to CVD and NAFLD-related complications.® The over-
lap between CV and NAFLD-related RFs (e.g., obesity, dyslipi-
daemia, hypertension, and T2DM), is driving the increase in the
worldwide prevalence of NAFLD.* The prevalence of NAFLD is
>90% in patients undergoing bariatric surgery (severely obese),
>76% of T2DM patients, and about 70% among CVD patients,
compared with ~ 25% for the global general adult population.>”’

Genetic predisposition, epigenetics, lifestyle, as well as an
imbalance of energy intake/expenditure could lead to a dysmeta-
bolic milieu, which is the cornerstone for the development of both,
NAFLD/NASH and CVD.¥!" In fact, the considerable impact of
dysmetabolism on NAFLD incidence and severity has been
widely recognized and led to the proposal of a nomenclature
change from NAFLD to Metabolic Associated Fatty Liver Dis-
ease (MAFLD).'">!® Given the similar pathophysiology, there is

emerging evidence that medications that can reduce CV morbidity
and mortality (as well as reducing RFs for CVD) could also be
used for the treatment of NAFLD/NASH.'* Furthermore, treat-
ment of NAFLD/NASH must extend beyond the liver disease to
include CVD risk reduction to reduce CVD mortality.'*
Following the US Food and Drug Administration’s (FDA)
requirement, since 2008 every new treatment option for T2DM"
is subject to major CV outcome trials (CVOTs)."> Glucagon-like
peptide 1 receptor agonists (GLP-1 RAs) represent significant prog-
ress in the treatment of T2DM patients because they affect a broad
array of CVD RFs through body weight (BW) reduction,'® lipid
level improvement, and positive effects on blood pressure (BP).!”
Due to their CVD risk reduction properties,'** GLP-1 RAs should
be considered in patients with T2DM and possibly NAFLD.'*
Glucose-dependent insulinotropic polypeptide (GIP), the
dominant incretin hormone in healthy individuals, also enhances
meal-stimulated insulin secretion in a glucose-dependent manner;
however, in patients with T2DM insulin secretion after GIP sti-
mulation is diminished.** Although GIP acts synergistically with
GLP-1 RAs in promoting BW reduction by signaling satiety
through receptors in the hypothalamus, there are also differences
between the action of GIP and GLP-1 RAs.*>* GIP showed no
effect on glucagon response to hyperglycemia, while it strongly
potentiated insulin secretion.?® In contrast, during hypoglycemic
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and fasting conditions, GIP increased glucagon levels without a
significant effect on insulin secretion.”® In addition, dual GIP and
GLP-1 RAs showed robust effects on glycemic control and mean-
ingful BW loss, indicating their potential use in the treatment of
T2DM.?” This has also raised the question of the possibility of
their use in the treatment of other dysmetabolic conditions such as
NAFLD/NASH.

This review will address the evidence on the use of GLP-1
and dual GIP/GLP-1 RAs for the treatment of obesity/MetS,
prediabetes, NAFLD, T2DM and CV complications. We also
highlight the main pathophysiological mechanisms and RFs
that could be controlled by GLP-1 and dual GIP/GLP-1 RAs.

Literature Search

A PubMed electronic database search was conducted, without
any limitation by publication date. A focus was placed on
clinical studies, especially those published in the last 2 decades.
A combination of Medical Subject Heading (MeSH) terms and
non-MeSH terms was used, including glucagon-like peptide-1
receptor agonists, glucose-dependent insulinotropic polypep-
tide agonists, obesity, nonalcoholic fatty liver disease, nonalco-
holic steatohepatitis, metabolic syndrome, prediabetes, type 2
diabetes mellitus, pathophysiology, and cardiovascular disease.
Reference lists of selected publications were also searched.
Since this was a narrative review, some articles, not retrieved
during this search strategy, were added at the discretion of the
authors if they were considered useful. All selected articles
were in English and were peer-reviewed.

Pathophysiology of GLP-1 Receptor
(GLP-1R) Agonism in Cardiometabolic RFs

GLP-1 binds to G-protein receptors on target tissues: pancrea-
tic a- and B-cells, central and peripheral nervous system, ske-
letal muscle, heart, endothelium, kidneys, lungs, digestive
system, adipose tissue (AT), lymphocytes, and eyes.”® Food
is the strongest stimulus for GLP-1 secretion. GLP-1 exerts
insulinotropic effects through GLP-1R which are dominantly
expressed in B pancreatic cells.”’ However, the expression of
GLP-1Rs in other organs is responsible for the extrapancreatic
actions of GLP-1 and its metabolic effects.**° When released
into the blood, GLP-1 exerts several physiological effects
(Figure 1): in the pancreas it increases the mass of -cells and
decreases apoptosis, stimulates glucose-dependent insulin
secretion, reduces glucose-dependent glucagon secretion and
slows gastric emptying, postprandial hyperlipidemia, intestinal
motility, and gastric acid secretion.>*>

The effect of GLP-1 RAs on BW is independent of and
distinct from its effect on plasma glucose levels.>® The
mechanisms for reducing BW are inhibition of gastric empty-
ing and induction of satiety.’’ GLP-1 reduces appetite, and
food intake, and increases satiety via GLP-1Rs in the hypotha-
lamus.>**7® The action of GLP-1 RA affects meal onset and
energy intake, not energy expenditure.*® The sites of GLP-1R
expression within the central nervous system and consequently
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Figure |. The pleiotropic effects of GLP-1 and GIP. GIP indicates
glucose-dependent insulinotropic polypeptide; GLP-I, glucagon-like
peptide .

representative targets for GLP-1 action are neurons in the area
postrema, hypothalamus, hindbrain, hippocampus, thalamus,
lateral parabrachial nucleus, nucleus accumbens, vagal afferent
neurons and nucleus tractus solitaries.*°

It is not completely clear whether BP and lipid profile
improvement is a direct consequence of GLP-1 RA treatment,
or a result of changes in body composition, BW loss, and/or
better glucose regulation.'® The pathophysiological mechan-
isms responsible for the antihypertensive effect of GLP-1 RAs
have not been fully clarified. Nevertheless, treatment with
GLP-1 RAs affects cardiac performance and peripheral vascu-
lar resistance, which may partly explain their effect on BP."”
In addition, GLP-1R in the kidney can induce natriuresis and
diuresis in the renal proximal tubule, through inhibition of
NHE3 (Na'/H" exchanger isoform 3).*' GLP-1R-induced
natriuresis and diuresis are also accompanied by increases in
glomerular filtration rate and renal plasma flow.*!

Apart from the BW loss and positive effect on glucose reg-
ulation, GLP-1 can also influence triglyceride (TG) and total
cholesterol (TC) levels.**> GLP-1R signaling modulates key
enzymes of lipid metabolism in the liver and reverses choles-
terol transport, reduces hepatic TG content (HTGC) and very
low very-low-density lipoprotein (VLDL)-TG production rate
from the liver, and impairs hepatocyte de novo lipogenesis and
B-oxidation.*? Short- and long-term treatment with GLP-1 RAs
reduced fasting and postprandial lipid levels in T2DM patients
as well as in healthy populations.** There is also evidence that
some GLP-1 RAs can lower the concentration of distinct
atherogenic lipoproteins in plasma®’; it is of clinical signifi-
cance that GLP-1 RAs with proven cardiovascular benefit, such
as liraglutide, are able to reduce the levels of small, dense
LDL,** since these particles are associated with the forma-
tion and progression of atherosclerosis.*®

In the liver, AT, and skeletal muscle cells, GLP-1 increases
glucose utilization by stimulating glycogen and lipid synthesis



Journal of Cardiovascular Pharmacology and Therapeutics

independent of insulin.*’ To date, it is still controversial
whether the liver expresses GLP-1Rs, so, the effects of
GLP-1 on the liver may be mediated indirectly. Indeed GLP-
1 and GLP-1 RAs showed beneficial effects on the liver.*®
Some beneficial liver effects include postprandial GLP-1-
mediated insulin secretion and inhibition of hepatic gluconeo-
genesis indirectly via the gut-pancreas-liver axis.*® In addition,
exendin-4 (a peptide with 39 amino acid residues isolated from
the saliva of the Gila monster) or GLP-1 can activate key
signaling molecules downstream of insulin receptor substrate-
2 (a key substrate for insulin signaling in B-cells),*® which
consequently leads to insulin-like effects.

Numerous CV trials have reported improvements in CV
outcomes in patients treated with GLP-1 RAs.***>® GLP-1 has
pleiotropic CV effects, including anti-inflammatory effects,
cardioprotection in ischemia, and decreased platelet aggrega-
tion.>® In addition, activation of GLP-1R resulted in various
anti-atherosclerotic effects, e.g., reversing endothelial dysfunc-
tion (stimulates nitric oxide [NO] production and endothelial
NO synthase [eNOS] activation, eliciting vasorelaxation in
arterial endothelium), improving vascular smooth muscle cell
dysfunction, reducing macrophage inflammation and foam cell
formation, inhibiting NLRP3 (Nucleotide-Binding Domain,
Leucine-Rich-Containing Family, Pyrin Domain-Containing-
3) inflammasome and improving cardiomyocyte/cardiac fibro-
blast dysfunction.’'*>* They also influence hypertension
through renal and non-renal mechanisms.**>* Based on the
above mentioned cardiometabolic effects of GLP-1 RAs, these
drugs are likely to be increasingly used to treat cardiometabolic
disorders, other than DM.

Pathophysiology of GIP Receptor (GIPR)
Agonism on Cardiometabolic RFs

GIP exerts important biological effects in many tissues, some
of which remain to be explored (Figure 1). In addition to the
pancreas, the human GIPR is widely distributed in AT, intes-
tine, bone, and trachea, and is also detected in smaller amounts
in the brain, heart, spleen, thymus, blood cells, lungs, and kid-
neys.>® In the pancreas, it mediates its insulinotropic effects
like GLP-1, but unlike GLP-1, GIP acts as a bifunctional sta-
bilizer of blood glucose and stimulates glucagon secretion at
lower glucose concentrations.”~° Some effects of GIP differ
from GLP-1: under conditions of insulin resistance (IR); it
promotes lipid deposition in mice subcutaneous fat cells, it
does not affect gastric emptying, and its effect on blood glucose
is impaired in chronic hyperglycemia.>*>">°

The reports on the role of GIP and GIPR in regulating BW
make it an interesting target for addressing obesity. Obesity
leads to GIP resistance in AT and a decrease in GIPR, whereas
BW loss leads to an increase in GIPR and improves GIP activ-
ity.®2 In mice models, GIPR deficiency protects against diet-
induced neuronal leptin resistance, a key problem in obesity.®*
A centrally administered antibody that neutralizes GIPR was
effective against obesity in obese mice, therefore antagonism
of GIP could be a therapeutic approach to prevent obesity.**

However, the metabolic benefits of GIP antagonism have not
yet been tested in humans.®* Paradoxically, studies have shown
that GIPR agonism and antagonism have similar effects on BW
and glucose tolerance.®® The effect of GIP on the hypothalamus
and food intake is not clear, but in recent years hybrid mole-
cules have been developed that promote greater BW loss than
GLP-1 RAs alone by activating GIPR.®*®” However, GIP is
another incretin that may enhance the metabolic effects of
GLP-1 through complementary or synergistic actions. Surpris-
ingly, when GIP was combined with GLP-1 and glucagon,
glycemic control in obese mice improved, as did BW loss and
reversal of NASH.®7-%%

The effect of GIP on arterial hypertension is still under investi-
gation. Patients with peripheral arterial disease have an increased
GIP concentration, which correlates with peripheral arterial disease
independently of diabetes mellitus (DM), CVD, age, sex, body
mass index (BMI), hypertension, and smoking.*” These observa-
tions identified GIP as a counterregulatory vasoprotective
peptide.®’

GIP plays an important role in human lipid metabolism.”*”" Fat
is the most potent nutrient that stimulates the release of GIP in
humans.”>” Results have shown that GIP plays a physiological
role in promoting lipid deposition in AT in response to overeating
by increasing lipoprotein lipase activity.”*”> On the other hand,
GIP has been shown to reverse the accumulation of TG in AT,
liver, and muscle.”® Interestingly, GIP is a mediator of the increased
TG storage in AT that leads to BW gain and obesity.*!

The presence of GIPR in the liver is controversial. It is also
known that GIP mediates the development of fatty liver in
response to the consumption of high glycemic index foods.””
Studies in animal models suggest that GIP promotes the deposi-
tion of lipids in the liver, and GIP release/signaling mediates
the development of fatty liver in response to high intake of
carbohydrates, particularly sucrose.”®

The role of GIP in CVD is still unclear.”**° In vitro, GIP can
exhibit both pro-atherogenic (e.g., endothelin-1 production in
vascular endothelial cells) and anti-atherogenic properties
(enhancement of nitric oxide [NO] production, inhibition of
cell proliferation in vascular smooth muscle cells, and suppres-
sion of inflammatory processes in adipocytes, macrophages,
and monocytes).®'® In animal studies, GIP also increases
hormone-sensitive lipase and cardiac TG.”” Human studies
showed that GIP increases heart rate,>*3” NO levels,***” inter-
leukin (IL)-6, IL-1B, monocyte chemoattractant protein 1,”
vascular adhesion molecule-1 in blood and epithelium,”' and
stimulates osteopontin expression in the vasculature via
endothelin-1.> It could lead to the progression of atherosclero-
sis in obese humans but prevent plaque formation in mice.”***

In addition, in vivo, pharmacological concentrations of GIP
are likely to be protective against atherosclerosis in both, DM
and non-DM patients.®' However, the question arises whether
GIPR agonism or antagonism has CV benefits in humans.
There is a need for further clarification.

Effects of GLP-1 RAs and GIPR agonists on dysmetabolic
milieu/diseases are shown in Figure 2.
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Figure 2. Effects of GLP-1 RAs and GIPR agonists on dysmetabolic milieu/diseases. CNS indicates central nervous system; CVD, cardiovascular
disease; GIP, glucose-dependent insulinotropic polypeptide; GLP-1 RAs, glucagon-like peptide | receptor agonists; IR, insulin resistance; MetS,
metabolic syndrome; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; SAT, subcutaneous adipose tissue; T2DM,

type 2 diabetes mellitus.

GLP-1 RAs and Dual GIP/GLP-1 RAs in the
Treatment of Non-Diabetic Obesity and
Pre-Diabetes—Current Evidence

Obesity is phenotypically diverse, with some proportion of obese
individuals who are metabolically healthy, without BP- or lipid-
lowering medication, and with no abnormalities in insulin
action.”” However, in most individuals, obesity is closely associ-
ated with IR, the key pathophysiological driver of disturbed
glucose-metabolism and a CV RF.”® BW loss has benefits regard-
less of whether the pathophysiological origin of T2DM is B-cell
dysfunction or IR.°” While insulin-resistant individuals benefit
most from BW loss, in patients with a primary defect in B-cell
function, BW reduction might reduce B-cell gluco-lipotoxicity
and minimize pharmacotherapy requirements.’

Moderate weight loss of 5% to 10% is encouraged for gly-
cemic and cardiometabolic RF control.”® However, sustained
loss of at least 15% BW has a major effect on the progression of
T2DM, inducing remission in a large proportion of patients and
markedly improving metabolic status.”

Achieving the desired BW loss is extremely challenging and
pharmacotherapy can be used in this setting. Treatment of obesity
based on GLP-1 RAs proved to decrease morbidity and mortality
in the adult population.'® Two agents of the GLP-1 RA class are
approved by one or more regulatory authorities worldwide for
chronic BW management (liraglutide 3.0 mg subcutaneously
(SC) and semaglutide 2.4 mg SC), in individuals without
DM.?” The remaining GLP-1 RA are recognized to promote
BW loss while primarily prescribed for their glucose-lowering
actions. Only exenatide, liraglutide, and semaglutide have been
studied for their role in prediabetes progression in patients with
obesity.'?"'? Obesity may also complicate type 1 DM (T1DM)
and “obese-induced insulin resistance” in TIDM children could
be the main “driver” for NAFLD development.'®

Exenatide and liraglutide have been studied in these patients
who also have suboptimal glycemic control or obesity;

consistent BW loss was demonstrated.'®® Dual agonists com-
bining GLP1 with GIP are in the pipeline for obesity manage-
ment and their potential role in T2DM.'*® Due to impressive
BW loss in nondiabetic obese, who received tirzepatide, this
agent will presumably affect T2DM risk and reversion of pre-
diabetes.'*® The dual GIP/GLP-1 RAs, directly and indirectly,
improve white AT function and ectopic lipid accumulation and
subsequently whole-body insulin sensitivity.'®’

Exenatide

Exenatide, the first approved GLP-1 RA, was developed for the
treatment of T2DM. In this category of patients, in addition to its
glucose-lowering effects, exenatide has shown significant
improvement in many cardiometabolic parameters, including
endothelial function and subclinical atherosclerosis.'®® Exenatide
was also studied in nondiabetic patients with obesity and patients
with prediabetes (with impaired fasting glucose [IFG] or impaired
glucose tolerance [IGT]) for its effects on BW and glucose toler-
ance. Exenatide-treated (10 pg SC with a 4-week 5 pg dose-
initiation period) participants lost 5.1 + 0.5 kg from baseline
versus 1.6 + 0.5 kg with placebo (P < .001), and the placebo-
adjusted difference in percent BW reduction was —3.3% =+ 0.5%
(P < .001). Consequently, after 24 weeks, 77% of patients with
prediabetes returned to normoglycemia, compared with 56% of
patients treated with placebo.'®" Another study targeted BW loss
in nondiabetic women with short exenatide intervention and
demonstrated that a subset of women had a robust response to
exenatide treatment (30% of subjects who lost >5% BW), while
the other 30% even gained BW.'"”

Liraglutide

Liraglutide was the first GLP-1 RA approved by the FDA and
the European Medicines Agency (EMA) specifically for BW
loss (ranging from 5%-10% reduction of initial BW). In a
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network meta-analysis, liraglutide 3.0 mg SC was associated
with significant excess BW loss versus placebo at 1 year —5.3
kg (95% confidence interval [CI]: —6.06 to —4.52 kg)."''°

The SCALE (Effect of Liraglutide on Body Weight in Non-
diabetic Obese Subjects or Overweight Subjects With Co-mor-
bidities) trial aimed to evaluate the efficacy and safety of 3.0
mg of liraglutide administered once-daily SC in overweight or
obese adults who did not have DM at baseline.'!! Patients (n =
3731; 56-week duration) treated with liraglutide lost 8.4 + 7.3
kg, while those in the placebo group lost 2.8 + 6.5 kg of BW
(95% CI: —6.0 to —5.1 kg; P < .001)."'! In addition, fewer
patients in the placebo group achieved at least 5% of BW loss
from the baseline, compared with patients treated with liraglu-
tide (27.1% vs 63.2%, P <.001). Besides the BW loss of 8.0%
+ 6.7%, patients in the liraglutide group had improvements in
beta-cell function and insulin sensitivity. Furthermore, T2DM
developed in more patients in the placebo group than in the
liraglutide group during the course of treatment.'!' One of 4
trials in the SCALE program targeted individuals (n = 2254)
with prediabetes with the primary outcome: duration to the
onset of DM. Over 160 weeks of treatment with liraglutide
showed greater BW loss compared with placebo (—6.1% vs
—1.9%, P < .0001), and the time to onset of DM among all
randomized individuals was 2.7 times longer with liraglutide
than with placebo (95% CI: 1.9-3.9, P < .0001), resulting in a
hazard ratio (HR) of 0.21 (95% CI: 0.13-0.34)."'> Only 3% in
the liraglutide-treated group developed DM by the end of the
trial, compared with 11% in the placebo group. The main find-
ing was highly prevalent prediabetes to normoglycemia con-
version in the liraglutide group; 66% versus 36% in the placebo
group (P < .0001)."'"2

In accordance with this finding, an earlier, but a small, double-
blind study of liraglutide 1.8 mg SC versus placebo that included
older individuals (n = 68) with overweight/obesity and predia-
betes, demonstrated that 75% of individuals treated with liraglu-
tide achieved normal fasting glucose compared with 19% on
placebo.'"? Peripheral IR, as opposed to hepatic IR, was directly
measured (with the modified version of the insulin suppression
test) at baseline and after 14 weeks of liraglutide or placebo
demonstrated that BW loss achieved with liraglutide was associ-
ated with a significant 29% improvement in IR.'"?

Semaglutide

Semaglutide, the most recently approved once-weekly (OW)
GLP-1 RA, has been associated with pronounced BW loss in
combination with dietary and physical activity counsel-
ing.'%%!*11¢ The STEP (Semaglutide Treatment Effect in People
with Obesity) trial program supported a market authorization
approval for semaglutide for obesity treatment.'%*!1%:116

The STEP-1, a double-blind trial (n = 1961 adults),
included either patients with obesity or overweight patients
with at least one CV RF, who did not have DM.'%? After ran-
domization (in a 2:1 ratio) enrolled patients were treated with
semaglutide (2.4 mg, OW SC) or placebo, plus lifestyle inter-
vention, for 68 weeks. Treatment with semaglutide was

associated with sustained, clinically relevant —14.9% mean
change in BW from baseline.'® In addition, treatment with
semaglutide showed greater BW loss, from baseline to week
68, compared with patients in the placebo group (—15.3 vs
—2.6 kg; 95% CIL: —13.7 to —11.7). Weight loss of 15% or
more of initial BW was achieved in 50.5% of patients treated
with semaglutide and 4.9% of patients treated with placebo
(P < .001)."°? In the exploratory endpoints, the authors
noted that 84.1% of participants in the semaglutide group who
had prediabetes at baseline, as compared with 47.8% of parti-
cipants in the placebo group with prediabetes reverted to
normoglycemia.'*

In the STEP-3 trial (n = 611 patients with obesity/overweight
plus one additional CV RF, without DM; randomized double
blind), treatment with semaglutide (2.4 mg, OW SC) compared
with placebo showed significantly greater estimated mean BW
change from baseline to week 68 (—16.0% vs —5.7%, 95% CI:
—12.0to —8.6; P <.001)."'® Weight loss of 15% or more of initial
BW was achieved by 55.8% of patients treated with semaglutide
and 13.2% of patients treated with placebo (P < .001)."'®

In the STEP-4 trial, after a 20-week run-in period (semaglutide,
2.4 mg OW SC), Rubino et al''> demonstrated that maintaining
semaglutide treatment compared with switching to placebo
showed continued BW reduction during the next 48 weeks (mean
BW change —7.9% in the semaglutide group vs +6.9% with the
switch to placebo, P < .001).

Daily SC semaglutide (doses from 0.05 to 0.4 mg) versus
liraglutide (3.0 mg) and placebo for the treatment of non-
diabetic obesity over 52 weeks led to the following estimated
mean percentage BW reductions; —6.0% (0.05 mg), —8.6%
(0.1 mg), —11.6% (0.2 mg), —11.2% (0.3 mg), and —13.8%
(0.4 mg) for the semaglutide group versus —2.3% BW loss for
the placebo group. Mean reductions in BW for 0.2 mg or more
of semaglutide were all significantly greater than with liraglu-
tide (—13.8% to —11.2% vs —7.8%). Estimated BW loss of
>10% occurred in 37% to 65% of participants receiving
>0.1 mg of semaglutide.'"*

The STEP 1, 3, and 4 trials'0>115116 collectively included a
large cohort of adults with prediabetes (n = 1536) and provide
robust data on the effects of semaglutide on normoglycemia con-
version during the 68 weeks of treatment. Among participants
with baseline prediabetes, significant improvements in glucose
metabolism and a high likelihood of normoglycemia were proven
(STEP 1, 84.1%; STEP 3, 89.5%; STEP 4, 89.8%)."""

Tirzepatide

A novel dual GIP/GLP-1 RA, tirzepatide (39-amino acid syn-
thetic peptide), was developed for the treatment of T2DM,
obesity/overweight with weight-related comorbidities,
NAFLD/NASH, CV complications in T2DM, and heart failure.
Its efficiency and safety led, in May 2022, to the first approval
in the USA for improving glucose-regulation in T2DM
patients.”g(pzoz) Furthermore, in October 2022, the FDA
granted tirzepatide a Fast Track designation for the treatment
of obesity and overweight.''
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The SURMOUNT (A Study of Tirzepatide in Participants
With Obesity or Overweight) trials were designed to test the
ability of tirzepatide to produce BW loss in people who are
overweight/obese but do not have DM. Recently, the
SURMOUNT-1 trial (n = 2539 obese/overweight patients
without DM, randomized double-blind phase 3 trial; duration
72 weeks) was published and showed that treatment with tirze-
patide (5, 10, and 15 mg, OW SC) induced substantial and
sustained BW loss (the mean percentage change in BW
—15.0%, —19.5%, —20.9%, respectively). This was statisti-
cally significant when compared with placebo (mean percent-
age change in BW —3.1%) (P < .001).'°® The percentage of
patients who had BW loss of >20% was 50% (95% CI: 46-54)
in the 10 mg and 57% (95% CI: 53-61) of patients in the 15 mg
groups, compared with 3% in patients treated with placebo (P <
.001 for all).'® Furthermore, most of the prediabetes patients
(95.3%) at baseline, treated with tirzepatide, had reverted to
normoglycemia, when compared with 61.9% of patients treated
with placebo.'?® Tirzepatide improved markers of beta-cell
function and insulin sensitivity, and analysis of homeostasis
model assessment-estimated (HOMA)-IR suggests that only
20% to 30% of the improvement in insulin sensitization by
tirzepatide is due to BW loss, suggesting dual receptor agonism
confers distinct mechanisms regarding glycemic control.'?°

The antiobesity potential of GLP-1 and dual GIP/GLP-1
RAs in obese nondiabetic patients and individuals with predia-
betes is summarized in Table 1.

Considerations Regarding Potential Clinical
Use of GLP-1 and Dual GIP/GLP-1 RAs for the
Treatment of Prediabetes in the Obese:
Simplicity, Safety, and Tolerability

Since GLP-1 and GIP signaling is impaired in obesity and
T2DM, restoring these mechanisms with incretin-based therapies
is a reasonable option. Furthermore, the GLP-1 RA proven
improvements in B-cell function in both preclinical studies and
short-term clinical studies are promising for individuals with
prediabetes. However, since T2DM prevention can be achieved
by intensive lifestyle modification alone'** and since lifestyle
modifications provide better long-term effects than medica-
tions,'** tolerability and safety profile of potential pharmacother-
apy should be thoroughly considered before clinical use. Several
pharmacologic interventions besides GLP-1 RA have been
shown to lower the incidence of T2DM in specific populations:
metformin,'** acarbose,'** rosiglitazone,'* insulin glargine'*®
and testosterone.'?” Up to now, no pharmacologic agent has been
approved by the FDA specifically for T2DM prevention. How-
ever the use of metformin is encouraged in specific high risk
populations by the American Diabetes Association.”®

A Cochrane database systematic review investigating the
prevention or delay of T2DM with GLP-1 RA use included 7
trials with 2702 participants at increased risk for developing
T2DM.'?® The analysis found limited-quality evidence that at-
risk patients taking GLP-1 RAs are less likely to progress to

DM (number needed to treat (NNT) = 23). More individuals
who received GLP-1 RA had serious adverse events than those
who received placebo, 15.1% versus 12.7% (RR 1.18, 95% CI
0.94-1.47); absolute risk increase = 2.4%; number needed to
harm (NNH) = 42. No comparisons among the different GLP-1
RA could be made because of the small number of participants
for some GLP-1 RA class members.'*® The potential of a DM
prevention intervention lies predominantly in the BW loss
achieved by individuals at risk of T2DM."?° It is also likely
that some sub-phenotypes of individuals with prediabetes may
benefit more of GLP-1 RAs rather than other therapeutic
agents, and this highlights the importance of a more tailored
approach for screening, prevention and management.'>° There-
fore, further long-term comparative studies of interventions
with novel potent anti-obesity medications of the GLP-1 RA
class are needed to identify any differences in intervention
effects.'*?

GLP-1 RA for Weight Control in DM Patients

All GLP-1 RA class agents have proven efficacy in both, glu-
cose control and concurrent clinically relevant BW reduction in
patients with T2DM.'*' However, patients with T2DM have
more difficulty in losing BW compared with individuals with-
out DM,13 2 and the mean BW loss difference between GLP-1
RAs and placebo in patients with and without DM was 4% to
6.2% versus 6.1% to 17.4%, respectively.'*?

Trujillo et al'** rated the drug members according to BW
lowering potency in the following order: semaglutide > liraglu-
tide > dulaglutide > exenatide extended-release = exenatide
(twice daily) = lixisenatide. In addition, a meta-analysis rated
SC semaglutide as the most potent in reducing BW, followed
by oral semaglutide, exenatide twice daily and liraglutide, in
patients with T2DM.'**

Liraglutide

In the SCALE Diabetes, among patients with T2DM who are
overweight/obese, liraglutide treatment led to a more signifi-
cant BW reduction, 6.0% (3.0 mg SC daily) and 4.7% (1.8 mg
SC daily) when compared with placebo (estimated treatment
difference [ETD]: —4.00% and —2.71%; P < .001 for both).'?’
BW reduction 10% or more occurred in 25.2% and 15.9%
versus 6.7% of patients treated with liraglutide 3.0 mg and
1.8 mg SC versus placebo (P < .001 and P = .006, respec-
tively)."*® Furthermore, in the SCALE Insulin randomized con-
trolled trial (n = 396 T2DM patients with obesity treated with
insulin) liraglutide (3 mg SC daily) as an adjunct to intensive
behavioral therapy induced greater BW reduction when com-
pared with placebo (mean BW change: —5.8% vs —1.5%,
ETD: —4.3% [95% CI —5.5 to —3.2]; P < .0001)."*!

Semaglutide

In the STEP-2 trial (n = 1210 patients with T2DM,
phase 3, double-dummy and double-blind superiority study,
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BMI >27 kg/m?) treatment with semaglutide (2.4 mg OW SC),
compared with placebo, resulted in 6.2% ETD in mean BW
loss (P <.0001)."*° In addition, after 68 weeks of the treatment,
68.8% of patients in the semaglutide (2.4 mg) group achieved
BW reduction of >5%, compared with 28.5% of patients in the
placebo group (odds ratio [OR]: 4.88, P < .0001).13¢ 1t is
important to mention that patients treated with insulin were
excluded from the STEP-2 trial.'*

In the SUSTAIN-7 trial, semaglutide (1.0 mg OW SC)
showed a significantly higher potency for BW reduction com-
pared with dulaglutide (1.5 mg OW SC) in patients with T2DM
(6.5 vs 3.0 kg, ETD —3.55 kg; P < .0001)."’

Tirzepatide

Tirzepatide is being investigated in the SURPASS (A Study of
Tirzepatide in Participants With Type 2 Diabetes Not Con-
trolled With Diet and Exercise Alone) phase 3 clinical trial
program.’*® A 5 mg dose led to 7.6 kg (8.2%) BW loss, a 10
mg dose led to 9.3 kg (9.3%) and a 15 mg dose led to 11.2 kg
(11.9%) BW loss over 40 weeks, in the SURPASS-2 study (n =
1879), and the reductions in BW were dose-dependent.'*’
Reductions in BW were greater with tirzepatide at all doses
(5, 10, or 15 mg, OW SC) than with semaglutide at a dose of 1
mg, with ETD —1.9, —3.6, and —5.5 kg, respectively (P <.001
for all)."*® In addition, approximately 8% of patients treated
with semaglutide (1 mg OW SC) achieved a BW loss of >15%,
compared with 15%, 24%, and 36% of patients treated with
tirzepatide at doses of 5, 10, and 15 mg, respectively.'*’

The SURMOUNT-2 trial, designed to test the ability of
tirzepatide to produce BW reduction in participants with obe-
sity who also have T2DM, is ongoing and is expected to be
published in the first half of 2023.

Other Components of MetS: BP and Lipid
Levels

The importance of CV RF is best illustrated by the fact that a
10 mmHg decrease in systolic BP reduces CVD risk by 11%,'*°
while a 1 mmol/L lowering in low-density lipoprotein choles-
terol (LDL-C) reduces the annual rate of CVD by approxi-
mately 20% in very diverse groups of patients.'*!

Although determining the isolated (independent of glycemic
and BW reduction or changes in body composition) effects of
GLP-1 RA on lipid levels and BP, requires well-designed stud-
ies, expert opinions confirm positive, but moderate effects on
lipid levels and BP.'” According to a 2018 narrative review of
head-to-head trials of 6 GLP-1 RA,'** the greatest statistical
difference in BP was 2.7mmHg (liraglutide resulted in a sig-
nificantly greater decrease from baseline in systolic BP com-
pared with dulaglutide).'*® Semaglutide 1.0mg SC once
weekly (OW) also significantly decreased systolic BP com-
pared with exenatide 2mg SC OW with a difference of
2.4mmHg.'** For diastolic BP, no significant between-
treatment differences were reported in any of the included
trials.'** The most recent GLP-1 RA, oral semaglutide (that

was not included in the previously mentioned review) demon-
strated reductions of systolic BP (=2 [—5 to 0] mmHg; P =
.07) compared with placebo.'*

Several large as well did some smaller dedicated GLP-1 RA
clinical trials collected lipid data as secondary outcomes prov-
ing favorable effects on lipoprotein metabolism, with modest
LDL-C, total cholesterol (TC), and fasting TG lowering. Some
have also demonstrated substantial blunting of the postprandial
rise in serum TGs'*® Postprandial hypertriglyceridemia is a
potential risk predictor of atherosclerotic CVD even in the
presence of normal fasting TG levels.'*”'*® Its relevance is
further enhanced because of the assumption that postprandial
rise in serum TGs is a contributor to residual vascular risk
despite aggressive LDL-C lowering.'*”'*® Notably, in a real-
world prospective study involving obese T2DM patients, the
reduction in triglyceride levels by liraglutide was the main
contributor of the reduction in subclinical atherosclerosis, high-
lighting the importance of the triglycerides-lowering effect by
GLP-1 RAs for vascular risk reduction.'*’

One of the first double-blinded, randomized, placebo-
controlled, crossover studies examining the lipid-lowering
effect of GLP-1 RA was conducted in 35 subjects with IGT
or recent-onset T2DM. It demonstrated the effect of a single SC
injection of exenatide on postprandial lipids, remnant lipopro-
teins, and apolipoproteins. Exenatide reduced postprandial
lipid and lipoprotein levels without the reduction in BW or
fasting glucose and TG levels that usually occur with prolonged
therapy.'* In a recent first randomized trial, that addressed the
possible effects of antidiabetic interventional drugs such as
GLP1 RAs on endothelial and arterial stiffness indexes as sur-
rogate markers of vascular damage, subjects treated with dula-
glutide showed significantly lower values of mean serum TC
and LDL-C."!

Oral semaglutide at the highest dose improves the fasting
lipid level profile compared with placebo; it demonstrated a
modest, but superior reduction in TC, LDL-C, and most pro-
nounced reduction (OR 0.90 [0.83 to 0.99] in triacylglycerols
(oral semaglutide 14 mg).145 Compared with another GLP-1
RA (liraglutide), oral semaglutide was not significantly differ-
ent.'*>152 A randomized clinical trial is currently investigating
the direct and indirect anti-atherosclerotic mechanisms of oral
semaglutide, including its effect on the full spectrum of plasma
lipids and lipoproteins.'>

Tirzepatide and any further dual GLP-1/GIP RAs that could
be developed seem to be promising options for lipoprotein
profile improvement in patients with T2DM. Tirzepatide
dose-dependently decreased TG over time compared with pla-
cebo and dulaglutide, tirzepatide 5, 10, and 15 mg decreased
TG levels by 28.8%, 37.7%, and 41.4%, respectively, com-
pared with placebo.'>* It is speculated that the relative treat-
ment effect would not be different regardless of the
participant’s baseline CV risk level, since similar changes in
CV surrogate markers (BP and lipoproteins) by tirzepatide
were observed in studies, that included participants with either
high or moderate CV risk.">> The SURMOUNT-1 trial demon-
strated that in nondiabetic obese treatment with tirzepatide
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(5, 10, and 15 mg, OW SC) induced substantial placebo sub-
tracted change in systolic and diastolic BP (—6.2 and —4.0
mmHg, accordingly) and —20.3% change in TG level.'% The
reductions in BP and lipid levels of GLP-1 RA and dual incretin
agonists cannot be directly translated into CV outcomes and
seem to be complementary to other protective pleiotropic
actions of this drug class.

GLP-1 RAs in the Treatment of NAFLD/
NASH

The association of NAFLD and NASH with obesity and T2DM
encouraged the investigation of the effect of GLP-1RAs in
animal and human models of NAFLD/NASH.'>*!>7 The fact
that GLP-1RAs lead to improvement in hepatic steatosis
through weight loss has been reported.'>®!'>* However, experi-
mental evidence based on both, animal models and human
hepatocytes, have shown that GLP-1RAs may also play a direct
role in ameliorating hepatic steatosis (by reducing de novo
lipogenesis), mediated by the activation of genes associated
with insulin sensitivity and fatty acid B-oxidation and
improving several elements of the insulin signaling path-
ways. 38158160161 1y matients with NAFLD/NASH, glucose-
induced GLP-1 secretion is deficient, while GIP secretion is
preserved.'®?

The beneficial effects of GLP-1 RAs on the individual his-
tological scores of NASH are multifactorial, due to the com-
bined indirect effects on IR/hyperglycemia and BW reduction,
as well as the result of a direct beneficial effect on the liver
(regardless of weight loss and hyperglycemia).'®® These direct
effects are fundamental for the establishment of GLP-1 RAs as
a treatment option for NAFLD/NASH in patients in whom the
fatty liver disease is not mainly driven by obesity.'®*

Nevertheless, the presence or absence of GLP-1R in hepa-
tocytes is controversial >*'*15-1%6 GLP_] increases glucose
utilization in the liver, skeletal muscle, and AT by inducing
glycogen and lipid synthesis independently of insulin level.*’
On the other hand, GLP-1RAs can stimulate lipolysis, AT
browning, and pre-adipocyte differentiation.®* Liraglutide and
exenatide showed antioxidant effects via the c-Jun N-terminal
kinase pathway or upregulation of protective antioxidant
enzymes.'®' GLP-1RAs attenuate endoplasmic reticulum stress
responses by suppressing apoptosis.'®” In addition, GLP-1 RA
exenatide attenuated fatty liver by activating sirtuin 1, an
upstream regulator of adenosine monophosphate-activated pro-
tein kinase in hepatocytes, supporting the rationale for GLP-1-
based NAFLD/NASH therapy.'®® Preclinical studies that
recruited patients with NASH suggested that GLP-1 RAs might
reduce hepatic inflammation through mechanisms that are at
least partly independent of weight loss.'*® Mechanistically, as
hepatocytes, stellate cells, and Kupffer cells do not express the
canonical GLP-1R, the actions of GLP-1 on the liver are pri-
marily indirect.

Exenatide may be an effective treatment for reducing hepa-
tic fat content in patients with T2DM and obesity, but these
effects are mainly dependent on BW reduction.'®® In a study

(n = 44 patients with T2DM and obesity, HTGC was assessed
with MRI and proton MRI spectroscopy, at baseline and 26
weeks after). In patients treated with exenatide, HTGC reduc-
tion was significantly related to body weight reduction (r =
0.47, P = .03), but was not associated with an improvement in
IR, glycated hemoglobin level or adiponectin.'®’

Armstrong et al in a randomized, double-blinded, multicen-
ter, placebo-controlled phase 2 study evaluated SC injections
of liraglutide (1.8 mg daily) versus placebo in patients who are
overweight and showed clinical evidence of NASH.'” Treat-
ment with liraglutide led to histological resolution of NASH
and was well tolerated and safe. After treatment, 39% of
patients who were treated with liraglutide and underwent
end-of-treatment liver biopsy had resolution of definite NASH
versus 9% of patients treated with placebo (relative risk [RR]
4.3, 95% CI: 1.0-17.7; P = .019)."”° However, the LEAN
(Liraglutide Efficacy and Action in NASH) trial suggested that
liraglutide should be started early during the course of NAFLD,
since in NASH patients with advanced fibrosis, it might not be
useful.'”® In women (n = 72) with polycystic ovary syndrome
(a well-known IR state), treatment with liraglutide promoted
BW loss (—5.2 kg [5.6%]), reduced liver fat content (LFC) (by
44%) and showed reduction of the NAFLD prevalence by two-
thirds (P < .01 for all).'”!

Katsiki et al in 2017 emphasized the need for investigation
of the effects of semaglutide in patients with NAFLD.'”* In a
randomized, double-blind, placebo-controlled trial, liver stiff-
ness was evaluated by MRI elastography and LFC by MRI
proton density fat fraction [MRI-PDFF]); treatment with sema-
glutide significantly reduced LFC compared with placebo (P <
.0001) but did not change liver stiffness in patients with
NAFLD.'” In patients with T2DM and obesity, semaglutide
significantly reduced ALT activity and high-sensitivity C-
reactive protein (hsCRP) levels.'”* Summarized data collected
from CV and weight outcome trials showed that at the end-of-
treatment ALT activity reductions were 6% to 21% (P < .05 for
doses >0.2 mg/day).'”* The results of the meta-analysis
showed that semaglutide, when compared with other GLP-
1RAs liraglutide and dulaglutide was superior in decreasing
the AST activity.'”> Newsome et al'’® evaluated the effects
of semaglutide treatment in the resolution of NASH without
worsening of fibrosis (n = 320 patients with biopsy-proven
NASH and liver fibrosis of stage F1, F2, or F3). NASH reso-
lution was achieved in 40%, 26% and 59% in the semaglutide
0.1-, 0.2-, and 0.4 mg groups versus 17% in the placebo group
(P < .001 for semaglutide 0.4 mg SC vs placebo).'”®

Treatment with dulaglutide improved AST, ALT, and
gamma-glutamyl transferase (GGT) activity when compared
with placebo, in a pattern consistent with LFC reductions.'”’
Kuchay et al'”® in their study (n = 64 patients with T2DM and
MRI-derived proton density fat fraction-assessed LFC of
>6.0% at baseline) evaluated the effects of dulaglutide treat-
ment (OW for 24 weeks) on LFC. Treatment with dulaglutide
significantly reduced GGT levels (mean between-group differ-
ence —13.1 U/l, P = .025) compared with controls, but there
were no significant reductions in ALT, AST activity and
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change in liver stiffness measurement (LSM in kPa) (P = .10, P
=.075, and P = .123, respectively).'”® In addition, in patients
with NAFLD dulaglutide significantly reduced LFC (control-
corrected absolute change in LFC —3.5%, P = .025; relative
change of —26.4%, P = .004), corresponding to a 2.6-fold
greater reduction compared with controls.'”®

Recent meta-analyses'®*!7%'8! reported that GLP-1 RAs
(mostly semaglutide and liraglutide) are highly promising
pharmacological agents in the treatment of NAFLD or NASH.
In the meta-analysis by Mantovani et al (n = 2597 individuals,
10 studies, included T2DM patients treated with GLP-1 RAs)
treatment with semaglutide or liraglutide, as well as treatment
with pioglitazone promoted resolution of NASH without wor-
sening of fibrosis. GLP-1 RA treatment improved some of the
NASH histological features, such as steatosis, lobular inflam-
mation or ballooning.'®! In another meta-analysis (n = 936
patients, 11 studies), Mantovani et al'®® reported that treatment
with GLP-1 RAs, when compared with reference treatment or
placebo, for a median of 26 weeks significantly decreased ALT
(pooled weighted mean difference [WMD] —7.21 IU/L, P =
.02) and GGT activity (pooled WMD —0.97 IU/L, P < .001),
while AST activity did not differ between groups (P = .27).'¢?
More importantly, there was a significant reduction in the abso-
lute percentage of LFC (using MRI-based techniques) (pooled
WMD —3.92%, 95% CI: —6.27% to —1.56%) and greater
histological resolution of NASH without worsening of liver
fibrosis (pooled random-effects odds ratio [OR] 4.06, 95%
CI: 2.52-6.55; for liraglutide and semaglutide only).'®?
GLP1-RAs improve hepatic function, histology, and inflamma-
tion, by body weight reduction, improving glycemia, and
decreasing hepatic fat. In this context, Ghosal et al'”® in their
meta-analysis (n = 615 patients, 297 on GLP1-RA and 318 in
the control group, 8 randomized controlled trials) evaluated
effects of GLP-1 RAs in patients with both, T2DM and
NAFLD. Treatment with GLP-1 RAs showed a significant
improvement in AST activity (standardized mean difference
[SDM]: —0.44, 95% CIL: —0.64 to —0.24, P < .01), ALT (SDM
—0.56, 95% CI: —0.88 to —0.25, P < .01), and GGT activity
(SDM —0.60, 95% CI: —0.86 to —0.34, P < .01). As expected,
GLP-1 RAs treatment showed a decrease in BW (SDM —0.66,
95% CI: —0.88 to —0.44, P < .01), glycosylated hemoglobin
(SDM —0.40, 95% CI: —0.61 to —0.19, P <.01), as well as the
reduction in LFC (SDM —0.43, 95% CI: —0.74 to —0.12, P <
.01), compared with standard of care or placebo. This meta-
analysis also showed a very significant improvement in liver
histology in the group of patients treated with GLP-1 RAs (rate
ratio, 6.60, 95% CI: 2.67-16.29, P < .01).'”°

GLP-1 RAs demonstrated higher efficacy in LFC lowering
when compared with insulin-based therapies or metfor-
min.'®*'®2 In a meta-analysis (n = 1454 patients, 8 studies),
treatment with GLP-1 RAs significantly reduced LFC (SMD
—1.05; P < .001) when compared with controls, and when
compared with insulin-based therapies and metformin (SMD
—0.66, P < .001 and —0.63, P = .02, respectively).'* In addi-
tion, GLP-1RA significantly reduced ALT (SMD —1.69, P <
.001), AST (SMD —1.46, P < .001), and GGT (SMD —2.10;

P <.001) activity.' 80 When compared with insulin-based thera-
pies, treatment with GLP-1 RAs resulted in significantly lower
ALT activity (SMD —0.96; P = .02), and when compared with
metformin treatment with GLP-1 RAs resulted in significant
decreases in GGT and ALT activity (SMD —1.04; P <.001 and
SMD —0.66; P = .03, respectively).180 However, thiazolidine-
diones were superior when compared with GLP-1 RAs in the
improvement in ALT, AST, and GGT activity.'®® When added
to metformin, liraglutide reduced intrahepatic lipid content,
promoted weight loss and reduced subclinical atherosclerosis
(carotid intima-media thickness) in patients with NAFLD and
T2DM.'#318 Furthermore, when added to pioglitazone, lira-
glutide and semaglutide were considered the most effective
intervention for achieving NASH resolution. '8¢

Dual GIP/GLP-1 RAs in the Treatment of
NAFLD/NASH

In patients with NASH, ingestion of saturated fatty acids is
associated with prolonged GIP response, B glucometabolic
parameters and carotid intima-media thickness-cell dysfunc-
tion, and with adipokine imbalance, and liver injury, which
favors GIP antagonism in non-diabetic patients with NASH.'®’
In addition, a doubling in fasting GIP levels may be associated
with improved LDL clearance but with an unhealthy fat distri-
bution independent of insulin levels.'®® These effects of GIP
have not encouraged the further use and establishment of GIP
monotherapy in metabolic-associated diseases, including
NAFLD/NASH.

GIP and GLP-1 appear to activate distinct subsets of
hypothalamic neurons coupled to a reduction in food intake,'®’
and furthermore, the glucose-lowering effects of simultaneous
GLP-1R agonism could rapidly restore GIP sensitivity, thus
enabling superior glucose-lowering action when combined.'*
In patients with T2DM, higher tirzepatide doses significantly
increased adiponectin levels and decreased NASH-related bio-
markers.'”! Hartman et al'®? in their phase 2 trial (n = 316
T2DM patients, 26-weeks duration, treated with dulaglutide
(1.5 mg SC), tirzepatide OW [1, 5, 10, or 15 mg SC] or pla-
cebo) evaluated the effect of tirzepatide on AST and ALT
activity as well asadiponectin levels. Treatment with tirzepa-
tide significantly decreased ALT (all tirzepatide doses, P <.01)
and AST (all tirzepatide doses except 10 mg, P < .05) activity
at 26 weeks. In addition, at 26 weeks of treatment, adiponectin
increased significantly from baseline with tirzepatide 10 and 15
mg (P < .001)."?

In a recent substudy of the SURPASS-3 trial (SURPASS-3
MRI study; n = 296, randomized, open-label, parallel-group,
phase 3, T2DM patients, BMI >25 kg/m?, evaluated change in
LFC measured by MRI-PDFF, 52-week duration), pooled tir-
zepatide (10 and 15 mg doses, OW SC) promoted a significant
reduction in LFC, visceral AT when compared with insulin
degludec (—8.09% vs —3.38%), with the ETD versus degludec
—4.71% (95% CI: —6.72 to —2.70; P < .0001)."**

The potential of GLP-1 and dual GIP/GLP-1 RAs in the
treatment of NAFLD/NASH is summarized in Table 2.
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Current Evidence on GLP-1 RAs Use in
Patients With DM and CVOTs

The risk of CVD is increased 2-fold in people with DM regard-
less of other conventional RFs.'®* In the last decade, the CV
safety of drugs to lower blood glucose in T2DM has been
questioned, such that any drug should preclude increased CV
risk.'® Since then, several CVOTs have been conducted. Either
a neutral effect or a reduction in CV events has been reported
for the different GLP-1 RAs!'821:36195:196 a4 overall, a ben-
eficial reduction in the risk for the distinct cardio-renal end-
points has been obtained by the analysis of available data."®’

Indeed, nine published CVOTs studies examined the effects
of GLP-1 RAs compared with placebo on major adverse CV
events (MACE) incidence in T2DM patients: (1) Lixisenatide
20 pg/day SC (the Evaluation of Lixisenatide in Acute Coron-
ary Syndrome [ELIXA] trial; n = 6068; duration 2.1 years;
100% prevalence of CVD),'”” (2) Liraglutide 1.8 mg SC/day
(Liraglutide Effect and Action in Diabetes: Evaluation of Car-
diovascular Outcome Results [LEADER]; n = 9340; duration
3.8 years, 81% prevalence of CVD),'® (3) Exenatide ER 2 mg
SC /week (Exenatide Study of Cardiovascular Event Lowering
Trial [EXSCEL]; n = 14752; duration 3.2 years, 73% preva-
lence of CVD),'”® (4) Albiglutide 30 to 50 mg SC/week (HAR-
MONY; n = 9463; duration 1.6 years, 100% prevalence of
CVD),*® (5) Dulaglutide 1.5 mg SC/week (Researching Cardi-
ovascular Events With a Weekly Incretin in Diabetes
[REWIND] n = 9901; duration 5.4 years, 31% prevalence of
CVD),?° (6) Semaglutide 0.5 to 1 mg SC/week (Semaglutide
unabated Sustainability in Treatment of Type 2 Diabetes [SUS-
TAIN]-6 n = 3297; duration 2.1 years; 83% prevalence of
CVD),'” and (7) Oral semaglutide 14 mg/day (Peptide Innova-
tion for Early Diabetes Treatment [PIONEER-6] n = 3181;
duration 1.3 years; 85% prevalence of CVD).?! Furthermore,
[AMPLITUDE-O] (Effect of Efpeglenatide on Cardiovascular
Outcomes) n = 4076; duration 1.8 years) included more
patients (32%) with renal disease (¢GFR 25-60 mL/min) than
the other trials and was the first clearly positive CVOT with an
exendin-4-based GLP-1 receptor agonist.'”®

The FREEDOM (Clinical Impact of ITCA 650 [an
injection-free preparation delivering exenatide via a mini
osmotic pump placed in the subdermal tissue of the abdominal
wall], a Novel Drug-Device GLP-1 Receptor Agonist, in
Uncontrolled Type 2 Diabetes and Very High Baseline HbAlc;
n = 4,156, duration 16 months) studies evaluated exenatide
delivered via an implanted minipump (ITCA 650) in patients
with T2DM. ITCA 650 was non-inferior to placebo in CV
outcomes, however longer-duration CVOT is needed to more
precisely define the CV effects.'”® Trials that reported a
reduced HR for the primary composite CV endpoint of first
occurrence of nonfatal myocardial infarction or stroke or death
from CV causes were LEADER (HR 0.87, 95% CI: 0.78-0.97),
SUSTAIN-6 (HR 0.74, 95% CI: 0.58-0.95), HARMONY (HR
0.78, 95% CI: 0.68-0.90), and REWIND (HR 0.88, 95% CI:
0.79-0.99). Lixisenatide (ELIXA), exenatide (EXSCEL), and
oral semaglutide (PIONEER) were non-inferior to placebo on

the primary composite outcome of MACE (respectively, 1.02,
95% CI: 0.89-1.17; 0-91, 95% CI: 0.83-1.00; 0.79, 95% CL
0.57-1.11).

CVOT for tirzepatide (SURPASS-CVOT) is ongoing. How-
ever, Sattar et al'>> recently published a pre-specified CV
meta-analysis of all 7 randomized controlled trials (n = 144
T2DM patients) from the SURPASS trial program. The HRs
comparing tirzepatide versus controls were 0.90 (95% CI: 0.50-
1.61) for CV death, 0.80 (95% CI: 0.57-1.11) for MACE-4 and
0.80 (95% CI: 0.51-1.25) for all-cause death.'”’

A recent meta-analysis of 7 CVOTs* showed that GLP-1
RAs reduced MACE by 12% (HR 0.88; P <.001), CV mortality
by 12% (HR 0.88; P = .003), fatal or nonfatal stroke by 16%
(HR 0.84; P <.001), and fatal or nonfatal myocardial infarction
by 9% (HR 0.91; P = .043). Another meta-analysis of the same
7 CVOTs found that the number of treatments required to
prevent MACE was 73 (95% CI: 45-212).2%°

Expert Opinion

In conclusion, the well-established GLP-1 RAs and novel dual
GIP/GLP-1 RAs are drug classes with various effects that cover
a wide range of “dysmetabolic milieu” disorders associated
with obesity. Given the clear association of obesity with MetS
and its components, prediabetes, T2DM, cardiometabolic com-
plications, and NAFLD/NASH, GLP-1 RAs and dual GLP-1/
GIP RAs promote crucial positive effects on the most compo-
nents of the “cardiometabolic continuum” and consequently
help reduce the need for polypharmacy.

Clinical evidence from well-designed trials and real-life data
indicates that currently, the GLP-1 RAs are the most promising
drugs for the treatment of obesity. Moreover, the novel GLP-1/
GIP RA tirzepatide shows even greater potential for weight
reduction. This finding is in line with the GIPR agonism potential
for ameliorating the GLP-1 RA dose-related gastrointestinal side
effects and the proposed synergy of the incretins to promote
satiety. Their combined weight-related potential is translated into
the improvement of components of the MetS (e.g., dyslipidaemia,
hypertension, reduction of visceral AT, etc.), which are also CV
RFs. The postulated BW-independent effects of GIP RA on lipid
metabolism suggest that the dual agonists play an important role
in improving the lipoprotein profile.

It is well-known that GLP-1 RAs are the most potent non-
insulin drugs for the treatment of T2DM, with currently limited
use in terms of the treatment of prediabetes and the prevention
of T2DM. With few exceptions, " there is a large lack of head-
to-head trials with the use of 2 GLP-1 RAs as direct compara-
tors, since in any trial the comparator to the studied agent is the
so-called “standard of care”, and this limits the utility of infor-
mation for clinicians. Although direct comparisons are not pos-
sible since differences in study designs exist, considering
normoglycemia conversion rates were approximately 66% with
liraglutide, 84% with semaglutide, and >95% with tirzepatide.
Furthermore, tirzepatide demonstrated restoration of insulin
sensitivity irrespective of the BW loss magnitude. It is irrefu-
table and clear that an adequate dietary regimen is still the
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cornerstone of T2DM prevention and prediabetes treatment,
with possible additional and favorable use of both, GLP-1 and
dual GLP-1/GIP RAs after assessing the benefits and risks for
each patient individually. The results of the registration studies
of GLP-1/GIP RA tirzepatide indicate robust improvements in
glycemic control in patients with T2DM, without increased risk
of hypoglycemia, with the safety profile which was consistent
with GLP-1 RAs. Comparatively, these results are likely to
pave the way for tirzepatide in clinical practice guidelines and
its incorporation in the treatment algorithm, as one of the initial
treatment options.

Understanding and positioning of GLP-1 and GLP-1/GIP RAs
in the treatment of NAFLD/NASH is complex. It is important to
emphasize that the pathogenesis of NAFLD/NASH can be
explained in part by a genetic component, and in part by a meta-
bolic component. The mechanisms underlying these components
are fundamentally different. Metabolic components are charac-
terized by the hepatic oversupply of substrates (e.g., sugars,
lipids, and amino acids), while the genetic component is charac-
terized by impaired hepatic mitochondrial function, making the
liver less able to metabolize these substrates. This leads to the
conclusion that the use of GLP-1 and dual GLP-1/GIP RAs
requires more evidence and a thorough clinical patient-centered
approach, intending to identify those patients in whom the meta-
bolic component predominates. Given the complex etiology of
NAFLD, future studies require better design to avoid the various
biases that cloud this field and to pave the way for the right use of
GLP-1 and GLP-1/GIP RA in the treatment of NAFLD/NASH
and other “dysmetabolism” complications.

The place of GLP-1 RAs in CV diabetology is clearly and
unequivocally expressed by the guidelines for the treatment of
T2DM, as a crucial and most important drug class in patients
with atherosclerotic CVD, which was clearly shown through
published GLP-1 RAs CVOTs.>*> Moreover, CVOT for tirze-
patide (SURPASS-CVOT) is ongoing and its results are
expected soon.

Author Contributions

Emir M. Muzurovi¢ contributed to the conception and design, wrote
the manuscript, contributed to the research data discussion, and
reviewed the data and manuscript. Spela Vol¢ansek contributed to the
conception and design, wrote the manuscript, contributed to the
research data discussion, and reviewed the data and manuscript. Karin
Zibar Tomsi¢ contributed to the conception and design, wrote the
manuscript, contributed to the research data discussion, and reviewed
the data. Andrej Janez contributed to the conception and design, draft-
ing, and critical review of the manuscript. Dimitri P. Mikhailidis
contributed to the conception and design, drafting, and critical review
of the manuscript. Manfredi Rizzo contributed to the conception and
design, drafting, and critical review of the manuscript. Christos S.
Mantzoros contributed to the conception and design, drafting, and
critical review of the manuscript. All authors reviewed and approved
the final version of the manuscript.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this

article: EMM has given talks or attended conferences sponsored by
Novo Nordisk, Boehringer Ingelheim, AstraZeneca, Medtronic,
Merck Sharp & Dohme, Novartis, Sanofi and Servier. SV has given
talks or attended conferences sponsored by Eli Lilly, Novo Nordisk
and SANOFI. KZT has given talks or attended conferences sponsored
by Novo Nordisk, Medtronic, Boehringer Ingelheim and AstraZeneca.
Al receiving lecture fees from AstraZeneca, Boehringer Ingelheim,
Eli Lilly, Merck Sharp and Dohme, and Sanofi Pasteur Biologics and
advisory board fees and lecture fees from Novo Nordisk. DPM has
given talks, acted as a consultant or attended conferences sponsored by
Amgen and Novo Nordisk. MR has given lectures, received honoraria
and research support, and participated in conferences, advisory
boards, and clinical trials sponsored by several pharmaceutical com-
panies including Amgen, Astra Zeneca, Boehringer Ingelheim, Kowa,
Eli Lilly, Meda, Mylan, Merck Sharp & Dohme, Novo Nordisk,
Novartis, Roche Diagnostics, Sanofi, and Servier. CSM reports grants
through his institution from Merck and Boehringer Ingellheim, has
been a shareholder of and has received grants through his Institution
and personal consulting fees from Coherus Inc. and AltrixBio, he
reports personal consulting fees from Novo Nordisk, reports personal
consulting fees and support with research reagents from Ansh Inc.,
collaborative research support from LabCorp Inc., reports personal
consulting fees from Genfit, Lumos, Amgen, Corcept, Intercept, and
Regeneron, reports support (educational activity meals through his
institution or national conferences) from Amarin, Novo Nordisk, Astra
Zeneca, Boehringer Ingelheim and travel support and fees from
TMIOA, Elsevier, the California Walnut Commission, College Inter-
nationale Researche Servier and the Cardio Metabolic Health Confer-
ence. None is directly related to the work presented herein.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Emir M. Muzurovi¢
Manfredi Rizzo

https://orcid.org/0000-0003-2022-3298
https://orcid.org/0000-0002-9549-8504

References

1. GBD 2015 Obesity Collaborators, Afshin A, Forouzanfar MH,
et al. Health effects of overweight and obesity in 195 countries
over 25 years. N Engl J Med. 2017;377(1):13-27. doi:10.1056/
NEJMoal614362

2. Ansari S, Haboubi H, Haboubi N. Adult obesity complications:
challenges and clinical impact. Ther Adv Endocrinol Metab.
2020;11:2042018820934955. doi:10.1177/2042018820934955

3. Polyzos SA, Kountouras J, Mantzoros CS. Obesity and nonalco-
holic fatty liver disease: from pathophysiology to therapeutics.
Metabolism. 2019;92:82-97. doi:10.1016/j.metabol.2018.11.014

4. Muzurovi¢ E, Peng CCH, Belanger MJ, Sanoudou D, Mikhailidis
DP, Mantzoros CS. Nonalcoholic fatty liver disease and cardio-
vascular disease: a review of shared cardiometabolic risk factors.
Hypertension. 2022;79(7):1319-1326. doi:10.1161/HYPERTEN-
SIONAHA.122.17982

5. Younossi ZM, Golabi P, de Avila L, et al. The global epidemiol-
ogy of NAFLD and NASH in patients with type 2 diabetes: a
systematic review and meta-analysis. J Hepatol. 2019;71(4):
793-801. doi:10.1016/j.jhep.2019.06.021


https://orcid.org/0000-0003-2022-3298
https://orcid.org/0000-0003-2022-3298
https://orcid.org/0000-0003-2022-3298
https://orcid.org/0000-0002-9549-8504
https://orcid.org/0000-0002-9549-8504
https://orcid.org/0000-0002-9549-8504

Muzurovic et al

15

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Portillo-Sanchez P, Bril F, Maximos M, et al. High prevalence of
nonalcoholic fatty liver disease in patients with type 2 diabetes
mellitus and normal plasma aminotransferase levels. J Clin Endo-
crinol Metab. 2015;100(6):2231-2238. doi:10.1210/j¢.2015-1966

. Ajmal MR, Yaccha M, Malik MA, et al. Prevalence of nonalco-

holic fatty liver disease (NAFLD) in patients of cardiovascular
diseases and its association with hs-CRP and TNF-a. Indian Heart
J. 2014;66(6):574-579. doi:10.1016/j.ihj.2014.08.006

. Polyzos SA, Mantzoros CS. Making progress in nonalcoholic

fatty liver disease (NAFLD) as we are transitioning from the era
of NAFLD to dys-metabolism associated fatty liver disease
(DAFLD). Metabolism. 2020;111:154318. doi:10.1016/j.meta-
b01.2020.154318

. Meroni M, Longo M, Rustichelli A, Dongiovanni P. Nutrition and

genetics in NAFLD: the perfect binomium. /nt J Mol Sci. 2020;
21(8):E2986. doi:10.3390/ijms21082986

Muzurovi¢ E, Mikhailidis DP, Mantzoros C. Non-alcoholic fatty
liver disease, insulin resistance, metabolic syndrome and their
association with vascular risk. Metabolism. 2021;119:154770.
doi:10.1016/j.metabol.2021.154770

Angelidi AM, Papadaki A, Nolen-Doerr E, Boutari C, Mantzoros
CS. The effect of dietary patterns on non-alcoholic fatty liver
disease diagnosed by biopsy or magnetic resonance in adults: a
systematic review of randomised controlled trials. Metabolism.
2022;129:155136. doi:10.1016/j.metabol.2022.155136
Méndez-Sanchez N, Bugianesi E, Gish RG, et al. Global multi-
stakeholder endorsement of the MAFLD definition. Lancet
Gastroenterol Hepatol. 2022;7(5):388-390. doi:10.1016/S2468-
1253(22)00062-0

Valenzuela-Vallejo L, Mantzoros CS. Time to transition from a
negative nomenclature describing what NAFLD is not, to a novel,
pathophysiology-based, umbrella classification of fatty liver dis-
ease (FLD). Metabolism. 2022;134:155246. doi:10.1016/j.meta-
bo1.2022.155246

Przybyszewski EM, Targher G, Roden M, Corey KE. Nonalco-
holic fatty liver disease and cardiovascular disease. Clin Liver Dis
(Hoboken). 2021;17(1):19-22. doi:10.1002/cld.1017

U.S. Food and Drug Administration. Clinical perspectives on
FDA. Guidance for Industry: Diabetes Mellitus: Evaluating CV
risk in new Anti-Diabetic Therapies to Treat T2DM. Diabetes
Mellitus. 8. Published online 2008. Accessed November 18,
2022. https://www.fda.gov/media/71297/download

Muzurovi¢ E, Dragni¢ S, Medenica S, Smolovi¢ B, Bulaji¢ P,
Mikhailidis DP. Weight-centric pharmacological management
of type 2 diabetes mellitus—an essential component of cardiovas-
cular disease prevention. J Diabetes Complications. 2020;34(8):
107619. doi:10.1016/j.jdiacomp.2020.107619

Muzurovi¢ E, Mikhailidis DP. Impact of glucagon-like peptide 1
receptor agonists and sodium-glucose transport protein 2 inhibi-
tors on blood pressure and lipid profile. Expert Opin Pharmac-
other. 2020;21(17):2125-2135. doi:10.1080/14656566.2020.
1795132

Marso SP, Daniels GH, Brown-Frandsen K, et al. Liraglutide and
cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2016;
375(4):311-322. doi:10.1056/NEJMoal603827

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Marso SP, Bain SC, Consoli A, et al. Semaglutide and cardiovas-
cular outcomes in patients with type 2 diabetes. N Engl J Med.
2016;375(19):1834-1844. doi:10.1056/NEJMoal1607141
Gerstein HC, Colhoun HM, Dagenais GR, et al. Dulaglutide and
cardiovascular outcomes in type 2 diabetes (REWIND): a double-
blind, randomised placebo-controlled trial. Lancet. 2019;
394(10193):121-130. doi:10.1016/S0140-6736(19)31149-3
Husain M, Birkenfeld AL, Donsmark M, et al. Oral semaglutide
and cardiovascular outcomes in patients with type 2 diabetes. N
EnglJ Med. 2019;381(9):841-851. doi:10.1056/NEJMoa1901118
Muzurovi¢ EM, Vujosevi¢ S, Mikhailidis DP. Can we decrease
epicardial and pericardial fat in patients with diabetes? J Cardi-
ovasc Pharmacol Ther. 2021;26(5):415-436. doi:10.1177/
10742484211006997

Muzurovi¢ EM, Mikhailidis DP. Diabetes mellitus and noncar-
diac atherosclerotic vascular disease-pathogenesis and pharmaco-
logical treatment options. J Cardiovasc Pharmacol Ther. 2021;
26(1):25-39. doi:10.1177/1074248420941675

Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutz-
feldt W. Preserved incretin activity of glucagon-like peptide 1
[7-36 amide] but not of synthetic human gastric inhibitory poly-
peptide in patients with type-2 diabetes mellitus. J Clin Invest.
1993;91(1):301-307. doi:10.1172/JCI116186

Johansen MY, MacDonald CS, Hansen KB, et al. Effect of an
intensive lifestyle intervention on glycemic control in patients
with type 2 diabetes: a randomized clinical trial. JAMA. 2017;
318(7):637-646. doi:10.1001/jama.2017.10169

Christensen M, Vedtofte L, Holst JJ, Vilsbell T, Knop FK.
Glucose-dependent insulinotropic polypeptide: a bifunctional
glucose-dependent regulator of glucagon and insulin secretion
in humans. Diabetes. 2011;60(12):3103-3109. doi:10.2337/
db11-0979

Rosenstock J, Wysham C, Frias JP, et al. Efficacy and safety of a
novel dual GIP and GLP-1 receptor agonist tirzepatide in patients
with type 2 diabetes (SURPASS-1): a double-blind, randomised,
phase 3 trial. Lancet. 2021;398(10295):143-155. doi:10.1016/
S0140-6736(21)01324-6

Drucker DJ, Nauck MA. The incretin system: glucagon-like
peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors
in type 2 diabetes. Lancet. 2006;368(9548):1696-1705. doi:10.
1016/S0140-6736(06)69705-5

Campbell JE, Drucker DJ. Pharmacology, physiology, and
mechanisms of incretin hormone action. Cell Metab. 2013;
17(6):819-837. doi:10.1016/j.cmet.2013.04.008

Rameshrad M, Razavi BM, Lalau JD, De Broe ME, Hosseinzadeh
H. An overview of glucagon-like peptide-1 receptor agonists for
the treatment of metabolic syndrome: a drug repositioning. lran J
Basic Med Sci. 2020;23(5):556-568. doi:10.22038/ijbms.2020.
41638.9832

Stonehouse A, Okerson T, Kendall D, Maggs D. Emerging incre-
tin based therapies for type 2 diabetes: incretin mimetics and
DPP-4 inhibitors. Curr Diabetes Rev. 2008;4(2):101-109. doi:
10.2174/157339908784220705

Drucker DJ. Glucagon-like peptide-1 and the islet beta-cell: aug-
mentation of cell proliferation and inhibition of apoptosis. Endo-
crinology. 2003;144(12):5145-5148. doi:10.1210/en.2003-1147


http://.fda.gov/media/71297/download

Journal of Cardiovascular Pharmacology and Therapeutics

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hare KJ, Vilsbell T, Asmar M, Deacon CF, Knop FK, Holst JJ.
The glucagonostatic and insulinotropic effects of glucagon-like
peptide 1 contribute equally to its glucose-lowering action. Dia-
betes. 2010;59(7):1765-1770. doi:10.2337/db09-1414

Gupta NA, Kolachala VL, Jiang R, et al. The glucagon-like
peptide-1 receptor agonist Exendin 4 has a protective role in
ischemic injury of lean and steatotic liver by inhibiting cell death
and stimulating lipolysis. Am J Pathol. 2012;181(5):1693-1701.
doi:10.1016/j.ajpath.2012.07.015

Vilsbell T. On the role of the incretin hormones GIP and GLP-1 in
the pathogenesis of type 2 diabetes mellitus. Dan Med Bull. 2004;
51(4):364-370.

Hernandez AF, Green JB, Janmohamed S, et al. Albiglutide and
cardiovascular outcomes in patients with type 2 diabetes and
cardiovascular disease (Harmony Outcomes): a double-blind, ran-
domised placebo-controlled trial. Lancet. 2018;392(10157):
1519-1529. doi:10.1016/S0140-6736(18)32261-X

Kadouh H, Chedid V, Halawi H, et al. GLP-1 analog modulates
appetite, taste preference, gut hormones, and regional body fat
stores in adults with obesity. J Clin Endocrinol Metab. 2020;
105(5):dgz140. doi:10.1210/clinem/dgz140

Drucker DJ. The cardiovascular biology of glucagon-like peptide-
1. Cell Metab. 2016;24(1):15-30. doi:10.1016/j.cmet.2016.06.009
Blundell J, Finlayson G, Axelsen M, et al. Effects of once-weekly
semaglutide on appetite, energy intake, control of eating, food
preference and body weight in subjects with obesity. Diabetes
Obes Metab. 2017;19(9):1242-1251. doi:10.1111/dom.12932
Drucker DJ. GLP-1 physiology informs the pharmacotherapy of
obesity. Mol Metab. 2022;57:101351. doi:10.1016/j.molmet.
2021.101351

Crajoinas RO, Oricchio FT, Pessoa TD, et al. Mechanisms med-
iating the diuretic and natriuretic actions of the incretin hormone
glucagon-like peptide-1. Am J Physiol Renal Physiol. 2011;
301(2):F355-363. doi:10.1152/ajprenal.00729.2010

Patel VI, Joharapurkar AA, Shah GB, Jain MR. Effect of GLP-1
based therapies on diabetic dyslipidemia. Curr Diabetes Rev.
2014;10(4):238-250. doi:10.2174/1573399810666140707092506
Vekic J, Zeljkovic A, Al Rasadi K, et al. A new look at novel
cardiovascular risk biomarkers: the role of atherogenic lipopro-
teins and innovative antidiabetic therapies. Metabolites. 2022;
12(2):108. doi:10.3390/metabo12020108

Nikolic D, Giglio RV, Rizvi AA, et al. Liraglutide reduces carotid
intima-media thickness by reducing small dense low-density lipo-
proteins in a real-world setting of patients with type 2 diabetes: a
novel anti-atherogenic effect. Diabetes Ther. 2021;12(1):
261-274. doi:10.1007/s13300-020-00962-3

Anholm C, Kumarathurai P, Pedersen LR, et al. Liraglutide in
combination with metformin may improve the atherogenic lipid
profile and decrease C-reactive protein level in statin treated
obese patients with coronary artery disease and newly diagnosed
type 2 diabetes: a randomized trial. Atherosclerosis. 2019;288:
60-66. doi:10.1016/j.atherosclerosis.2019.07.007

Mikhailidis DP, Elisaf M, Rizzo M, et al. “European panel on low
density lipoprotein (LDL) subclasses”: a statement on the patho-
physiology, atherogenicity and clinical significance of LDL

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

subclasses. Curr Vasc Pharmacol. 2011;9(5):533-571. doi:10.
2174/157016111796642661

Kieffer TJ, Habener JF. The glucagon-like peptides. Endocr Rev.
1999;20(6):876-913. doi:10.1210/edrv.20.6.0385

Jin T, Weng J. Hepatic functions of GLP-1 and its based drugs:
current disputes and perspectives. Am J Physiol Endocrinol
Metab. 2016;311(3):E620-E627. doi:10.1152/ajpendo.00069.
2016

Kristensen SL, Rerth R, Jhund PS, et al. Cardiovascular, mortal-
ity, and kidney outcomes with GLP-1 receptor agonists in patients
with type 2 diabetes: a systematic review and meta-analysis of
cardiovascular outcome trials. Lancet Diabetes Endocrinol. 2019;
7(10):776-785. doi:10.1016/S2213-8587(19)30249-9

Davies MJ, Aroda VR, Collins BS, et al. Management of hyper-
glycaemia in type 2 diabetes, 2022. A consensus report by the
American Diabetes Association (ADA) and the European Asso-
ciation for the Study of Diabetes (EASD). Diabetologia. 2022;
65(12):1925-1966. doi:10.1007/s00125-022-05787-2

Ma X, Liu Z, Ilyas 1, et al. GLP-1 receptor agonists (GLP-1Ras):
cardiovascular actions and therapeutic potential. /nt J Biol Sci.
2021;17(8):2050-2068. doi:10.7150/ijbs.59965

Rizzo M, Nikolic D, Patti AM, et al. GLP-1 receptor agonists and
reduction of cardiometabolic risk: potential underlying mechan-
isms. Biochim Biophys Acta Mol Basis Dis. 2018;1864(9 Pt B):
2814-2821. doi:10.1016/j.bbadis.2018.05.012

Hussein H, Zaccardi F, Khunti K, et al. Efficacy and tolerability
of sodium-glucose co-transporter-2 inhibitors and glucagon-like
peptide-1 receptor agonists: a systematic review and network
meta-analysis. Diabetes Obes Metab. 2020;22(7):1035-1046.
doi:10.1111/dom.14008

Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner TI.
Gastric inhibitory polypeptide receptor, a member of the
secretin-vasoactive intestinal peptide receptor family, is widely
distributed in peripheral organs and the brain. Endocrinology.
1993;133(6):2861-2870. doi:10.1210/endo.133.6.8243312

Meier JJ, Gallwitz B, Siepmann N, et al. Gastric inhibitory poly-
peptide (GIP) dose-dependently stimulates glucagon secretion in
healthy human subjects at euglycaemia. Diabetologia. 2003;
46(6):798-801. doi:10.1007/s00125-003-1103-y

Seghieri M, Christensen AS, Andersen A, Solini A, Knop FK,
Vilsbell T. Future perspectives on GLP-1 receptor agonists and
GLP-1/glucagon receptor co-agonists in the treatment of NAFLD.
Front Endocrinol (Lausanne). 2018;9:649. doi:10.3389/fendo.
2018.00649

Thondam SK, Daousi C, Wilding JPH, et al. Glucose-dependent
insulinotropic polypeptide promotes lipid deposition in subcuta-
neous adipocytes in obese type 2 diabetes patients: a maladaptive
response. Am J Physiol Endocrinol Metab. 2017;312(3):
E224-E233. doi:10.1152/ajpendo.00347.2016

Bergmann NC, Lund A, Gasbjerg LS, et al. Effects of combined
GIP and GLP-1 infusion on energy intake, appetite and energy
expenditure in overweight/obese individuals: a randomised,
crossover study. Diabetologia. 2019;62(4):665-675. doi:10.
1007/s00125-018-4810-0

Meier JJ, Goetze O, Anstipp J, et al. Gastric inhibitory polypep-
tide does not inhibit gastric emptying in humans. Am J Physiol



Muzurovic et al

17

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Endocrinol Metab. 2004;286(4):E621-E625. doi:10.1152/
ajpendo.00499.2003

Gogebakan O, Osterhoff MA, Schiiler R, et al. GIP increases
adipose tissue expression and blood levels of MCP-1 in humans
and links high energy diets to inflammation: a randomised trial.
Diabetologia. 2015;58(8):1759-1768. doi:10.1007/s00125-015-
3618-4

Asmar M, Simonsen L, Arngrim N, Holst JJ, Dela F, Biilow J.
Glucose-dependent insulinotropic polypeptide has impaired effect
on abdominal, subcutaneous adipose tissue metabolism in obese
subjects. Int J Obes (Lond).2014;38(2):259-265. doi:10.1038/ijo.
2013.73

Asmar M, Arngrim N, Simonsen L, et al. The blunted effect of
glucose-dependent insulinotropic polypeptide in subcutaneous
abdominal adipose tissue in obese subjects is partly reversed by
weight loss. Nutr Diabetes. 2016;6(5):¢208. doi:10.1038/nutd.
2016.15

Kaneko K, Fu Y, Lin HY, et al. Gut-derived GIP activates central
Rapl to impair neural leptin sensitivity during overnutrition. J
Clin Invest. 2019;129(9):3786-3791. doi:10.1172/JCI1126107
Thondam SK, Cuthbertson DJ, Wilding JPH. The influence of
glucose-dependent insulinotropic polypeptide (GIP) on human
adipose tissue and fat metabolism: implications for obesity, type
2 diabetes and non-alcoholic fatty liver disease (NAFLD). Pep-
tides. 2020;125:170208. doi:10.1016/j.peptides.2019.170208
Campbell JE. Targeting the GIPR for obesity: to agonize or antag-
onize? Potential mechanisms. Mol Metab. 2021;46:101139. doi:
10.1016/j.molmet.2020.101139

Sanchez-Garrido MA, Brandt SJ, Clemmensen C, Miiller TD,
DiMarchi RD, Tschop MH. GLP-1/glucagon receptor co-
agonism for treatment of obesity. Diabetologia. 2017;60(10):
1851-1861. doi:10.1007/s00125-017-4354-8

Finan B, Yang B, Ottaway N, et al. A rationally designed mono-
meric peptide triagonist corrects obesity and diabetes in rodents.
Nat Med. 2015;21(1):27-36. doi:10.1038/nm.3761

Jall S, Sachs S, Clemmensen C, et al. Monomeric GLP-1/GIP/
glucagon triagonism corrects obesity, hepatosteatosis, and dysli-
pidemia in female mice. Mol Metab. 2017;6(5):440-446. doi:10.
1016/j.molmet.2017.02.002

Kahles F, Liberman A, Halim C, et al. The incretin hormone GIP
is upregulated in patients with atherosclerosis and stabilizes pla-
ques in ApoE-/- mice by blocking monocyte/macrophage activa-
tion. Mol Metab. 2018;14:150-157. doi:10.1016/j.molmet.2018.
05.014

Yip RG, Boylan MO, Kieffer TJ, Wolfe MM. Functional GIP
receptors are present on adipocytes. Endocrinology. 1998;
139(9):4004-4007. doi:10.1210/endo.139.9.6288

Weaver RE, Donnelly D, Wabitsch M, Grant PJ, Balmforth AJ.
Functional expression of glucose-dependent insulinotropic poly-
peptide receptors is coupled to differentiation in a human adipo-
cyte model. Int J Obes (Lond). 2008;32(11):1705-1711. doi:10.
1038/ij0.2008.148

Falko JM, Crockett SE, Cataland S, Mazzaferri EL. Gastric inhi-
bitory polypeptide (GIP) stimulated by fat ingestion in man. J
Clin Endocrinol Metab. 1975;41(2):260-265. doi:10.1210/jcem-
41-2-260

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sirinek KR, Crockett SE, Mazzaferri EL, Cataland S, Thomford
NR. Release of gastric inhibitory polypeptide: comparison of glu-
cose and fat as stimuli. Surg Forum. 1974;25(0):361-363.

Eckel RH, Fujimoto WY, Brunzell JD. Gastric inhibitory poly-
peptide enhanced lipoprotein lipase activity in cultured preadipo-
cytes. Diabetes. 1979;28(12):1141-1142. doi:10.2337/diab.28.12.
1141

Flatt PR. Dorothy Hodgkin lecture 2008. Gastric inhibitory
polypeptide (GIP) revisited: a new therapeutic target for obe-
sity-diabetes? Diabet Med. 2008;25(7):759-764. doi:10.1111/j.
1464-5491.2008.02455.x

McClean PL, Irwin N, Cassidy RS, Holst JJ, Gault VA, Flatt PR.
GIP receptor antagonism reverses obesity, insulin resistance, and
associated metabolic disturbances induced in mice by prolonged
consumption of high-fat diet. Am J Physiol Endocrinol Metab.
2007;293(6):E1746-E1755. doi:10.1152/ajpendo.00460.2007
Pfeiffer AFH, Keyhani-Nejad F. High glycemic index metabolic
damage—a pivotal role of GIP and GLP-1. Trends Endocrinol
Metab. 2018;29(5):289-299. do0i:10.1016/j.tem.2018.03.003
Keyhani-Nejad F, Irmler M, Isken F, et al. Nutritional strategy to
prevent fatty liver and insulin resistance independent of obesity
by reducing glucose-dependent insulinotropic polypeptide
responses in mice. Diabetologia. 2015;58(2):374-383. doi:10.
1007/s00125-014-3423-5

Ussher JR, Campbell JE, Mulvihill EE, et al. Inactivation of the
glucose-dependent insulinotropic polypeptide receptor improves
outcomes following experimental myocardial infarction. Cell
Metab. 2018;27(2):450-460.¢6. doi:10.1016/j.cmet.2017.11.003
Hirano T, Mori Y. Anti-atherogenic and anti-inflammatory prop-
erties of glucagon-like peptide-1, glucose-dependent insulinotro-
pic polypepide, and dipeptidyl peptidase-4 inhibitors in
experimental animals. J Diabetes Investig. 2016;7(Suppl 1):
80-86. doi:10.1111/jdi.12446

Mori Y, Matsui T, Hirano T, Yamagishi SI. GIP as a potential
therapeutic target for atherosclerotic cardiovascular disease—a
systematic review. Int J Mol Sci. 2020;21(4):E1509. doi:10.
3390/ijms21041509

Muzurovi¢ E, Coji¢ M, Stankovi¢ Z, Janez A. Epicardial adipocyte-
derived TNF-o0 modulates local inflammation in patients with
advanced coronary artery disease. Curr Vasc Pharmacol. 2022;
20(1):94-95. doi:10.2174/157016112001211228145754

Muzurovi¢ E, Stankovi¢ Z, Kovacevic¢ Z, ékrijelj BS, Mikhailidis
DP. Inflammatory markers associated with diabetes mellitus—old
and new players. Curr Pharm Des. 2021;27(27):3020-3035. doi:
10.2174/1381612826666201125103047

Christensen MB, Lund A, Calanna S, et al. Glucose-dependent
insulinotropic polypeptide (GIP) inhibits bone resorption inde-
pendently of insulin and glycemia. J Clin Endocrinol Metab.
2018;103(1):288-294. doi:10.1210/jc.2017-01949

Christensen M, Calanna S, Sparre-Ulrich AH, et al. Glucose-
dependent insulinotropic polypeptide augments glucagon
responses to hypoglycemia in type 1 diabetes. Diabetes. 2015;
64(1):72-78. doi:10.2337/db14-0440

Skov-Jeppesen K, Svane MS, Martinussen C, et al. GLP-2 and
GIP exert separate effects on bone turnover: a randomized,



Journal of Cardiovascular Pharmacology and Therapeutics

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

placebo-controlled, crossover study in healthy young men. Bone.
2019;125:178-185. doi:10.1016/j.bone.2019.05.014

Wice BM, Reeds DN, Tran HD, et al. Xenin-25 amplifies GIP-
mediated insulin secretion in humans with normal and impaired
glucose tolerance but not type 2 diabetes. Diabetes. 2012;61(7):
1793-1800. doi:10.2337/db11-1451

Ding X, Saxena NK, Lin S, Gupta NA, Gupta N, Anania FA.
Exendin-4, a glucagon-like protein-1 (GLP-1) receptor agonist,
reverses hepatic steatosis in ob/ob mice. Hepatology. 2006;43(1):
173-181. doi:10.1002/hep.21006

Mori Y, Kushima H, Koshibu M, et al. Glucose-dependent insu-
linotropic polypeptide suppresses peripheral arterial remodeling
in male mice. Endocrinology. 2018;159(7):2717-2732. doi:10.
1210/en.2018-00336

Timper K, Grisouard J, Sauter NS, et al. Glucose-dependent insu-
linotropic polypeptide induces cytokine expression, lipolysis, and
insulin resistance in human adipocytes. Am J Physiol Endocrinol
Metab. 2013;304(1): E1-13. doi:10.1152/ajpendo.00100.2012
Goralska J, Razny U, Polus A, et al. Pro-inflammatory gene
expression profile in obese adults with high plasma GIP levels.
Int J Obes (Lond). 2018;42(4):826-834. doi:10.1038/ij0.2017.305
Berglund LM, Lyssenko V, Ladenvall C, et al. Glucose-
dependent insulinotropic polypeptide stimulates osteopontin
expression in the vasculature via endothelin-1 and CREB. Dia-
betes. 2016;65(1):239-254. doi:10.2337/db15-0122

Nogi Y, Nagashima M, Terasaki M, Nohtomi K, Watanabe T,
Hirano T. Glucose-dependent insulinotropic polypeptide prevents
the progression of macrophage-driven atherosclerosis in diabetic
apolipoprotein E-null mice. PLoS One. 2012;7(4):¢35683. doi:10.
1371/journal.pone.0035683

Nagashima M, Watanabe T, Terasaki M, et al. Native incretins
prevent the development of atherosclerotic lesions in apolipopro-
tein E knockout mice. Diabetologia. 2011;54(10):2649-2659. doi:
10.1007/s00125-011-2241-2

April-Sanders AK, Rodriguez CJ. Metabolically healthy obesity
redefined. JAMA Network Open. 2021;4(5):¢218860. doi:10.
1001/jamanetworkopen.2021.8860

Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zuiiga
FA. Association between insulin resistance and the development
of cardiovascular disease. Cardiovasc Diabetol. 2018;17(1):122.
doi:10.1186/512933-018-0762-4

Lingvay I, Sumithran P, Cohen RV, le Roux CW. Obesity man-
agement as a primary treatment goal for type 2 diabetes: time to
reframe the conversation. Lancet. 2022;399(10322):394-405. doi:
10.1016/S0140-6736(21)01919-X

American Diabetes Association Professional Practice Committee.
3. Prevention or delay of type 2 diabetes and associated comor-
bidities: standards of medical care in diabetes—2022. Diabetes
Care. 2021;45(suppl 1):S39-S45. doi:10.2337/dc22-S003

Lean ME, Leslie WS, Barnes AC, et al. Primary care-led weight
management for remission of type 2 diabetes (DiRECT): an open-
label, cluster-randomised trial. Lancet. 2018;391(10120):
541-551. doi:10.1016/S0140-6736(17)33102-1

100. Jensterle M, Janez A. Glucagon like peptide 1 receptor agonists

in the treatment of obesity. Horm Res Paediatr. 2021. doi:10.
1159/000521264

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Rosenstock J, Klaff LJ, Schwartz S, et al. Effects of exenatide
and lifestyle modification on body weight and glucose tolerance
in obese subjects with and without pre-diabetes. Diabetes Care.
2010;33(6):1173-1175. doi:10.2337/dc09-1203

Wilding JPH, Batterham RL, Calanna S, et al. Once-weekly
semaglutide in adults with overweight or obesity. N Engl J Med.
2021;384(11):989-1002. doi:10.1056/NEJMo0a2032183
Muzurovi¢ E, Rizzo M, Mikhailidis DP. Obesity and nonalco-
holic fatty liver disease in type 1 diabetes mellitus patients. J
Diabetes Complications. 2022;36(12):108359.

Guyton J, Jeon M, Brooks A. Glucagon-like peptide 1 receptor
agonists in type 1 diabetes mellitus. Am J Health Syst Pharm.
2019;76(21):1739-1748. doi:10.1093/ajhp/zxz179

Rizvi AA, Rizzo M. The emerging role of dual GLP-1 and GIP
receptor agonists in glycemic management and cardiovascular
risk reduction. Diabetes Metab Syndr Obes. 2022;15:1023-1030.
doi:10.2147/DMS0.S351982

Jastreboff AM, Aronne LJ, Ahmad NN, et al. Tirzepatide once
weekly for the treatment of obesity. N Engl J Med. 2022;387(3):
205-216. doi:10.1056/NEJM0a2206038

Samms RJ, Coghlan MP, Sloop KW. How may GIP enhance the
therapeutic efficacy of GLP-1? Trends Endocrinol Metab. 2020;
31(6):410-421. doi:10.1016/j.tem.2020.02.006

Patti AM, Nikolic D, Magan-Fernandez A, et al. Exenatide once-
weekly improves metabolic parameters, endothelial dysfunction
and carotid intima-media thickness in patients with type-2 dia-
betes: an 8-month prospective study. Diabetes Res Clin Pract.
2019;149:163-169. doi:10.1016/j.diabres.2019.02.006

Dushay J, Gao C, Gopalakrishnan GS, et al. Short-term exena-
tide treatment leads to significant weight loss in a subset of obese
women without diabetes. Diabetes Care. 2012;35(1):4-11. doi:
10.2337/dc11-0931

Khera R, Murad MH, Chandar AK, et al. Association of phar-
macological treatments for obesity with weight loss and adverse
events: a systematic review and meta-analysis. JAMA. 2016;
315(22):2424-2434. doi:10.1001/jama.2016.7602

Pi-Sunyer X, Astrup A, Fujioka K, et al. A randomized, con-
trolled trial of 3.0 mg of liraglutide in weight management. N
Engl J Med. 2015;373(1):11-22. doi:10.1056/NEJMoal411892
le Roux CW, Astrup A, Fujioka K, et al. 3 years of liraglutide
versus placebo for type 2 diabetes risk reduction and weight
management in individuals with prediabetes: a randomised,
double-blind trial. Lancet. 2017;389(10077):1399-1409. doi:
10.1016/S0140-6736(17)30069-7

Kim SH, Abbasi F, Lamendola C, et al. Benefits of liraglutide
treatment in overweight and obese older individuals with pre-
diabetes. Diabetes Care. 2013;36(10):3276-3282. doi:10.2337/
dc13-0354

O’Neil PM, Birkenfeld AL, McGowan B, et al. Efficacy and
safety of semaglutide compared with liraglutide and placebo for
weight loss in patients with obesity: a randomised, double-blind,
placebo and active controlled, dose-ranging, phase 2 trial. Lan-
cet. 2018;392(10148):637-649.  doi:10.1016/S0140-
6736(18)31773-2

Rubino D, Abrahamsson N, Davies M, et al. Effect of continued
weekly subcutaneous semaglutide vs placebo on weight loss



Muzurovic et al

19

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

maintenance in adults with overweight or obesity: the step 4
randomized clinical trial. JAMA. 2021;325(14):1414-1425. doi:
10.1001/jama.2021.3224

Wadden TA, Bailey TS, Billings LK, et al. Effect of subcuta-
neous semaglutide vs placebo as an adjunct to intensive beha-
vioral therapy on body weight in adults with overweight or
obesity: the STEP 3 randomized clinical trial. JAMA. 2021;
325(14):1403-1413. doi:10.1001/jama.2021.1831

Perreault L, Davies M, Frias JP, et al. Changes in glucose meta-
bolism and glycemic status with once-weekly subcutaneous
semaglutide 2.4 mg among participants with prediabetes in the
STEP program. Diabetes Care. 2022;45(10):2396-2405. doi:10.
2337/dc21-1785

Commissioner O of the. FDA approves novel, dual-targeted
treatment for type 2 diabetes. FDA. Published May 13, 2022.
Accessed November 18, 2022. https://www.fda.gov/news-
events/press-announcements/fda-approves-novel-dual-targeted-
treatment-type-2-diabetes

Lilly receives U.S. FDA Fast Track designation for tirzepatide
for the treatment of adults with obesity, or overweight with
weight-related comorbidities | Eli Lilly and Company. Published
October 6, 2022. Accessed November 18, 2022. https://investor.
lilly.com/news-releases/news-release-details/lilly-receives-us-
fda-fast-track-designation-tirzepatide

Thomas MK, Nikooienejad A, Bray R, et al. Dual GIP and GLP-
1 receptor agonist tirzepatide improves beta-cell function and
insulin sensitivity in type 2 diabetes. J Clin Endocrinol Metab.
2020;106(2):388-396. doi:10.1210/clinem/dgaa863

Garvey WT, Birkenfeld AL, Dicker D, et al. Efficacy and safety
of liraglutide 3.0 mg in individuals with overweight or obesity
and type 2 diabetes treated with basal insulin: the scale insulin
randomized controlled trial. Diabetes Care. 2020;43(5):
1085-1093. doi:10.2337/dc19-1745

Davies MJ, Bergenstal R, Bode B, et al. Efficacy of liraglutide
for weight loss among patients with type 2 diabetes: the SCALE
diabetes randomized clinical trial. JAMA. 2015;314(7):687-699.
doi:10.1001/jama.2015.9676

Knowler WC, Barrett-Connor E, Fowler SE, et al. Reduction in
the incidence of type 2 diabetes with lifestyle intervention or
metformin. N Engl J Med. 2002;346(6):393-403. doi:10.1056/
NEJMoa012512

Haw JS, Galaviz KI, Straus AN, et al. Long-term sustainability
of diabetes prevention approaches: a systematic review and
meta-analysis of randomized clinical trials. JAMA Internal Med-
icine. 2017;177(12):1808-1817. doi:10.1001/jamainternmed.
2017.6040

Chiasson JL, Josse RG, Gomis R, et al. Acarbose for prevention
of type 2 diabetes mellitus: the STOP-NIDDM randomised trial.
Lancet. 2002;359(9323):2072-2077. doi:10.1016/S0140-
6736(02)08905-5

DREAM (Diabetes REduction Assessment with ramipril and
rosiglitazone Medication) Trial Investigators, Gerstein HC,
Yusuf S, et al. Effect of rosiglitazone on the frequency of dia-
betes in patients with impaired glucose tolerance or impaired
fasting glucose: a randomised controlled trial. Lancet. 2006;
368(9541):1096-1105. doi:10.1016/S0140-6736(06)69420-8

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

ORIGIN Trial Investigators, Gerstein HC, Bosch J, et al. Basal
insulin and cardiovascular and other outcomes in dysglycemia.
N Engl J Med. 2012;367(4):319-328. doi:10.1056/
NEJMo0al203858

Wittert G, Bracken K, Robledo KP, et al. Testosterone treatment
to prevent or revert type 2 diabetes in men enrolled in a lifestyle
programme (T4DM): a randomised, double-blind, placebo-
controlled, 2-year, phase 3b trial. Lancet Diabetes Endocrinol.
2021;9(1):32-45. doi:10.1016/S2213-8587(20)30367-3
Hemmingsen B, Sonne DP, Metzendorf MI, Richter B.
Dipeptidyl-peptidase (DPP)-4 inhibitors and glucagon-like pep-
tide (GLP)-1 analogues for prevention or delay of type 2 dia-
betes mellitus and its associated complications in people at
increased risk for the development of type 2 diabetes mellitus.
Cochrane Database Syst Rev. 2017;5(5):CD012204. doi:10.
1002/14651858.CD012204.pub2

Galaviz KI, Weber MB, Straus A, Haw JS, Narayan KMV, Ali
MK. Global diabetes prevention interventions: a systematic
review and network meta-analysis of the real-world impact on
incidence, weight, and glucose. Diabetes Care. 2018;41(7):
1526-1534. doi:10.2337/dc17-2222

Popovic DS, Rizzo M, Stokic E, Papanas N. New sub-
phenotyping of subjects at high risk of type 2 diabetes: what
are the potential clinical implications? Diabetes Ther. 2021;
12(6):1605-1611. doi:10.1007/s13300-021-01065-3

Htike ZZ, Zaccardi F, Papamargaritis D, Webb DR, Khunti K,
Davies MJ. Efficacy and safety of glucagon-like peptide-1
receptor agonists in type 2 diabetes: a systematic review and
mixed-treatment comparison analysis. Diabetes Obes Metab.
2017;19(4):524-536. doi:10.1111/dom.12849

Jensterle M, Rizzo M, Haluzik M, Janez A. Efficacy of GLP-1
RA approved for weight management in patients with or without
diabetes: a narrative review. Adv Ther. 2022;39(6):2452-2467.
doi:10.1007/512325-022-02153-x

Trujillo JM, Nuffer W, Smith BA. GLP-1 receptor agonists: an
updated review of head-to-head clinical studies. Ther Adv Endo-
crinol Metab. 2021;12:2042018821997320. doi:10.1177/
2042018821997320

Tsapas A, Karagiannis T, Kakotrichi P, et al. Comparative effi-
cacy of glucose-lowering medications on body weight and blood
pressure in patients with type 2 diabetes: a systematic review and
network meta-analysis. Diabetes Obes Metab. 2021;23(9):
2116-2124. doi:10.1111/dom.14451

Davies M, Ferch L, Jeppesen OK, et al. Semaglutide 2-4 mg
once a week in adults with overweight or obesity, and type 2
diabetes (STEP 2): a randomised, double-blind, double-dummy,
placebo-controlled, phase 3 trial. Lancet. 2021;397(10278):
971-984. doi:10.1016/S0140-6736(21)00213-0

Pratley RE, Aroda VR, Lingvay I, et al. Semaglutide versus
dulaglutide once weekly in patients with type 2 diabetes (SUS-
TAIN 7): a randomised, open-label, phase 3b trial. Lancet
Diabetes Endocrinol. 2018;6(4):275-286. doi:10.1016/S2213-
8587(18)30024-X

Dahl D, Onishi Y, Norwood P, et al. Effect of subcutaneous
tirzepatide vs placebo added to titrated insulin glargine on gly-
cemic control in patients with type 2 diabetes: the SURPASS-5


http://.fda.gov/news-events/press-announcements/fda-approves-novel-dual-targeted-treatment-type-2-diabetes
http://.fda.gov/news-events/press-announcements/fda-approves-novel-dual-targeted-treatment-type-2-diabetes
http://.fda.gov/news-events/press-announcements/fda-approves-novel-dual-targeted-treatment-type-2-diabetes
http://.lilly.com/news-releases/news-release-details/lilly-receives-us-fda-fast-track-designation-tirzepatide
http://.lilly.com/news-releases/news-release-details/lilly-receives-us-fda-fast-track-designation-tirzepatide
http://.lilly.com/news-releases/news-release-details/lilly-receives-us-fda-fast-track-designation-tirzepatide

20

Journal of Cardiovascular Pharmacology and Therapeutics

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

randomized clinical trial. JAMA. 2022;327(6):534-545. doi:10.
1001/jama.2022.0078

Frias JP, Davies MJ, Rosenstock J, et al. Tirzepatide versus
semaglutide once weekly in patients with type 2 diabetes. N Engl
J Med. 2021;385(6):503-515. doi:10.1056/NEJMo0a2107519
Emdin CA, Rahimi K, Neal B, Callender T, Perkovic V, Patel A.
Blood pressure lowering in type 2 diabetes: a systematic review
and meta-analysis. JAMA. 2015;313(6):603-615. doi:10.1001/
jama.2014.18574

Cholesterol Treatment Trialists’ (CTT) Collaboration, Baigent
C, Blackwell L, et al. Efficacy and safety of more intensive
lowering of LDL cholesterol: a meta-analysis of data from
170,000 participants in 26 randomised trials. Lancet. 2010;
376(9753):1670-1681. doi:10.1016/S0140-6736(10)61350-5
Dalsgaard NB, Vilsbell T, Knop FK. Effects of glucagon-like
peptide-1 receptor agonists on cardiovascular risk factors: a nar-
rative review of head-to-head comparisons. Diabetes Obes
Metab. 2018;20(3):508-519. doi:10.1111/dom.13128
Miyagawa J, Odawara M, Takamura T, Iwamoto N, Takita Y,
Imaoka T. Once-weekly glucagon-like peptide-1 receptor ago-
nist dulaglutide is non-inferior to once-daily liraglutide and
superior to placebo in Japanese patients with type 2 diabetes: a
26-week randomized phase III study. Diabetes Obes Metab.
2015;17(10):974-983. doi:10.1111/dom.12534

Ahmann AJ, Capehorn M, Charpentier G, et al. Efficacy and
safety of once-weekly semaglutide versus exenatide ER in sub-
jects with type 2 diabetes (SUSTAIN 3): a 56-week, open-label,
randomized clinical trial. Diabetes Care. 2018;41(2):258-266.
doi:10.2337/dc17-0417

Aroda VR, Rosenstock J, Terauchi Y, et al. PIONEER 1: rando-
mized clinical trial of the efficacy and safety of oral semaglutide
monotherapy in comparison with placebo in patients with type 2
diabetes. Diabetes Care. 2019;42(9):1724-1732. doi:10.2337/
dc19-0749

Berberich AJ, Hegele RA. Lipid effects of glucagon-like peptide
1 receptor analogs. Curr Opin Lipidol. 2021;32(3):191-199. doi:
10.1097/MOL.0000000000000750

Kolovou GD, Watts GF, Mikhailidis DP, et al. Postprandial
hypertriglyceridaemia revisited in the era of non-fasting lipid
profile testing: a 2019 expert panel statement, main text. Curr
Vasc Pharmacol. 2019;17(5):498-514. doi:10.2174/
1570161117666190507110519

Kolovou GD, Watts GF, Mikhailidis DP, et al. Postprandial
hypertriglyceridaemia revisited in the era of non-fasting lipid
profile testing: a 2019 expert panel statement, narrative review.
Curr Vasc Pharmacol. 2019;17(5):515-537. doi:10.2174/
1570161117666190503123911

Nikolic D, Patti AM, Giglio RV, et al. Liraglutide improved
cardiometabolic parameters more in obese than in non-obese
patients with type 2 diabetes: a real-world 18-month prospective
study. Diabetes Ther. 2022;13(3):453-464. doi:10.1007/s13300-
022-01217-z

Schwartz EA, Koska J, Mullin MP, Syoufi I, Schwenke DC,
Reaven PD. Exenatide suppresses postprandial elevations in
lipids and lipoproteins in individuals with impaired glucose tol-

erance and recent onset type 2 diabetes mellitus.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Atherosclerosis. 2010;212(1):217-222. doi:10.1016/j.athero-
sclerosis.2010.05.028

Tuttolomondo A, Cirrincione A, Casuccio A, et al. Efficacy of
dulaglutide on vascular health indexes in subjects with type 2
diabetes: a randomized trial. Cardiovasc Diabetol. 2021;20(1):1.
doi:10.1186/s12933-020-01183-5

Pratley R, Amod A, Hoff ST, et al. Oral semaglutide versus
subcutaneous liraglutide and placebo in type 2 diabetes (PIO-
NEER 4): a randomised, double-blind, phase 3a trial. Lancet.
2019;394(10192):39-50. doi:10.1016/S0140-6736(19)31271-1
Jani¢ M, Rizzo M, Cosentino F, et al. Effect of oral semaglutide
on cardiovascular parameters and their mechanisms in patients
with type 2 diabetes: rationale and design of the semaglutide
anti-atherosclerotic mechanisms of action study (SAMAS). Dia-
betes Ther. 2022;13(4):795-810. doi:10.1007/s13300-022-
01226-y

Wilson JM, Nikooienejad A, Robins DA, et al. The dual glucose-
dependent insulinotropic peptide and glucagon-like peptide-1
receptor agonist, tirzepatide, improves lipoprotein biomarkers
associated with insulin resistance and cardiovascular risk in
patients with type 2 diabetes. Diabetes Obes Metab. 2020;
22(12):2451-2459. doi:10.1111/dom.14174

Sattar N, McGuire DK, Pavo I, et al. Tirzepatide cardiovascular
event risk assessment: a pre-specified meta-analysis. Nat Med.
2022;28(3):1-8. doi:10.1038/s41591-022-01707-4

Rakipovski G, Rolin B, Nehr J, et al. The GLP-1 analogs liraglu-
tide and semaglutide reduce atherosclerosis in ApoE-/- and
LDLr-/- mice by a mechanism that includes inflammatory path-
ways. JACC Basic Transl Sci. 2018;3(6):844-857. doi:10.1016/j.
jacbts.2018.09.004

Muzurovi¢ E, Mikhailidis DP, Mantzoros C. Commentary: From
mice to men: in search for dietary interventions to form the
background on which pharmacotherapy for non-alcoholic fatty
liver disease should be based. Metabolism. 2020;109:154305.
doi:10.1016/j.metabol.2020.154305

Dhir G, Cusi K. Glucagon like peptide-1 receptor agonists for
the management of obesity and non-alcoholic fatty liver disease:
a novel therapeutic option. J Investig Med. 2018;66(1):7-10. doi:
10.1136/jim-2017-000554

Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and
management of nonalcoholic fatty liver disease: practice gui-
dance from the American Association for the study of liver dis-
eases. Hepatology. 2018;67(1):328-357. doi:10.1002/hep.29367
Gupta NA, Mells J, Dunham RM, et al. Glucagon-like peptide-1
receptor is present on human hepatocytes and has a direct role in
decreasing hepatic steatosis in vitro by modulating elements of
the insulin signaling pathway. Hepatology. 2010;51(5):
1584-1592. doi:10.1002/hep.23569

Svegliati-Baroni G, Saccomanno S, Rychlicki C, et al.
Glucagon-like peptide-1 receptor activation stimulates hepatic
lipid oxidation and restores hepatic signalling alteration induced
by a high-fat diet in nonalcoholic steatohepatitis. Liver Int.
2011;31(9):1285-1297. doi:10.1111/1.1478-3231.2011.02462.x
Bernsmeier C, Meyer-Gerspach AC, Blaser LS, et al. Glucose-
induced glucagon-like peptide 1 secretion is deficient in patients



Muzurovic et al

21

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

with non-alcoholic fatty liver disease. PLoS One. 2014;9(1):
e87488. doi:10.1371/journal.pone.0087488

Mantovani A, Petracca G, Beatrice G, Csermely A, Lonardo A,
Targher G.Glucagon-like peptide-1 receptor agonists for treatment
of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis:
an updated meta-analysis of randomized controlled trials. Metabo-
lites. 2021;11(2):73. doi:10.3390/metabo11020073
Valenzuela-Vallejo L, Guatibonza-Garcia V, Mantzoros CS.
Recent guidelines for non-alcoholic fatty liver disease
(NAFLD)/fatty liver disease (FLD): are they already outdated
and in need of supplementation? Metabolism. 2022;136:155248.
doi:10.1016/j.metabol.2022.155248

Panjwani N, Mulvihill EE, Longuet C, et al. GLP-1 receptor
activation indirectly reduces hepatic lipid accumulation but does
not attenuate development of atherosclerosis in diabetic male
ApoE(-/-) mice. Endocrinology. 2013;154(1):127-139. doi:10.
1210/en.2012-1937

Pyke C, Heller RS, Kirk RK, et al. GLP-1 receptor localization
in monkey and human tissue: novel distribution revealed with
extensively validated monoclonal antibody. Endocrinology.
2014;155(4):1280-1290. doi:10.1210/en.2013-1934

Ao N, Yang J, Wang X, Du J. Glucagon-like peptide-1 preserves
non-alcoholic fatty liver disease through inhibition of the endo-
plasmic reticulum stress-associated pathway. Hepatol Res. 2016;
46(4):343-353. doi:10.1111/hepr.12551

Lee J, Hong SW, Chae SW, et al. Exendin-4 improves steatohe-
patitis by increasing Sirtl expression in high-fat diet-induced
obese C57BL/6J mice. PLoS One. 2012;7(2): €31394. doi:10.
1371/journal.pone.0031394

Dutour A, Abdesselam I, Ancel P, et al. Exenatide decreases
liver fat content and epicardial adipose tissue in patients with
obesity and type 2 diabetes: a prospective randomized clinical
trial using magnetic resonance imaging and spectroscopy. Dia-
betes Obes Metab. 2016;18(9):882-891. doi:10.1111/dom.12680
Armstrong MJ, Gaunt P, Aithal GP, et al. Liraglutide safety and
efficacy in patients with non-alcoholic steatohepatitis (LEAN): a
multicentre, double-blind, randomised, placebo-controlled phase
2 study. Lancet. 2016;387(10019):679-690. doi:10.1016/S0140-
6736(15)00803-X

Fressing S, Nylander M, Chabanova E, et al. Effect of liraglutide
on ectopic fat in polycystic ovary syndrome: a randomized clin-
ical trial. Diabetes Obes Metab. 2018;20(1):215-218. doi:10.
1111/dom.13053

Katsiki N, Athyros VG, Karagiannis A, Mikhailidis DP. Sema-
glutide, lipid-lowering drugs, and NAFLD. Lancet Diabetes
Endocrinol.  2017;5(5):329-330.  doi:10.1016/S2213-
8587(17)30109-2

Flint A, Andersen G, Hockings P, et al. Randomised clinical
trial: semaglutide versus placebo reduced liver steatosis but not
liver stiffness in subjects with non-alcoholic fatty liver disease
assessed by magnetic resonance imaging. Aliment Pharmacol
Ther. 2021;54(9):1150-1161. doi:10.1111/apt.16608

Newsome P, Francque S, Harrison S, et al. Effect of semaglutide
on liver enzymes and markers of inflammation in subjects with
type 2 diabetes and/or obesity. Aliment Pharmacol Ther. 2019;
50(2):193-203. doi:10.1111/apt.15316

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Luo Q, Wei R, Cai Y, Zhao Q, Liu Y, Liu WJ. Efficacy of off-
label therapy for non-alcoholic fatty liver disease in improving
non-invasive and invasive biomarkers: a systematic review and
network meta-analysis of randomized controlled trials. Front
Med (Lausanne). 2022;9:793203. doi:10.3389/fmed.2022.
793203

Newsome PN, Buchholtz K, Cusi K, et al. A placebo-controlled
trial of subcutaneous semaglutide in nonalcoholic steatohepati-
tis. N Engl J Med. 2021;384(12):1113-1124. doi:10.1056/
NEJMo0a2028395

Cusi K, Sattar N, Garcia-Pérez LE, et al. Dulaglutide decreases
plasma aminotransferases in people with type 2 diabetes in a
pattern consistent with liver fat reduction: a post hoc analysis
of the AWARD programme. Diabet Med. 2018;35(10):
1434-1439. doi:10.1111/dme.13697

Kuchay MS, Krishan S, Mishra SK, et al. Effect of dulaglutide
on liver fat in patients with type 2 diabetes and NAFLD: rando-
mised controlled trial (D-LIFT trial). Diabetologia. 2020;
63(11):2434-2445. doi:10.1007/s00125-020-05265-7

Ghosal S, Datta D, Sinha B. A meta-analysis of the effects of
glucagon-like-peptide 1 receptor agonist (GLP1-RA) in nonal-
coholic fatty liver disease (NAFLD) with type 2 diabetes (T2D).
Sci Rep. 2021;11(1):22063. doi:10.1038/s41598-021-01663-y
Wong C, Lee MH, Yaow CYL, et al. Glucagon-like peptide-1
receptor agonists for non-alcoholic fatty liver disease in type 2
diabetes: a meta-analysis. Front Endocrinol (Lausanne). 2021,
12. doi:10.3389/fend0.2021.609110

Mantovani A, Byrne CD, Targher G. Efficacy of peroxisome
proliferator-activated receptor agonists, glucagon-like peptide-
1 receptor agonists, or sodium-glucose cotransporter-2 inhibitors
for treatment of non-alcoholic fatty liver disease: a systematic
review. Lancet Gastroenterol Hepatol. 2022;7(4):367-378. doi:
10.1016/S2468-1253(21)00261-2

Feng W, Gao C, Bi Y, et al. Randomized trial comparing the
effects of gliclazide, liraglutide, and metformin on diabetes with
non-alcoholic fatty liver disease. J Diabetes. 2017;9(8):800-809.
doi:10.1111/1753-0407.12555

Yan J, Yao B, Kuang H, et al. Liraglutide, sitagliptin, and insulin
glargine added to metformin: the effect on body weight and
intrahepatic lipid in patients with type 2 diabetes mellitus and
nonalcoholic fatty liver disease. Hepatology. 2019;69(6):
2414-2426. doi:10.1002/hep.30320

Rizvi AA, Patti AM, Giglio RV, et al. Liraglutide improves
carotid intima-media thickness in patients with type 2 diabetes
and non-alcoholic fatty liver disease: an 8-month prospective
pilot study. Expert Opin Biol Ther. 2015;15(10):1391-1397.
doi:10.1517/14712598.2015.1067299

Majzoub AM, Nayfeh T, Barnard A, et al. Systematic review
with network meta-analysis: comparative efficacy of pharmaco-
logic therapies for fibrosis improvement and resolution of
NASH. Aliment Pharmacol Ther. 2021;54(7):880-889. doi:10.
1111/apt.16583

Dickson I. Semaglutide is safe and efficacious for NASH reso-
lution. Nat Rev Gastroenterol Hepatol. 2021;18(1):6. doi:10.
1038/s41575-020-00396-z



22

Journal of Cardiovascular Pharmacology and Therapeutics

187.

188.

189.

190.

191.

192.

193.

194.

Musso G, Gambino R, Pacini G, De Michieli F, Cassader M.
Prolonged saturated fat-induced, glucose-dependent insulinotro-
pic polypeptide elevation is associated with adipokine imbalance
and liver injury in nonalcoholic steatohepatitis: dysregulated
enteroadipocyte axis as a novel feature of fatty liver. Am J Clin
Nutr. 2009;89(2):558-567. doi:10.3945/ajcn.2008.26720
Moller CL, Vistisen D, Feerch K, et al. Glucose-dependent insu-
linotropic polypeptide is associated with lower low-density lipo-
protein but unhealthy fat distribution, independent of insulin:
The ADDITION-PRO study. J Clin Endocrinol Metab. 2016;
101(2):485-493. doi:10.1210/jc.2015-3133

Adriaenssens AE, Biggs EK, Darwish T, et al. Glucose-
dependent insulinotropic polypeptide receptor-expressing cells
in the hypothalamus regulate food intake. Cell Metab. 2019;
30(5):987-996.e6. doi:10.1016/j.cmet.2019.07.013

Baggio LL, Drucker DJ. Glucagon-like peptide-1 receptor co-
agonists for treating metabolic disease. Molecular Metabolism.
2021;46(6):101090. doi:10.1016/j.molmet.2020.101090
Hartman ML, Sanyal A, Loomba R, et al. 134-OR: Effects of
tirzepatide (TZP), a novel dual GIP and GLP-1 receptor agonist,
on biomarkers of nonalcoholic steatohepatitis (NASH) in
patients with T2D. Diabetes. 2019;68(Supplement 1):134-OR.
doi:10.2337/db19-134-OR

Hartman ML, Sanyal AJ, Loomba R, et al. Effects of novel dual
GIP and GLP-1 receptor agonist tirzepatide on biomarkers of
nonalcoholic steatohepatitis in patients with type 2 diabetes.
Diabetes Care. 2020;43(6):1352-1355. doi:10.2337/dc19-1892
Gastaldelli A, Cusi K, Fernandez Landé L, Bray R, Brouwers B,
Rodriguez A. Effect of tirzepatide versus insulin degludec on
liver fat content and abdominal adipose tissue in people with
type 2 diabetes (SURPASS-3 MRI): a substudy of the rando-
mised, open-label, parallel-group, phase 3 SURPASS-3 trial.
Lancet Diabetes Endocrinol. 2022;10(6):393-406. doi:10.1016/
S2213-8587(22)00070-5

Emerging Risk Factors Collaboration, Sarwar N, Gao P, et al.
Diabetes mellitus, fasting blood glucose concentration, and risk

195.

196.

197.

198.

199.

200.

201.

202.

of vascular disease: a collaborative meta-analysis of 102 pro-
spective studies. Lancet. 2010;375(9733):2215-2222. doi:10.
1016/S0140-6736(10)60484-9

Pfeffer MA, Claggett B, Diaz R, et al. Lixisenatide in patients
with type 2 diabetes and acute coronary syndrome. N Engl J
Med. 2015;373(23):2247-2257. doi:10.1056/NEJMoal509225
Holman RR, Bethel MA, Mentz RJ, et al. Effects of once-
weekly exenatide on cardiovascular outcomes in type 2 dia-
betes. N Engl J Med. 2017;377(13):1228-1239. doi:10.1056/
NEJMoal612917

Rizzo M, Nauck MA, Mantzoros CS. Incretin-based therapies in
2021—current status and perspectives for the future. Metabo-
lism. 2021;122:154843. doi:10.1016/j.metabol.2021.154843
Gerstein HC, Sattar N, Rosenstock J, et al. Cardiovascular and
renal outcomes with efpeglenatide in type 2 diabetes. N Engl J
Med. 2021;385(10):896-907. doi:10.1056/NEJMo0a2108269
Ruff CT, Baron M, Im K, O’Donoghue ML, Fiedorek FT, Sabatine
MS. Subcutaneous infusion of exenatide and cardiovascular out-
comes in type 2 diabetes: a non-inferiority randomized controlled
trial. Nat Med. 2022;28(1):89-95. doi:10.1038/s41591-021-01584-3
Marsico F, Paolillo S, Gargiulo P, et al. Effects of glucagon-like
peptide-1 receptor agonists on major cardiovascular events in
patients with type 2 diabetes mellitus with or without established
cardiovascular disease: a meta-analysis of randomized con-
trolled trials. Eur Heart J. 2020;41(35):3346-3358. doi:10.
1093/eurheartj/ehaa082

Nauck M, Rizzo M, Johnson A, Bosch-Traberg H, Madsen J,
Cariou B.Once-daily liraglutide versus lixisenatide as add-on to
metformin in type 2 diabetes: a 26-week randomized controlled
clinical trial. Diabetes Care. 2016;39(9):1501-1509. doi:10.
2337/dc15-2479

Janez A, Muzurovic E, Stoian AP, et al. Translating results from
the cardiovascular outcomes trials with glucagon-like peptide-1
receptor agonists into clinical practice: recommendations from a
Eastern and Southern Europe diabetes expert group. Int J Car-
diol. 2022;365:8-18. doi:10.1016/j.ijcard.2022.07.017



	Glucagon-Like Peptide-1 Receptor Agonists and Dual Glucose-Dependent Insulinotropic Polypeptide/Glucagon-Like Peptide-1 Receptor Agonists in the Treatment of Obesity/Metabolic Syndrome, Prediabetes/Diabetes and Non-Alcoholic Fatty Liver Disease--Current Evidence
	Introduction
	Literature Search
	Pathophysiology of GLP-1 Receptor (GLP-1R) Agonism in Cardiometabolic RFs
	Pathophysiology of GIP Receptor (GIPR) Agonism on Cardiometabolic RFs
	GLP-1 RAs and Dual GIP/GLP-1 RAs in the Treatment of Non-Diabetic Obesity and Pre-Diabetes--Current Evidence
	Exenatide
	Liraglutide
	Semaglutide
	Tirzepatide

	Considerations Regarding Potential Clinical Use of GLP-1 and Dual GIP/GLP-1 RAs for the Treatment of Prediabetes in the Obese: Simplicity, Safety, and Tolerability
	GLP-1 RA for Weight Control in DM Patients
	Liraglutide
	Semaglutide
	Tirzepatide

	Other Components of MetS: BP and Lipid Levels
	GLP-1 RAs in the Treatment of NAFLD/NASH
	Dual GIP/GLP-1 RAs in the Treatment of NAFLD/NASH
	Current Evidence on GLP-1 RAs Use in Patients With DM and CVOTs
	Expert Opinion
	Author Contributions
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


