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Abstract
Diabetes mellitus (DM) is a long-termmetabolic disorder caused by inadequate production and resistance to insulin. The prevalence
of DM is rapidly increasing, with type 2 diabetes (T2D) accounting for more than 90% of cases. Despite new treatments, many
patients with T2D do not meet their glycemic targets due to clinical inertia. This review provides an overview of glucagon-like peptide
1 receptor agonists (GLP-1 RAs) in the management of T2D. The review synthesizes data from clinical trials and meta-analyses on
the efficacy, safety, and cost-effectiveness of GLP-1 RAs. It also discusses the mechanisms of action, classification, and barriers to
adherence and persistence in therapy. GLP-1 RAs improve glycemic control by lowering A1C levels and promoting weight loss.
They have cardioprotective effects and may reduce endothelial inflammation, oxidative stress, and blood pressure. Adherence to
GLP-1 RAs is better with once-weekly injections, though gastrointestinal side effects and cost can affect persistence. Semaglutide
and liraglutide have shown significant weight reduction, with semaglutide being particularly effective. GLP-1 RAs are cost-effective
due to reduced healthcare costs associated with fewer hospitalizations and lower mortality rates. Safety concerns include gas-
trointestinal issues, pancreatitis, and rare cases of diabetic retinopathy and thyroid C-cell tumors. For clinical practice, GLP-1 RAs
represent a valuable option not only for glycemic control but also for weight management and cardiovascular protection.
Incorporating GLP-1 RAs into treatment plans can improve patient outcomes, and optimizing dosing regimens and addressing
barriers such as cost and side effects are crucial to enhancing patient adherence and long-term treatment success.
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Introduction

Diabetes mellitus (DM) is a long-term metabolic disorder caused
by inadequate production and resistance to insulin. This condi-
tion results from both environmental and genetic factors. It is
considered one of the fastest-growing diseases globally, posing
severe health risks to the public. The burden of DMhas risen from
151 million in the year 2000 to 537 million in 2021, with a

forecasted prevalence of 643 million by 2030 and 783 million by
2045. More than 90% of these cases were type 2 diabetes (T2D).
In 2021, global health expenditure attributed to diabetes was
close to one trillion USD, and it is projected to overshoot this by
2030[1]. Despite new treatments introduced in the last decade,
many people with T2D do not meet their glycemic targets[2,3] due
to clinical inertia, which is the failure to start or intensify treat-
ment even when goals are not met[3]. This issue is complex and
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involves factors related to patients, doctors, and the healthcare
system. Common barriers to reaching treatment goals include
fears about hypoglycemia, weight gain, and the complexity of
treatment options[4].

Primary care remains the mainstay for the management of
T2D, with more than 90% of patients being treated in this setting
in the USA[5,6]. The complexity of T2D management in primary
care keeps growing, not only because of various classes of ther-
apeutics but also because of other comorbidities needing atten-
tion. Although diet and exercise form cornerstones of disease
management, most patients eventually require pharmacological
intervention. A treatment plan has to be individualized,
considering treatment goals, patient preferences, and
comorbidities[7]. Currently, the target level of HbA1c below
7.0%, according to the recommendation of the ADA, is estimated
to be reached by less than 50% of patients with T2D in the U.S.,
needing an improvement in the quality of care and availability of
multiple therapeutic options[2,8]. A significant part of the problem
is delays in intensifying therapy to reach glycemic goals, espe-
cially initiating injectable treatments[9,10].

Early, intensive T2D management has been shown to have a
positive impact on the course of the disease, the likelihood of
complications, and the amount of time before treatment
failure[11–15]. Metformin is the first-line pharmaceutical medica-
tion for hyperglycemia at diagnosis, in addition to dietary and
lifestyle changes[16]. However, within 3 years of diagnosis, more
than half of the patients require adding a second glucose-lowering
medication[17,18]. In fact, patients frequently require further
intensification involving multiple medications and insulin as T2D
naturally progresses[19–21]. Because they lower blood sugar,
reduce weight, and have a low inherent risk of hypoglycemia,
glucagon-like peptide 1 receptor agonists (GLP-1RAs) have been
the focus of much research over the past 10 years, making them
appropriate for the management of T2D in primary and sec-
ondary care and also having positive cardiovascular effects[22,23].
An overview of the clinical data pertaining to the safety and
effectiveness of GLP-1RAs is given in this review.

Mechanisms of action and classification of GLP-1
receptor agonists

GLP-1 RAs are injectable peptides that mimic endogenous GLP-1
in terms of structure and function[24]. Therapeutic effects of GLP-
1 RAs agonists are exhibited at therapeutic dosages through the
GLP-1 receptor, a seven-transmembrane G protein-coupled
receptor that is extensively expressed in several important cells
and human organs, including alpha, beta, and gamma cells, with
expression also noted in the kidney, heart, central and peripheral
nervous system, GI tract, and liver. Research suggests that GLP-1
RAs enhance β-cell proliferation while decreasing apoptosis,
ultimately safeguarding β-cells[25,26]. Moreover, they also bind to
δ-cell receptors, subsequently increasing somatostatin secretion,
which in turn lowers blood glucose levels[27]. Additionally,
researchers put forward the result that GLP-1 RAs, when inter-
acting with the β-cell receptor in the pancreas, cause glucose-
dependent insulin production and secretion[28]. As mentioned
above, GLP-1 RAs function similarly to endogenous GLP-1. The
gut-derived incretin hormone GLP-1 has a significant role in
maintaining glucose homeostasis as it is released following an
oral meal containing fats or carbohydrates. In T2DM, this

response of GLP-1 to an oral glucose load is blunted. GLP-1
stimulates insulin production; however, in the presence of
increased glucose, it increases both the in vivo release of insulin
from pancreatic beta cells and glucose-dependent insulin synth-
esis. Hence, based on clinical evidence, GLP-1 RAs have been
shown to assist in the restoration of insulin secretory capabilities,
which in turn help patients with T2D manage their blood sugar
levels and weight[29]. Figure 1depicts the mechanism of action of
GLP-1 receptor agonists. In brief, GLP-1 RAs have a positive
impact directly on five pathways of the ominous octet in humans:
(i) increasing β-cells’ secretion of insulin; (ii) decreasing α-cells’
secretion of glucagon; (iii) reducing the production of glucose in
the liver; (iv) reversing incretin failure; and (v) reducing appetite
and promoting weight loss[30].

Two categories may be established among GLP-1 RAs based
on their ability to activate the GLP-1 receptor. Short-acting
agonists, lasting less than a day, includes exenatide twice daily
and lixisenatide once daily, and long-acting agonists, lastingmore
than a day, include extended-release formulations of exenatide,
albiglutide, semaglutide, dulaglutide, and liraglutide once daily.
Notably, exenatide and lixisenatide, the formulations derived
from the exendin-4 molecule, exhibit merely 53% and around
50% similarity to the native human GLP-1, respectively. On the
other hand, natural human GLP-1 is 94% identical to semaglu-
tide, 95% to albiglutide, 90% to dulaglutide, and 97% to
liraglutide[30]. While short-acting agonists reduced postprandial
hyperglycemia, likely through the reduction of gastric emptying,
long-acting agonists lowered HbA1c and also reduced fasting
hyperglycemia with inhibition of glucagon production, a
mechanism shared by all GLP-1 RAs[31]. Basal hyperglycemia can
be reduced when long-acting analogs are used since they can
sustain high GLP-1 levels and promote insulin production for
24 h, even during the state of fasting. The main mechanisms by
which these GLP-1 RAs affect postprandial hyperglycemia are by
suppressing glucagon secretion, decreasing hunger, and delaying
gastric emptying. Compared to long-acting agonists, short-acting
GLP-1 RAs have a less noticeable influence on insulin secretion
during the fasting phase but a more noticeable effect on gastric
emptying, which can be explained by tachyphylaxis, which
occurs because of the continuous receptor stimulation, as in the
case with long-acting agonists, but not with the activation that is

HIGHLIGHTS

• GLP-1 RAs significantly reduce A1C levels and promote
weight loss, making them effective in managing type 2
diabetes (T2D).

• These medications improve endothelial function, reduce
inflammation and oxidative stress, lower blood pressure,
and potentially reduce cardiovascular risks in patients
with T2D.

• Despite their benefits, adherence to GLP-1 RAs remains
suboptimal due to gastrointestinal side effects, injection-
related concerns, and high costs.

• GLP-1RAs are an effective class of therapeutic agents for
people with T2D and have well-established safety and
tolerability profiles.

• Despite higher initial costs, GLP-1 RAs can be cost-effective
due to reduced hospitalizations and improved long-term
health outcomes, highlighting their economic impact.
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intermittent. Moreover, postprandial hyperglycemia for the meal
directly after administration was more significantly reduced
under short-acting agonists, which was primarily due to their
more remarkable influence on gastric emptying[31]. For dosage, all
drugs should be administered subcutaneously, administering 5 μg
of exenatide, 10–20 μg of lixisenatide, 0.6–1.2 mg of liraglutide,
2 mg of exenatide extended-release, 30–50 mg of albiglutide,
0.25 mg of semaglutide, and 0.75–1.5 mg of dulaglutide to get
desired outcomes[32]. Classification and overview of GLP-1
receptor agonists are summarized inTable 1.

GLP-1 receptor agonists in type 2 diabetes
management

Treatment for T2D is individualized for each patient based on
their needs, considering weight loss, glycemic control, and com-
plications from illnesses such as chronic kidney disease (CKD),
atherosclerotic cardiovascular disease (ASCVD), and hypogly-
cemia. According to the American Diabetes Association (ADA),
GLP-1RAs should be used as the second line of treatment after
metformin and lifestyle modifications in patients who have heart
failure, CKD, or ASCVD or who do not have any of these con-
ditions but have a compelling need to minimize weight gain,
reduce the risk of hypoglycemia, or promote weight loss[7]. Based
on a wealth of information gathered over more than 10 years of
clinical usage, including findings from real-world research and
clinical trials, subcutaneous GLP-1 RAs have established them-
selves as a mainstay of T2D treatment[23,33–36]. The possible direct
and indirect effects of GLP-1RAs on glycemic control, weight
loss, and cardioprotective benefits are outlined below.

Glycemic control

The GLP-1 RAs (exenatide, liraglutide, albiglutide, taspoglutide,
lixisenatide, and dulaglutide) were shown to lower A1C levels
(range −0.55 to −1.38 percentage points) when compared to
placebo or another GLP-1 RA in a meta-analysis of 34 rando-
mized trials that included patients with T2D with inadequate
control on oral medications (mostly metformin)[37,38]. While

significant drug-specific differences were evident in head-to-head
comparisons, longer-acting GLP-1 receptor agonists exhibited
greater reductions in A1C compared to their shorter-acting
agents. In another meta-analysis of primarily short-term studies
lasting 26 weeks, often funded by pharmaceutical companies, it
was demonstrated that GLP-1 RA treatment, in comparison to
active comparators such as basal insulin glargine, sitagliptin,
pioglitazone, or daily exenatide, resulted in greater reductions in
A1C levels (ranging from 0.2 to 0.8 percentage points) among
patients with initial A1C values falling between 8 and 8.5%[38,39].
Another meta-analysis of trials found no significant differences in
the glycemic efficacy of basal insulin with liraglutide or exenatide
twice daily in terms of decreasing A1C levels[40]. Injectable
semaglutide led to a notably higher reduction in A1C, exceeding
that of glargine by 0.8 percentage points, whereas exenatide
injected once weekly and dulaglutide achieved a modest reduc-
tion in A1C (about 0.3 percentage points) compared to basal
insulin[41]. In the GRADE comparative effectiveness trial, which
followed 5047 patients diagnosed with T2D over an average of
5 years receiving metformin monotherapy, it was found that
patients receiving additional treatment with liraglutide or glar-
gine had a lower cumulative occurrence of A1C levels ≥ 7%
(68% and 67%, respectively) compared to those given glime-
piride or sitagliptin (72% and 77%, respectively)[42].

Weight loss

GLP-1 RA-based treatments frequently result in weight
loss[38,39,43–45]. The impact of GLP-1 on delayed gastric emptying,
along with its commonly known side effects of nausea and
vomiting, could potentially contribute to weight loss.
Nevertheless, delayed gastric emptying tends to diminish gradu-
ally over time, particularly with longer-acting GLP-1 RA, as they
enhance the sensation of fullness by affecting the brain’s appetite-
regulating areas[46–48]. In patients with T2D inadequately con-
trolled on oral medications, typically metformin, a meta-analysis
of 34 trials compared the effects of GLP-1 RAs (albiglutide,
dulaglutide, exenatide, liraglutide, lixisenatide, and taspoglutide)
versus placebo or another GLP-1 RA. All approved GLP-1 RAs
were found to cause weight loss compared to placebo, with very
little heterogeneity seen with the individual agents[37]. In the
GRADE comparative effectiveness trial involving patients with
T2D on metformin monotherapy, the incidence of body weight
increase ≥ 10% was lower in the patients when assigned to lir-
aglutide as an additional medication and exhibited a lower inci-
dence (6.1%) compared to individuals receiving glargine
(13.1%), sitagliptin (9.1%), or glimepiride (12.1%)[42]. When
compared to the glimepiride (0.73 kg), sitagliptin (2.0 kg), and
glargine (0.61 kg) groups, which all saw very small weight
reductions, the liraglutide cohort saw a substantially larger mean
reduction in body weight (3.5 kg).

Compared to placebo, liraglutide and semaglutide caused
weight reduction in studies intended specially to assess weight
loss in people with T2D[44,45,49]. In a 56-week trial involving 846
individuals with T2D and obesity (with a mean A1C of 7.9% and
a mean weight of 106 kg), once-daily subcutaneous liraglutide (at
dosages of 3 or 1.8 mg) was compared to a placebo. The results
showed considerable weight loss in the liraglutide treatment
groups, with decreases of −6.4 kg (−6%) and −5 kg (−4.7%)
compared to the placebo group, which showed −2.2 kg (−2%) of
weight loss. The mean difference between 3 mg of liraglutide and

Figure 1. Mechanism of action of GLP-1 receptor agonists.
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placebo was −4% (95% CI −5.1 to −2.9)[44]. In a 68-week trial,
1210 individuals diagnosed with T2D and obesity (with a mean
A1C of 8.1% and a mean weight of 99.8 kg) were randomly
assigned to receive once-weekly subcutaneous semaglutide [at
doses of 2.4 mg (investigational dosage) or 1 mg (standard dose)]
with placebo. The semaglutide treatment groups experienced
significant weight loss [−9.7 kg (−9.6%) and −6.9 kg (−7%)]
compared to the placebo group [−3.5 kg (−3.4%)]. Oral sema-
glutide became the first oral formulation of aGLP-1 RA approved
by the FDA in 2019[50]. The approval came after a thorough series
of phase 3a clinical trials performed within the Peptide
Innovation for Early Diabetes Treatment (PIONEER) study
program. Within this program, eight multinational trials
(PIONEER 1–8) were carried out[51–58], and two more trials were
conducted in Japan (PIONEER 9 and 10)[59,60]. These trials
enrolled more than 9500 adults with T2D and evaluated oral
semaglutide as monotherapy and as an adjunct to the following
background treatments: metformin, sulfonylureas, SGLT2 inhi-
bitors, thiazolidinediones, and insulin. Comparators in these
studies included a placebo, injectable GLP-1 RAs, a DPP-4
inhibitor, and an SGLT2 inhibitor. Out of all these medications,
only semaglutide 2.4 mg has been demonstrated to result in a
mean reduction in weight of at least 10% when compared to a
placebo. The FDA has authorized a weekly subcutaneous dose of
semaglutide of 2.4 mg for the treatment of chronic obesity
management in people without diabetes, which is greater than
the existing weekly permitted dose of 1 mg for diabetes, based on
the results.

Tirzepatide is a dual GIP and GLP-1 RA that was first
approved in May 2022 for improvement of glycemic control in
adults with T2D and later approved in November 2023 for
chronic weight management in adults. It exerts its action by sti-
mulating the receptors of the incretin hormones GIP and GLP-1,
which reduces food intake and delays gastric emptying. Also, this
is targeted at people with obesity or excess weight with related
health conditions. FDA approval for using tirzepatide was based
on two major phase 3 trials, namely SURMOUNT-1 in adults
without T2D and SURMOUNT-2 in adults with T2D. Both
studies showed significant reductions in body weight at 72 weeks
of treatment compared with placebo. In the SURMOUNT-1 trial,
participants who received the highest dose of tirzepatide (15 mg)
had an average weight loss of 48 pounds, while those on the low
dose (5 mg) lost an average of 34 pounds, compared with 7

pounds on placebo. In SURMOUNT-2, the 15 mg dose had a
mean weight loss of 15.7% (34.4 pounds), and the 10 mg was an
average of 13.4% (29.8 pounds), which were both statistically
significant compared to the placebo group, reflecting a 3.3%
reduction (7.0 pounds). Administer via once-weekly sub-
cutaneous injection into the abdomen, thigh, or upper arm[61].

Cardioprotective effects of GLP-1 receptor agonists

GLP-1 RAs offer multifaceted cardioprotective effects. They
decrease endothelial inflammation and oxidative stress, reduce
systolic blood pressure (BP) by roughly 2–3 mmHg, and enhance
the production of endothelial nitric oxide synthase, which will
raise nitric oxide’s availability[62,63]. Moreover, GLP-1 RAs
induce natriuresis and diuresis by inhibiting the sodium-hydrogen
exchanger 3 in renal proximal tubular cells, potentially con-
tributing to their ability to lower BP[64]. Additionally, when GLP-
1 RAs are administered, the concentration of certain proin-
flammatory cytokines, such as IL-1β, tumor necrosis factor
(TNF)-α, interleukin (IL)-6, and C-reactive protein, is
reduced[65,66]. They also suppress vascular cellular adhesion
molecule-1, intercellular adhesion molecule-1, and P-selectin on
the endothelial cell surfaces, subsequently reducing the way by
which inflammatory cells, such as neutrophils and monocytes,
adhere to andmigrate through the arterial wall, lessening the way
an atherosclerotic plaque is formed[67]. Moreover, an abundant
number of preclinical studies have shown that GLP-1 RAs reduce
aggregation of both human and murine platelets[68].

The financial burden of GLP-1 receptor agonists

Cost considerations greatly influence the selection and transition
of medications. A cost-effectiveness study conducted in Saudi
Arabia revealed semaglutide to be the most affordable GLP-1 RA
when compared to liraglutide, dulaglutide, exenatide, and lix-
isenatide. It offered the most economical method for attaining
target HbA1C levels and glycemic control[69]. According to a
study conducted in Taiwan, from the payer’s point of view, GLP-
1 RA treatment was more expensive per patient than insulin.
However, because there were fewer ER visits and hospital stays,
the GLP-1 RA group’s expenses in the healthcare sector were
lower. Real-world use of GLP-1 RAs demonstrated cost-effec-
tiveness despite the higher medication costs, with decreased

Table 1
Classification and overview of GLP-1 receptor agonists.

Classification Duration of action Dosage

Short acting
Exenatide Twice daily Administer 5 μg subcutaneously twice a day before having a meal; depending on clinical response, increase to 10 μg

subcutaneously twice a day after 1 month
Lixisenatide Once daily Administer 10 μg subcutaneously once daily, 1 h prior to the first meal of the day; on the 15th day, increase the dosage up to

20 μg
Long acting

Liraglutide Once daily Administer 0.6 mg daily for 1 week, later can be increased to 1.2 mg
Exenatide extended-release Once weekly Once a week, or every 7 days, 2 mg subcutaneously
Albiglutide Once weekly 30 mg once a week via subcutaneous injection; if glycemic control is ineffective, this dosage can be increased to 50 mg once a

week
Semaglutide Once weekly Administer 0.25 mg subcutaneously once a week
Dulaglutide Once weekly Administer 0.75 mg subcutaneously once a week; if glucose control is not sufficient, increase the dose to 1.5 mg

subcutaneously
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healthcare costs linked to lower death rates and fewer hospitali-
zations for hypoglycemia[70]. In a research study conducted in the
United States, once-weekly dulaglutide was linked to greater
expenditures when compared to once-weekly exenatide, but its
diabetes-related total costs were comparable to daily
liraglutide[71]. An additional study in the United States indicates
that an objective treatment regimen for both individuals and
combinations discovered that semaglutide dosages of 0.5 mg and
1.0 mg given once per week were more economical than alter-
natives with exenatide ER and dulaglutide, includingmaintaining
a lower body weight, avoiding hypoglycemia, and improving
glycemic control. Therefore, the study proposed that once-weekly
semaglutide at these prescribed dosages is cost-effective in the
United States, particularly for patients with T2D who want to
meet their overall treatment objectives[72].

Several strategies may be instituted to make GLP-1 RAs more
affordable for patients, thus making the financial burden lighter.
The coverage of insurance on GLP-1s is rather variable and, in
many cases, considerably covers medication for diabetes but
perhaps not altogether for others, including weight loss.
Physicians can further help by reviewing patients’ insurance
benefits and investigating options in ways that maximize the
benefits, including making sure diagnostic criteria have been met
that could widen access to these medications. Patient assistance
programs through GLP-1 RA manufacturers can further help
with the financial burden of those who may qualify, and manu-
facturer savings cards can help decrease monthly costs for
patients who face high copays or deductibles. Educating the
patient about how to locate these resources, medication coupons,
and cost-saving programs might be of particular importance to
help patients with the financial issues associated with their
treatment. Health policy interventions may also afford con-
siderable relief from these costs. Policies supportive of the inclu-
sion of GLP-1 RAs in standard coverage plans would go a long
way in improving access. Moreover, legislation that would
encourage and motivate pharmaceutical companies toward more
patient assistance programs and affordable pricing structures of
GLP-1 RAs would help alleviate the financial burden on the
patients. Since it is envisioned that, with time, generic forms of
GLP-1s will be readily available, these strategies serve to bridge
the gap until then, ensuring that patients have access to these
effective therapies without undue financial strain[73].

Adherence and persistence in therapywith injectable
GLP-1 receptor agonists

Although GLP-1 RAs have been proven effective in glycemic
control, removing the risk of hypoglycemia and even causing
weight loss[7,33], adherence and persistence have not been quite
optimal[74–76]. In fact, adherence and persistence have improved
with once-weekly injectable GLP-1RAs compared to daily or
twice-a-day injections[75,77–79]. However, after 6 months, about
40% of patients were not fully adherent to once-weekly GLP-
1RA dulaglutide, according to a research study that was con-
ducted based on claims from the United States[75]. Poor adherence
and persistence are frequent problems in not just GLP-1RA
therapy but also the treatment of many chronic illnesses,
including those treated with different antihyperglycemic, anti-
hypertensive, antidepressant, and lipid-lowering medications[80].
Adherence and persistence to medication are essential, as patients

who take GLP-1RA consistently see higher HbA1c level
reductions[75,81]. Diabetes, if effectively managed in the first year
following diagnosis, will lead to reduced chances of developing
long-term diabetes consequences such as retinopathy, cardio-
vascular events, and, in rare circumstances, death[15,82,83].

Below optimal adherence and persistence with GLP-1RAs can
be caused by a variety of issues that impact both prescribers and
patients. These variables include the number of injections admi-
nistered, the administration device, the size of the needle, its
effectiveness, any gastrointestinal side effects, safety, and cost-
effectiveness[84,85]. While the diversity of the GLP-1RA class gives
patients with T2D more individualized treatment options, it also
poses a challenge for prescribers who need to become familiar
with the various dosage schedules and delivery systems, and
patients cannot receive enough time or resources to learn about
correct administration and titration[4,86]. The introduction of an
oral version of GLP-1RA may increase its utilization and
encourage early treatment implementation since some patients
may prefer oral drugs, which may be perceived as less stressful by
patients and healthcare professionals[87].

Various studies have said that interactive voice response (IVR)
and SMS text messaging support medication adherence through
telephone-delivered diabetes education, and interactive remin-
ders have enhanced medication adherence in patients with
diabetes[88–90]. Mobile communication also includes one-way and
two-way text messages, and weekly IVR calls to improve medi-
cation adherence for low-income, racially and ethnically diverse
adults with type 2 diabetes[91,92]. In addition, telemonitoring,
telehealth, and virtual classrooms have been shown to enable
people with diabetes to adopt adherence strategies[93,94].

Adverse effects of GLP-1 receptor agonists

The most common gastrointestinal problems associated with
GLP-1 RAs are diarrhea, early satiety, vomiting, abdominal dis-
comfort, and bloating. When starting therapy with GLP-1 RA or
following a dosage, they are usually most noticeable[47]. A meta-
analysis of 35 trials involving exenatide and liraglutide revealed
that the risk of nausea was considerably higher when exenatide
10 μg was administered twice daily as opposed to exenatide 5 μg
was administered twice daily and exenatide once weekly.
Likewise, in comparison with liraglutide at 1.2 and 1.8 mg/d,
exenatide at 10 μg twice daily had a noticeably increased chance
of producing nausea[95]. GLP-1RAs appropriately highlight the
danger of acute pancreatitis, which has raised concerns from the
FDA over the intake of these medications. Investigation in mice
reveals that GLP-1 RA administration causes the pancreatic aci-
nar cell mass to grow, stimulating the synthesis of lipase and
amylase, which could lead to pancreatitis[96]. Upper respiratory
and urinary tract infections are reported in GLP-1 RA studies.
Infections with viruses, influenza, nasopharyngitis, and cystitis
are also frequently associated with these medications[97]. Since
GLP-1 has a glucose-dependent influence on insulin secretion,
GLP-1RAs have a naturally low risk of hypoglycemia[98]. One
frequent microvascular result that arises from vascular damage in
the eye is diabetic retinopathy (DR). In the context of GLP1-RA
use, DR is a safety risk that needs more explanation. It was more
common in patients at high risk for cardiovascular disease who
took semaglutide as opposed to a placebo. In comparison to
placebo, dulaglutide caused an insignificant rise in DR. This
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could be partially explained by the phenomenon of pre-existing
DR deteriorating due to quick glycemic recovery[99]. In patients
with a personal or familial history of thyroid C-cell malignancies,
as well as those with multiple endocrine neoplasia syndrome type
2 (MEN 2), these drugs have been proven to induce malignant
thyroid C-cell tumors in rats in a dose-dependent and treatment-
dependent manner[29].

Safety and tolerance of GLP-1 receptor agonists

With well-established safety and tolerability profiles, GLP-1RAs
are an effective class of therapeutic agents for people with T2D.
They can be considered in a variety of clinical situations, from
patients whose metformin-induced glycemic target is not being
met to those who have comorbidities or whose glycemic control is
not being achieved despite treatment with multiple oral anti-
hyperglycemic agents[98]. Recent studies and real-world data
continue to confirm the safety profile of GLP-1 RAs, particularly
in terms of gastrointestinal side effects such as nausea, vomiting,
and diarrhea, which remain the most commonly reported adverse
events. These side effects, while more frequent compared to
control groups, are generally transient and manageable with dose
titration[100]. Furthermore, GLP-1RAs have been successfully
linked to significant reductions in weight and have a positive
safety profile[79]. Table 2 gives an overview of adverse effects and
clinical considerations for GLP1-1 receptor agonists.

Future research directions

Reversing fatty liver disease

Based on the evidence available, GLP-1 RAs have a potential role
in the course deceleration and even the reversal of NAFLD[102].
For example, patients treated with 1.2 mg of liraglutide daily for
6months in the Lira-NAFLD trial had been observed to have a
reduction in liver fat content by 31% (P<0.0001). Amultivariate
analysis demonstrated that this reduction correlated with base-
line liver fat content, age, body weight, triglycerides, and

hemoglobin A1c reductions. Liver fat content decreased sig-
nificantly only in patients who lost weight, and no significance
was observed in those without weight loss[103,104]. Similarly,
Newsome et al., in phase 2 clinical trial, reported that at the end
of up to 72 weeks of treatment with semaglutide at a dose of
0.4 mg, 59% of patients had significant resolution of NASH
compared with 17% of the placebo-treated patients (P<0.001).
However, there was no difference in the semaglutide group with
respect to fibrosis progression when compared with the placebo
group. The currently accepted management includes lifestyle
modifications, supplementation with vitamin E, and the use of
pioglitazone in carefully selected patients[105]. If further clinical
trial results are encouraging, GLP-1 RAs’ place in therapeutic
regimens may well be cemented in the near future for both
NAFLD and NASH.

Use in polycystic ovary syndrome

The antagonistic effects of GLP-1 RAs, such as liraglutide and exe-
natide, have been illustrated by several studies reporting significant
reductions in testosterone levels and bodymass index in PCOSpatients
versus placebo or metformin-treated patients[106,107]. However, men-
strual frequency, circulating sex hormone-binding globulin,
fasting glucose, and fasting insulin levels did not appear to be
affected by these medications. Further studies will be necessary to
fully assess the potential benefits of GLP-1 RAs for patients
with PCOS.

Use in type 1 diabetes safety and tolerance of GLP-1
receptor agonists

GLP-1 RAs, together with insulin, lower hemoglobin A1c, body
weight, and total insulin dose in type 1 diabetes patients. This is evi-
denced by clinical studies such as the ADJUNCT ONE (Efficacy and
Safety of Liraglutide as Adjunct Therapy to Insulin in the Treatment of
Type 1 Diabetes)[108], the ADJUNCT TWO trial[109], and a large
meta-analysis[110]. These trials also demonstrated an increased
incidence of hyperglycemia with ketosis, likely related in part to
reductions in insulin dosages when GLP-1 RA therapy was

Table 2
Adverse effects and clinical considerations for GLP1-1 receptor agonists[101].

Adverse effect Clinical consideration

Nausea and vomit (a) Inform patients that there may be an effect but that it will subside in a few weeks.
(b) Provide solutions, such as eating in moderation, lowering portion sizes, halting consumption before feeling full, and staying away from fatty foods.
(c) If required, postpone the twice-daily exenatide or semaglutide dose-up titration

Gastroparesis (a) Take careful if one has a history of severe GERD or gastroparesis.
(b) Compared to twice-daily exenatide, weekly GLP1-RA may have less gastrointestinal adverse effects

Hypoglycemia (a) Minimal danger, although it should be taken into account while using GLP1-RAs in conjunction with sulphonylureas or insulin.
(b) Depending on baseline HbA1c and glucose levels, think about reducing the dosage of sulphonylurea or insulin (in clinical investigations, a 10–20%
insulin dose decrease has been conducted on initiation of GLP1-RA therapy)

(c) Patients who are at risk should be informed about managing hypoglycemia and initially advised to have more frequent blood glucose assessments
Diabetic retinopathy (a) While administering GLP1-RA to individuals with a HbA1c substantially higher than target or a history of retinopathy, make sure they have had their

retinal screenings completed.
(b) Before beginning GLP1-RA treatment, schedule an ophthalmology consultation to determine if the patient has proliferative diabetic retinopathy

Pancreatitis (a) If a patient has a history of pancreatitis, take into account alternate medications and start them only after discussing the potential dangers.
(b) Stop using GLP1-RA if you have acute pancreatitis. Make sure that the root cause is thoroughly investigated without discounting the possibility of
future GLP1-RA medication resumption.

(c) Regular pancreatic enzyme monitoring is not necessary unless pancreatitis is identified
Pancreatic cancer (a) Although there is no clinical proof of an elevated risk, it is advised to stay away from GPL1-RA if pancreatic cancer or precancerous pancreatic lesions

already exist
Medullary thyroid carcinoma (a) If there is a family or personal record of multiple endocrine neoplasia syndrome type 2 or medullary thyroid cancer, stay away from using GLP1-RA
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initiated. No significant changes in C-peptide levels were reported
in the above trials[108–110]. Although GLP-1 RAs are neither FDA-
approved nor officially recommended in the management of type
1 diabetes[111,112], off-label use added to insulin might contribute
to weight reduction and better glycemic control in a subset.

Conclusion

Given the increasing prevalence of DM, effective therapeutic
strategies are crucial. GLP-1 RAs improve glycemic control,
promote weight loss, and offer cardiovascular benefits. These
medications enhance endothelial function, reduce inflammation,
oxidative stress, and lower blood pressure, addressing the mul-
tifaceted nature of T2D. Adherence to GLP-1 RA therapy is
challenging due to gastrointestinal side effects, such as nausea
and vomiting, and the high cost of these medications. The safety
profile, while favorable, requires monitoring for pancreatitis,
diabetic retinopathy, and thyroid C-cell tumors. The cost-effec-
tiveness of GLP-1 RA therapy is demonstrated by reduced hos-
pitalization rates and healthcare expenditures. High upfront costs
necessitate strategies to improve patient adherence and persis-
tence, including enhanced patient education and support systems.
In conclusion, while GLP-1 RAs offer substantial benefits in
managing T2D, addressing barriers to their effective use is
essential. A multidisciplinary approach involving healthcare
providers, patients, and policymakers is necessary to overcome
challenges related to side effects, treatment costs, and patient
adherence. By working collaboratively, we can maximize the
therapeutic potential of GLP-1 RAs and improve outcomes for
individuals with T2D.

Ethical approval

As this is a review article without the involvement of patients, no
ethical approval was necessary.

Consent

As this is a review article without patient involvement, ethical
considerations regarding patient consent and privacy do
not apply.

Source of funding

None.

Author contribution

N.J.: conceptualization, writing – original draft, and writing –

review and editing; K.M.B., S.R., A.M.K., F.M., H.K., M.Z.,
G.A., S.K., I.F.A., and S.M.N.: writing – original draft; V.K.:
conceptualization, supervision, writing – original draft, and
writing – review and editing; I.B.A.: visualization and writing –

original draft; F.G.: writing – review and editing.

Conflicts of interest disclosure

The authors declare no conflicts of interest.

Research registration unique identifying number
(UIN)

As this is a review article without the involvement of human
subjects, do not apply.

Guarantor

Verkha Kumari.

Data availability statement

The datasets generated and/or analyzed during the current study
are not applicable. No data were generated or analyzed in this
research project.

Provenance and peer review

Not invited.

Acknowledgements

Assistance with the study: None.
Presentation: None.

References
[1] Centers for Disease Control and Prevention. Estimates of diabetes and

its burden in the United States. National Diabetes Statistics Report 32,
2020.

[2] Carls G, Huynh J, Tuttle E, et al. Achievement of glycated hemoglobin
goals in the US remains unchanged through 2014. Diabetes Ther 2017;
8:863–73.

[3] Stone MA, Charpentier G, Doggen K, et al. Quality of care of people
with type 2 diabetes in eight European countries: findings from the
Guideline Adherence to Enhance Care (GUIDANCE) study. Diabetes
Care 2013;36:2628–38.

[4] Okemah J, Peng J, Quiñones M. Addressing clinical inertia in type 2
diabetes mellitus: a review. Adv Ther 2018;35:1735–45.

[5] Davidson JA. The increasing role of primary care physicians in caring for
patientswith type 2 diabetesmellitus.MayoClin Proc 2010;85(12 Suppl):S3–4.

[6] Shrivastav M, Gibson W Jr, Shrivastav R, et al. Type 2 diabetes man-
agement in primary care: the role of retrospective, professional con-
tinuous glucose monitoring. Diabetes Spectr 2018;31:279–87.

[7] American Diabetes Association. Addendum. 9. Pharmacologic
approaches to glycemic treatment: Standards of Medical Care in
Diabetes-2020. Diabetes Care 2020;43(Suppl 1):S98-S110. Diabetes
Care 2020;43:1979.

[8] American Diabetes Association. 6. Glycemic targets: Standards of Medical
Care in Diabetes-2020. Diabetes Care 2020;43(Suppl 1):S66–76.

[9] Khunti K,WoldenML, Thorsted BL, et al. Clinical inertia in people with
type 2 diabetes: a retrospective cohort study of more than 80,000 peo-
ple. Diabetes Care 2013;36:3411–7.

[10] Santos Cavaiola T, Kiriakov Y, Reid T. Primary care management of
patients with type 2 diabetes: overcoming inertia and advancing therapy
with the use of injectables. Clin Ther 2019;41:352–67.

[11] Lean ME, Leslie WS, Barnes AC, et al. Primary care-led weight man-
agement for remission of type 2 diabetes (DiRECT): an open-label,
cluster-randomised trial. Lancet 2018;391:541–51.

[12] Lind M, Imberg H, Coleman RL, et al. Historical HbA1c values may
explain the type 2 diabetes legacy effect: UKPDS 88. Diabetes Care
2021;44:2231–7.

[13] Matthews DR, Paldánius PM, Proot P, et al. Glycaemic durability of an
early combination therapy with vildagliptin and metformin versus
sequential metformin monotherapy in newly diagnosed type 2 diabetes
(VERIFY): a 5-year, multicentre, randomised, double-blind trial. Lancet
2019;394:1519–29.

Joshi et al. Annals of Medicine & Surgery (2024)

7261



[14] Intensive blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications in patients
with type 2 diabetes (UKPDS 33). UK Prospective Diabetes Study
(UKPDS) Group [published correction appears in Lancet 1999 Aug
14;354(9178):602]. Lancet 1998;352:837–53.

[15] Holman RR, Paul SK, Bethel MA, et al. 10-year follow-up of intensive
glucose control in type 2 diabetes. N Engl J Med 2008;359:1577–89.

[16] American Diabetes Association. Standards of medical care in diabetes –
2017. Clin Diabetes 2017;40:S1–134.

[17] Turner RC, Cull CA, Frighi V, et al. Glycemic control with diet, sulfo-
nylurea, metformin, or insulin in patients with type 2 diabetes mellitus:
progressive requirement for multiple therapies (UKPDS 49). UK
Prospective Diabetes Study (UKPDS) Group. JAMA 1999;281:2005–12.

[18] Ross SA. A multiplicity of targets: evaluating composite endpoint stu-
dies of the GLP-1 receptor agonists in type 2 diabetes. Curr Med Res
Opin 2015;31:125–35.

[19] U.K. prospective diabetes study 16. Overview of 6 years’ therapy of type
II diabetes: a progressive disease. U.K. Prospective Diabetes Study
Group [published correction appears in Diabetes 1996 Nov;45
(11):1655]. Diabetes 1995;44:1249–58.

[20] Saisho Y. β-cell dysfunction: Its critical role in prevention and man-
agement of type 2 diabetes. World J Diabetes 2015;6:109–24.

[21] Home P, RiddleM, CefaluWT, et al. Insulin therapy in people with type
2 diabetes: opportunities and challenges? Diabetes Care 2014;37:
1499–508.

[22] Nauck M. Incretin therapies: highlighting common features and dif-
ferences in the modes of action of glucagon-like peptide-1 receptor
agonists and dipeptidyl peptidase-4 inhibitors. Diabetes Obes Metab
2016;18:203–16.

[23] Lyseng-Williamson KA. Correction to: Glucagon-like peptide-1 recep-
tor agonists in type 2 diabetes: their use and differential features. Clin
Drug Investig 2020;40:291.

[24] Aroda VR, Henry RR, Han J, et al. Efficacy of GLP-1 receptor agonists
and DPP-4 inhibitors: meta-analysis and systematic review [published
correction appears in Clin Ther. 2014 Feb 1;36(2):307-8]. Clin Ther
2012;34:1247–258.e22.

[25] Farkas E, Szilvásy-Szabó A, Ruska Y, et al. Distribution and ultra-
structural localization of the glucagon-like peptide-1 receptor (GLP-1R)
in the rat brain. Brain Struct Funct 2021;226:225–45.

[26] Garber AJ. Long-acting glucagon-like peptide 1 receptor agonists: a review
of their efficacy and tolerability. Diabetes Care 2011;34(Suppl 2):S279–84.

[27] Yabe D, Seino Y. Two incretin hormones GLP-1 and GIP: comparison
of their actions in insulin secretion and β cell preservation. Prog Biophys
Mol Biol 2011;107:248–56.

[28] Shaefer CF Jr, Kushner P, Aguilar R. User’s guide to mechanism of
action and clinical use of GLP-1 receptor agonists. Postgrad Med 2015;
127:818–26.

[29] Glucagon-like peptide-1 (GLP-1) receptor agonists and dual agonists. 5
November 2024 https://elsevier.health/en-US/preview/glucagon-like-
peptide-1-glp-1-receptor-agonists

[30] Sfairopoulos D, Liatis S, Tigas S, et al. Clinical pharmacology of glu-
cagon-like peptide-1 receptor agonists. Hormones (Athens) 2018;17:
333–50.

[31] Miñambres I, Pérez A. Is there a justification for classifying GLP-1
receptor agonists as basal and prandial? Diabetol Metab Syndr
2017;9:6.

[32] Hinnen D. Glucagon-like peptide 1 receptor agonists for type 2 diabetes.
Diabetes Spectr 2017;30:202–10.

[33] Aroda VR. A review of GLP-1 receptor agonists: evolution and
advancement, through the lens of randomised controlled trials. Diabetes
Obes Metab 2018;20(Suppl 1):22–33.

[34] Chatterjee S, Davies MJ, Khunti K. What have we learnt from “real
world” data, observational studies and meta-analyses. Diabetes Obes
Metab 2018;20(Suppl 1):47–58.

[35] Levin PA, Nguyen H, Wittbrodt ET, et al. Glucagon-like peptide-1
receptor agonists: a systematic review of comparative effectiveness
research. Diabetes Metab Syndr Obes 2017;10:123–39.

[36] Gentilella R, Pechtner V, Corcos A, et al. Glucagon-like peptide-1
receptor agonists in type 2 diabetes treatment: are they all the same?
Diabetes Metab Res Rev 2019;35:e3070.

[37] Htike ZZ, Zaccardi F, Papamargaritis D, et al. Efficacy and safety of
glucagon-like peptide-1 receptor agonists in type 2 diabetes: a systematic
review andmixed-treatment comparison analysis. Diabetes ObesMetab
2017;19:524–36.

[38] Andreadis P, Karagiannis T, Malandris K, et al. Semaglutide for type 2
diabetes mellitus: a systematic review and meta-analysis. Diabetes Obes
Metab 2018;20:2255–63.

[39] Shyangdan DS, Royle P, Clar C, et al. Glucagon-like peptide analogues
for type 2 diabetes mellitus. Cochrane Database Syst Rev 2011;2011:
CD006423.

[40] Singh S,Wright EE Jr, Kwan AY, et al. Glucagon-like peptide-1 receptor
agonists compared with basal insulins for the treatment of type 2 dia-
betes mellitus: a systematic review and meta-analysis. Diabetes Obes
Metab 2017;19:228–38.

[41] Aroda VR, Bain SC, Cariou B, et al. Efficacy and safety of once-weekly
semaglutide versus once-daily insulin glargine as add-on to metformin
(with or without sulfonylureas) in insulin-naive patients with type 2
diabetes (SUSTAIN 4): a randomised, open-label, parallel-group, mul-
ticentre, multinational, phase 3a trial. Lancet Diabetes Endocrinol
2017;5:355–66.

[42] GRADE Study Research GroupNathan DM, Lachin JM, et al. Glycemia
reduction in type 2 diabetes - glycemic outcomes. N Engl J Med 2022;
387:1063–74.

[43] Vilsbøll T, Christensen M, Junker AE, et al. Effects of glucagon-like
peptide-1 receptor agonists on weight loss: systematic review and meta-
analyses of randomised controlled trials. BMJ 2012;344:d7771.

[44] Davies MJ, Bergenstal R, Bode B, et al. Efficacy of liraglutide for weight
loss among patients with type 2 diabetes: the SCALE diabetes rando-
mized clinical trial. 2015 JAMA;314:687–99.

[45] Garvey WT, Birkenfeld AL, Dicker D, et al. Efficacy and safety of lir-
aglutide 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;43:1085–93.

[46] Drucker DJ, Buse JB, Taylor K, et al. Exenatide onceweekly versus twice
daily for the treatment of type 2 diabetes: a randomised, open-label,
non-inferiority study. Lancet 2008;372:1240–50.

[47] Nauck MA, Quast DR, Wefers J, et al. GLP-1 receptor agonists in the
treatment of type 2 diabetes - state-of-the-art. Mol Metab 2021;46:
101102.

[48] Umapathysivam MM, Lee MY, Jones KL, et al. Comparative effects of
prolonged and intermittent stimulation of the glucagon-like peptide 1
receptor on gastric emptying and glycemia. Diabetes 2014;63:785–90.

[49] DaviesM, Færch 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;397:971–84.

[50] U.S. Food and Drug and Administration, Office of the Commissioner.
FDA approves first oral GLP-1 treatment for type 2 diabetes. US Food
and Drug Administration. Accessed September 20, 2019. https://www.
fda.gov/news-events/press-announcements/fda-approves-first-oral-glp-
1-treatment-type-2-diabetes

[51] Aroda VR, Rosenstock J, Terauchi Y, et al. PIONEER 1: Randomized
clinical trial of the efficacy and safety of oral semaglutide monotherapy
in comparison with placebo in patients with type 2 diabetes. Diabetes
Care 2019;42:1724–32.

[52] Rodbard HW, Rosenstock J, Canani LH, et al. Oral semaglutide versus
empagliflozin in patients with type 2 diabetes uncontrolled on metfor-
min: the PIONEER 2 trial. Diabetes Care 2019;42:2272–81.

[53] Rosenstock J, Allison D, Birkenfeld AL, et al. Effect of additional oral
semaglutide vs sitagliptin on glycated hemoglobin in adults with type 2
diabetes uncontrolled with metformin alone or with sulfonylurea: the
PIONEER 3 randomized clinical trial. JAMA 2019;321:1466–80.

[54] Pratley R, Amod A, Hoff ST, et al. Oral semaglutide versus sub-
cutaneous liraglutide and placebo in type 2 diabetes (PIONEER 4): a
randomised, double-blind, phase 3a trial. Lancet 2019;394:39–50.

[55] Mosenzon O, Blicher TM, Rosenlund S, et al. Efficacy and safety of oral
semaglutide in patients with type 2 diabetes and moderate renal
impairment (PIONEER 5): a placebo-controlled, randomised, phase 3a
trial. Lancet Diabetes Endocrinol 2019;7:515–27.

[56] Husain M, Birkenfeld AL, Donsmark M, et al. Oral semaglutide and
cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med
2019;381:841–51.

[57] Pieber TR, Bode B, Mertens A, et al. Efficacy and safety of oral sema-
glutide with flexible dose adjustment versus sitagliptin in type 2 diabetes
(PIONEER 7): a multicentre, open-label, randomised, phase 3a trial.
Lancet Diabetes Endocrinol 2019;7:528–39.

[58] Zinman B, Aroda VR, Buse JB, et al. Efficacy, safety, and tolerability of
oral semaglutide versus placebo added to insulin with or without

Joshi et al. Annals of Medicine & Surgery (2024)

7262

https://elsevier.health/en-US/preview/glucagon-like-peptide-1-glp-1-receptor-agonists
https://elsevier.health/en-US/preview/glucagon-like-peptide-1-glp-1-receptor-agonists
https://www.fda.gov/news-events/press-announcements/fda-approves-first-oral-glp-1-treatment-type-2-diabetes
https://www.fda.gov/news-events/press-announcements/fda-approves-first-oral-glp-1-treatment-type-2-diabetes
https://www.fda.gov/news-events/press-announcements/fda-approves-first-oral-glp-1-treatment-type-2-diabetes


metformin in patients with type 2 diabetes: the PIONEER 8 trial.
Diabetes Care 2019;42:2262–71.

[59] Yamada Y, Katagiri H, Hamamoto Y, et al. Dose-response, efficacy,
and safety of oral semaglutide monotherapy in Japanese patients with
type 2 diabetes (PIONEER 9): a 52-week, phase 2/3a, randomised,
controlled trial. Lancet Diabetes Endocrinol 2020;8:377–91.

[60] Yabe D, Nakamura J, Kaneto H, et al. Safety and efficacy of oral
semaglutide versus dulaglutide in Japanese patients with type 2 diabetes
(PIONEER 10): an open-label, randomised, active-controlled, phase 3a
trial. Lancet Diabetes Endocrinol 2020;8:392–406.

[61] Zepbound (tirzepatide) FDA Approval History. Drugs.com Accessed
September 23, 2024. https://www.drugs.com/history/zepbound.html

[62] Sun F, Wu S, Guo S, et al. Impact of GLP-1 receptor agonists on blood
pressure, heart rate and hypertension among patients with type 2 dia-
betes: a systematic review and network meta-analysis. Diabetes Res Clin
Pract 2015;110:26–37.

[63] Pujadas G, Drucker DJ. Vascular biology of glucagon receptor superfamily
peptides: mechanistic and clinical relevance. Endocr Rev 2016;37:554–83.

[64] Lovshin JA, Barnie A, DeAlmeida A, et al. Liraglutide promotes
natriuresis but does not increase circulating levels of atrial natriuretic
peptide in hypertensive subjects with type 2 diabetes. Diabetes Care
2015;38:132–9.

[65] Hogan AE, Gaoatswe G, Lynch L, et al. Glucagon-like peptide 1 ana-
logue therapy directly modulates innate immune-mediated inflamma-
tion in individuals with type 2 diabetes mellitus. Diabetologia 2014;57:
781–4.

[66] Nauck MA, Meier JJ, Cavender MA, et al. Cardiovascular actions and
clinical outcomes with glucagon-like peptide-1 receptor agonists and
dipeptidyl peptidase-4 inhibitors. Circulation 2017;136:849–70.

[67] Helmstädter J, Frenis K, Filippou K, et al. Endothelial GLP-1 (glucagon-
like peptide-1) receptor mediates cardiovascular protection by liraglu-
tide in mice with experimental arterial hypertension. Arterioscler
Thromb Vasc Biol 2020;40:145–58.

[68] Barale C, Buracco S, Cavalot F, et al. Glucagon-like peptide 1-related
peptides increase nitric oxide effects to reduce platelet activation.
Thromb Haemost 2017;117:1115–28.

[69] Alkhatib NS, Almutairi AR, Alkhezi OS, et al. Economic analysis of
glucagon like peptide-1 receptor agonists from the Saudi Arabia payer
perspective. Saudi Pharm J 2022;30:433–9.

[70] Yang CY, Chen YR, Ou HT, et al. Cost-effectiveness of GLP-1 receptor
agonists versus insulin for the treatment of type 2 diabetes: a real-world
study and systematic review. Cardiovasc Diabetol 2021;20:21.

[71] Mody R, Huang Q, Yu M, et al. Adherence, persistence, glycaemic
control and costs among patients with type 2 diabetes initiating dula-
glutide compared with liraglutide or exenatide once weekly at 12-month
follow-up in a real-world setting in the United States. Diabetes Obes
Metab 2019;21:920–9.

[72] Johansen P, Hunt B, Iyer NN, et al. Correction to: A relative cost of
control analysis of once-weekly semaglutide versus exenatide extended-
release and dulaglutide for bringing patients to HbA1c and weight loss
treatment targets in the USA. Adv Ther 2019;36:1200.

[73] Weber S. Helping patients navigate high costs of GLP-1 medications.
Medscape. Accessed June 3, 2024. https://www.medscape.com/viewarticle/
helping-patients-navigate-high-costs-glp-1-medications-2024a1000ac4?
form=fpf

[74] Buysman EK, Liu F, Hammer M, et al. Impact of medication adherence
and persistence on clinical and economic outcomes in patients with type
2 diabetes treated with liraglutide: a retrospective cohort study. Adv
Ther 2015;32:341–55.

[75] Mody R, Grabner M, Yu M, et al. Real-world effectiveness, adherence
and persistence among patients with type 2 diabetes mellitus initiating
dulaglutide treatment. Curr Med Res Opin 2018;34:995–1003.

[76] Nguyen H, Dufour R, Caldwell-Tarr A. Glucagon-like peptide-1
receptor agonist (GLP-1RA) therapy adherence for patients with type 2
diabetes in a medicare population. Adv Ther 2017;34:658–73.

[77] Giorgino F, Penfornis A, Pechtner V, et al. Adherence to anti-
hyperglycemic medications and glucagon-like peptide 1-receptor ago-
nists in type 2 diabetes: clinical consequences and strategies for
improvement. Patient Prefer Adherence 2018;12:707–19.

[78] Alatorre C, Fernández Landó L, Yu M, et al. Treatment patterns in
patients with type 2 diabetes mellitus treated with glucagon-like peptide-
1 receptor agonists: Higher adherence and persistence with dulaglutide
compared with once-weekly exenatide and liraglutide. Diabetes Obes
Metab 2017;19:953–61.

[79] Johnston SS, NguyenH, Felber E, et al. Retrospective study of adherence
to glucagon-like peptide-1 receptor agonist therapy in patients with type
2 diabetes mellitus in the United States. Adv Ther 2014;31:1119–33.

[80] Lemstra M, Nwankwo C, Bird Y, et al. Primary nonadherence to
chronic disease medications: a meta-analysis. Patient Prefer Adherence
2018;12:721–31.

[81] Hamersky CM, Fridman M, Gamble CL, et al. Injectable anti-
hyperglycemics: a systematic review and critical analysis of the literature
on adherence, persistence, and health outcomes. Diabetes Ther 2019;10:
865–90.

[82] Laiteerapong N, Ham SA, Gao Y, et al. The legacy effect in type 2
diabetes: impact of early glycemic control on future complications (The
Diabetes & Aging Study). Diabetes Care 2019;42:416–26.

[83] Paul SK, Klein K, Thorsted BL, et al. Delay in treatment intensification
increases the risks of cardiovascular events in patients with type 2 dia-
betes. Cardiovasc Diabetol 2015;14:100.

[84] Thieu VT, Robinson S, Kennedy-Martin T, et al. Patient preferences for
glucagon-like peptide 1 receptor-agonist treatment attributes. Patient
Prefer Adherence 2019;13:561–76.

[85] Polonsky WH, Henry RR. Poor medication adherence in type 2 dia-
betes: recognizing the scope of the problem and its key contributors.
Patient Prefer Adherence 2016;10:1299–307.

[86] Reid TS. Practical use of glucagon-like peptide-1 receptor agonist
therapy in primary care. Clin Diabetes 2013;31:148–57.

[87] Bui V, Neumiller JJ. Oral Semaglutide. Clin Diabetes 2018;36:327–9.
[88] Arora S, Peters AL, Agy C, et al. A mobile health intervention for inner

city patients with poorly controlled diabetes: proof-of-concept of the
TExT-MED program. Diabetes Technol Ther 2012;14:492–6.

[89] Lyles CR, Schillinger D, Lopez A, et al. Safety events during an auto-
mated telephone self-management support intervention. J Diabetes Sci
Technol 2013;7:596–601.

[90] Williams JS, Lynch CP, Knapp RG, et al. Technology-Intensified Diabetes
Education Study (TIDES) in African Americans with type 2 diabetes: study
protocol for a randomized controlled trial. Trials 2014;15:460.

[91] Nelson LA,Mulvaney SA, Gebretsadik T, et al. Disparities in the use of a
mHealth medication adherence promotion intervention for low-income
adults with type 2 diabetes. J Am Med Inform Assoc 2016;23:12–8.

[92] Osborn CY, Mulvaney SA. Development and feasibility of a text messa-
ging and interactive voice response intervention for low-income, diverse
adults with type 2 diabetes mellitus. J Diabetes Sci Technol 2013;7:612–22.

[93] Shane-McWhorter L, Lenert L, Petersen M, et al. The Utah Remote
Monitoring Project: improving health care one patient at a time.
Diabetes Technol Ther 2014;16:653–60.

[94] Rosal MC, Heyden R, Mejilla R, et al. Design and methods for a
comparative effectiveness pilot study: virtual world vs. face-to-face
diabetes self-management. JMIR Res Protoc 2012;1:e24.

[95] Sun F, Yu K, Yang Z, et al. Impact of GLP-1 receptor agonists on major
gastrointestinal disorders for type 2 diabetes mellitus: a mixed treatment
comparison meta-analysis. Exp Diabetes Res 2012;2012:230624.

[96] Trujillo J. Safety and tolerability of once-weekly GLP-1 receptor ago-
nists in type 2 diabetes. J Clin Pharm Ther 2020;45(Suppl 1):43–60.

[97] Filippatos TD, Panagiotopoulou TV, ElisafMS. Adverse Effects of GLP-
1 receptor agonists. Rev Diabet Stud 2014;11:202–30.

[98] Brunton SA, Wysham CH. GLP-1 receptor agonists in the treatment of
type 2 diabetes: role and clinical experience to date. PostgradMed 2020;
132(Suppl 2):3–14.

[99] Honigberg MC, Chang LS, McGuire DK, et al. Use of glucagon-like
peptide-1 receptor agonists in patients with type 2 diabetes and cardi-
ovascular disease: a review. JAMA Cardiol 2020;5:1182–90.

[100] Salamah HM, Marey A, Abugdida M, et al. Efficacy and safety of
glucagon-like peptide-1 receptor agonists on prediabetes: a systematic
review and meta-analysis of randomized controlled trials. Diabetol
Metab Syndr 2024;16:129.

[101] Ng E, Shaw JE, Wood A, et al. Glucagon-like peptide-1 receptor agonist
(GLP1-RA) therapy in type 2 diabetes. Aust J Gen Pract 2022;51:513–8.

[102] Liu J, Wang G, Jia Y, et al. GLP-1 receptor agonists: effects on the
progression of non-alcoholic fatty liver disease. DiabetesMetab Res Rev
2015;31:329–35.

[103] Petit JM, Cercueil JP, Loffroy R, et al. Effect of liraglutide therapy on
liver fat content in patients with inadequately controlled type 2 diabetes:
the Lira-NAFLD Study. J Clin Endocrinol Metab 2017;102:407–15.

[104] Newsome PN, Buchholtz K, Cusi K, et al. A placebo-controlled trial of
subcutaneous semaglutide in nonalcoholic steatohepatitis. N Engl JMed
2021;384:1113–24.

Joshi et al. Annals of Medicine & Surgery (2024)

7263

https://www.drugs.com/history/zepbound.html
https://www.medscape.com/viewarticle/helping-patients-navigate-high-costs-glp-1-medications-2024a1000ac4?form=fpf
https://www.medscape.com/viewarticle/helping-patients-navigate-high-costs-glp-1-medications-2024a1000ac4?form=fpf
https://www.medscape.com/viewarticle/helping-patients-navigate-high-costs-glp-1-medications-2024a1000ac4?form=fpf


[105] Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and man-
agement of nonalcoholic fatty liver disease: practice guidance from the
American Association for the Study of Liver Diseases. Hepatology 2018;
67:328–57.

[106] Niafar M, Pourafkari L, Porhomayon J, et al. A systematic review of
GLP-1 agonists on the metabolic syndrome in women with polycystic
ovaries. Arch Gynecol Obstet 2016;293:509–15.

[107] Han Y, Li Y, He B. GLP-1 receptor agonists versus metformin in PCOS:
a systematic review andmeta-analysis. Reprod Biomed Online 2019;39:
332–42.

[108] Mathieu C, Zinman B, Hemmingsson JU, et al. Efficacy and safety of
liraglutide added to insulin treatment in type 1 diabetes: the ADJUNCT
ONE treat-to-target randomized trial. Diabetes Care 2016;39:1702–10.

[109] Ahrén B, Hirsch IB, Pieber TR, et al. Efficacy and safety of liraglutide
added to capped insulin treatment in subjects with type 1 diabetes:

the ADJUNCT TWO randomized trial. Diabetes Care 2016;39:
1693–701.

[110] Wang W, Liu H, Xiao S, et al. Effects of insulin plus glucagon-like
peptide-1 receptor agonists (GLP-1RAs) in treating type 1 diabetes
mellitus: a systematic review and meta-analysis. Diabetes Ther 2017;8:
727–38.

[111] American Diabetes Association Professional Practice Committee. 9.
Pharmacologic approaches to glycemic treatment: Standards of
Medical Care in Diabetes-2022. Diabetes Care 2022;45(Suppl 1):
S125–43.

[112] Garber AJ, HandelsmanY, Grunberger G, et al. Consensus statement by
the American Association of Clinical Endocrinologists and American
College of Endocrinology on the Comprehensive type 2 Diabetes
Management Algorithm - 2020 Executive Summary. Endocr Pract
2020;26:107–39.

Joshi et al. Annals of Medicine & Surgery (2024)

7264


