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ABSTRACT

The discovery of insulin was presented to the
international medical community on May 3,
1922. Since then, insulin has become one of the
most effective pharmacological agents used to
treat type 1 and type 2 diabetes mellitus. How-
ever, the initiation and intensification of insu-
lin therapy is often delayed in people living
with type 2 diabetes due to numerous chal-
lenges associated with daily subcutaneous
administration. Reducing the frequency of
injections, using insulin pens instead of syr-
inges and vials, simplifying treatment regimens,
or administering insulin through alternative

routes may help improve adherence to and
persistence with insulin therapy among people
living with diabetes. As the world commemo-
rates the centennial of the commercialization of
insulin, the aims of this article are to provide an
overview of insulin therapy and to summarize
clinically significant findings from phase 3
clinical trials evaluating less frequent dosing of
insulin and the non-injectable administration
of insulin.
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Key Summary Points

Globally, at least 200 million people living
with diabetes require insulin therapy.

Initiation and intensification of insulin
remains a major challenge for patients
with type 2 diabetes.

Less frequent dosing of insulin and non-
injectable administration of insulin may
overcome this challenge, and several
phase 3 clinical trials are evaluating these
innovative treatment strategies.

Inhaled insulin is currently available for
management of post-prandial
hyperglycemia in people with type 1 or
type 2 diabetes who prefer a non-
injectable treatment option.

Once-weekly dosing of insulin has the
potential to improve adherence to and
persistence with insulin therapy among
patients with diabetes.

INTRODUCTION

Between January and February 1922, insulin
was successfully used to lower blood glucose
levels and resolve glycosuria and ketonuria in a
teenage boy living with diabetes mellitus (DM)
[1, 2]. Groundbreaking research conducted at
the University of Toronto during the period of
insulin’s discovery [3] were presented to an
international audience for the first time at the
Annual Meeting of the American Medical
Association held on May 3, 1922 [4]. Thereafter,
the physicochemical characterization of insulin
[5–7] and the synthesis of highly pure prepara-
tions for treating DM [8, 9] enabled insulin to
become the life-saving antidiabetic medication
that it is today.

Globally, 150–200 million patients with DM
require insulin therapy [10]. All patients with
type 1 (T1DM) require lifelong insulin therapy,
whereas 20–30% of patients with type 2 (T2DM)

eventually require insulin as a result of pro-
gressive pancreatic b-cell dysfunction [10].

Insulin Structure–Function Relationship

Insulin, a peptide hormone that regulates car-
bohydrate metabolism in vertebrates, belongs
to the a ? b class of evolutionarily conserved
globular proteins [11, 12]. It consists of 51
amino acids organized into two chains: the A
chain (glycineA1–asparagineA21) and the B chain
(phenylalanineB1–threonineB30). The amino
acids that constitute the A and B chains influ-
ence the natural tendency of insulin to self-as-
sociate and bind the insulin receptor [13].
Modifying specific amino acids in the two
chains alters molecular stability and the
dynamics of hexamer-to-monomer dissociation
without disrupting insulin’s ability to lower
blood glucose levels [1]. Consequently, most
therapeutic insulins that are currently available
have modified amino acids and different
capacities for self-association compared to
endogenous human insulin [14, 15].

The molecular pharmacology of various
therapeutic insulins is summarized in Table 1.

Classifying Insulins

The earliest method for classifying therapeutic
insulins was based on duration of action
[16, 17]. More recently, therapeutic insulins—
particularly those providing basal coverage—
have been classified by generation [18, 19] in
order to more effectively highlight the evolving
therapeutic landscape. A generation-based
approach to classification is useful because it
allows clinically relevant characteristics of vari-
ous insulin preparations to be emphasized, such
as concentration, glycemic management, and
approximate time–action profile.

First-generation insulins are prepared to the
standardized concentration of 100 units/mL (U-
100) [20, 21]. Second-generation insulins, in
contrast, are prepared to a concentration of 200
units/mL (U-200), 300 units/mL (U-300), or 500
units/mL (U-500) [22]. Also included in the
second generation are hepato-preferential insu-
lins [23] as well as biosimilar and follow-on
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Table 1 Molecular pharmacology of therapeutic insulins

Insulin

molecule

Modification Molecular consequences Pharmacological implications

Established

Aspart ProB28 ? Asp Electrostatic repulsion: AspB28 and

GluB21

Disruption of hydrophobic

interactions in B-chain

Fast absorption and rapid duration of

action due to unstable dimers

Faster aspart ProB28 ? Asp

Addition of niacinamide (vitamin

B3) and arginine to

pharmaceutical solution

Electrostatic repulsion: AspB28 and

GluB21

Disruption of hydrophobic

interactions in B chain

Fast absorption and ultra-rapid

duration of action due to increased

abundance of monomers as well as

increased subcutaneous blood flow

and local vasodilation

Degludec Deletion of ThrB30; acylation of

hexadecanedioic acid to LysB29

via c-L-Glu spacer

Allosteric reorganization of hexamers:

T3R3 ? T6

Self-association into linear multi-

hexamer chains

Reversible binding to human serum

albumin (2.4-fold higher affinity

than detemir)

Slow absorption and long duration of

action due to formation of

subcutaneous and circulating depots

Detemir Deletion of ThrB30; acylation of

myristic acid to LysB29
Self-association into di-hexamers

Reversible binding to human serum

albumin

Slow absorption and long duration of

action due to formation of

subcutaneous and circulating depots

Glargine AsnA21 ? Gly; addition of di-

arginine (ArgB31 and ArgB32)

after ThrB30

Isoelectric precipitation

Protection from deamidation at acidic

pH

Slow absorption and long duration of

action due to formation of loose or

compact subcutaneous depot at

physiological pH

Glulisine AsnB3 ? Lys; LysB29 ? Glu Steric hindrance induced by LysB3

Electrostatic repulsion: GluB29 and

GluB21; LysB3 and ArgB22

Protection from deamidation at

neutral pH

Fast absorption and rapid duration of

action due to unstable dimers

Lispro ProB28 ? Lys; LysB29 ? Pro Steric hindrance: LysB28 and

GlyB20–GlyB23 b-turn

Disruption of hydrophobic

interactions in B chain

Fast absorption and rapid duration of

action due to unstable dimers

URLi ProB28 ? Lys; LysB29 ? Pro

Addition of treprostinil and citrate

to pharmaceutical solution

Steric hindrance: LysB28 and

GlyB20–GlyB23 b-turn

Disruption of hydrophobic

interactions in B chain

Fast absorption and ultra-rapid

duration of action due to

unstable dimers as well as increased

local vascular permeability and

vasodilation
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Table 1 continued

Insulin

molecule

Modification Molecular consequences Pharmacological implications

NPH Crystalline suspension of zinc,

phenols, and combination of

insulin and protamine in 5:1

ratio

Formation of protamine-insulin

conglomerate via electrostatic

interactions

Slow absorption and intermediate

duration of action due to formation

of orthorhombic crystal heaps at

injection site

RHI Addition of zinc and meta-cresol

to pharmaceutical solution

Allosteric reorganization: B1–B8

segment ? a-helix

Slightly delayed absorption and short

duration of action due to

stable compact hexamers with slow

rate of hexamer-to-monomer

dissociation

Exubera Dry powder mixture of

recombinant human insulin,

sodium citrate dihydrate,

sodium hydroxide, mannitol,

and glycine

Formation of stable microspheres

(1.0–5.0 lm diameter) that contain

vitrified insulin monomers

Fast absorption and rapid duration of

action due to formation of

microspheres that reach the alveoli

and dissolve at physiological pH

Technosphere

insulin

Dry powder mixture of

recombinant human insulin,

FDKP, and polysorbate 80

Self-assembly of stable microspheres

(2.0–2.5 lm diameter) that adsorb

insulin monomers

Fast absorption and ultra-rapid

duration of action due to formation

of microspheres that reach the alveoli

and dissolve at physiological pH

Investigational

BIL ProB28 ? Lys; LysB29 ? Pro

20 kDa polyethylene glycol chain

attached to LysB28 via urethane

bond

Large hydrodynamic size

Limited passage through continuous

vascular endothelium but ready

passage through fenestrated hepatic

sinusoidal endothelium

Prolonged half-life and protection

from enzymatic degradation due to

PEGylation

Reduced insulin receptor affinity and

low receptor-mediated clearance

Reduced renal clearance

Minimal self-association

Slow absorption predominantly via

lymphatic system and long duration

of action due to formation of

circulating depot

Hepato-preferential insulin action due

to reduced peripheral effects
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insulins, which have comparable physico-
chemical properties to the U-100 insulin
preparations that are no longer under patent
protection [24]. Finally, third-generation insu-
lins comprise inhaled insulin preparations [25],
oral insulin preparations [26], ultra-rapid-acting
insulin preparations [27], ultra-long-acting
insulin preparations [28], fixed-ratio co-formu-
lations of basal and prandial insulin [29], and
fixed-ratio combinations of basal insulin and

glucagon-like peptide-1 receptor agonist (GLP-
1RA) [30].

Table 2 summarizes the classification of
therapeutic insulins according to generation.

Aims

Initiation and intensification of insulin in
patients with T2DM is often delayed due to
limited acceptance of, adherence to, or

Table 1 continued

Insulin

molecule

Modification Molecular consequences Pharmacological implications

Icodec TyrA14 ? Glu; TyrB16 ? His

PheB25 ? His; deletion of ThrB30

Acylation of icosanedioic acid to

LysB29 via 2xOEG-c-L-Glu

spacer

Prolonged half-life due to increased

stability and protection from

enzymatic degradation

Reduced insulin receptor affinity and

low receptor-mediated clearance

Reversible binding to human serum

albumin (tenfold higher affinity than

detemir)

Minimal self-association

Slow absorption and ultra-long

duration of action due to formation

of circulating depot

Insulin efsitora

alfa

IleA10 ? Thr;TyrA14 ? Asp;

AsnA21 ? Gly

TyrB16 ? Glu; PheB25 ? His;

ThrB27 ? Gly; ProB28 ? Gly;

LysB29 ? Gly; ThrB30 ? Gly

Single-chain insulin variant fused

to human IgG2 Fc domain via

peptide linker

Prolonged half-life and protection

from degradation due to increased

stability and binding to FcRn

Reduced insulin receptor affinity and

low receptor-mediated clearance

Reduced renal clearance

Minimal self-association

Slow absorption and ultra-long

duration of action due to formation

of circulating depot

ORMD-0801 RHI formulated with proprietary

POD technology

Protection from enzymatic

degradation due to presence of

soybean trypsin inhibitor, aprotinin,

and a chelating agent

Paracellular transport of insulin

through intestinal epithelium due to

presence of polysorbate 80, disodium

ethylenediaminetetraacetic acid,

chelating agent, and bile salts

Absorption in small intestine and entry

into hepatic portal system due to

pH-sensitive enteric coating and

absorption enhancers

Prolonged action due to secondary

hepatic effect (suppression of

gluconeogenesis and glycogenolysis)

BIL basal insulin peglispro, Fc fragment crystallizable, FcRn neonatal Fc receptor, FDKP fumaryl diketopiperazine, IgG2 immunoglobulin

G2, NPH neutral protamine Hagedorn, OEG oligoethylene glycol, POD protein oral delivery, RHI regular human insulin, URLi

ultrarapid lispro
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Table 2 Classification of therapeutic insulins according to generation

Insulin preparation Concentration Glycemic
management

Time of
onset

Time to peak
action

Duration of
action

1st generation: standardized insulins

Aspart U-100 Prandial 9–21 min 1–3 h 3–5 h

Detemir U-100 Basal 1–2 h 4–7 h

Modest peak

5.7–23.2 h

Glargine U-100 Basal 2–4 h 8–12 h

Modest peak

10.8–24 h

Glulisine U-100 Prandial 9–21 min 1–3 h 3–5 h

Lispro U-100 Prandial 9–21 min 1–3 h 3–5 h

NPH U-100 Basal 2–4 h 4–12 h 12–24 h

NPH ? RHI U-100 Basal ? prandial 30 min–1 h 2–5 h 10–16 h

Protaminated

aspart ? aspart

U-100 Basal ? prandial 5–30 min 1–12 h 15–18 h

Protaminated

lispro ? lispro

U-100 Basal ? prandial 10–15 min 1–12 h 10–16 h

RHI U-100 Prandial 30 min–1 h 2–4 h 5–8 h

2nd generation: concentrated, hepato-preferential, biosimilar, and follow-on insulins

Degludec U-100

U-200

Basal 30 min–1.5 h No peak [ 42 h

Glargine U-300 Basal 2–6 h No peak 30–36 h

Lispro U-200 Prandial 9–21 min 1–3 h 3–5 h

RHI U-500 Basal ? prandial \ 15 min 4–8 h 13–24 h

BIL 900 nmol/mL Basal N/A No peak [ 36 h

Biosimilar aspart U-100 Prandial 9–21 min 1–3 h 3–5 h

Biosimilar glargine U-100 Basal 2–4 h 8–12 h

Modest peak

10.8–24 h

Follow-on lispro U-100 Prandial 9–21 min 1–3 h 3–5 h

3rd generation: fixed-ratio co-formulation/combination, oral, inhaled, and ultra-insulins

Delgludec ? aspart U-100 Basal ? prandial 10–20 min 30 min–1.5 h [ 24 h

Degludec ? liraglutide Degludec U-100

3.6 mg/mL liraglutide

Basal ? prandial 30 min–1.5 h No peak 24 h

Glargine ? lixisenatide Glargine U-100

33 or 50 lg/mL

lixisenatide

Basal ? prandial 2–4 h No peak 20–24 h
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persistence with insulin therapy, which lead to
poor glycemic management and suboptimal
treatment outcomes [31]. Innovative treatment
strategies for improving insulin adherence and
persistence include less frequent dosing [28],
non-injectable administration [32], the simpli-
fication of complex regimens [33], and the use
of insulin pen technologies [34]. Since the latter
two approaches have been reviewed by other
authors [35, 36], this article will summarize
clinically significant developments in the less
frequent dosing of insulin and the non-in-
jectable administration of insulin based on
phase 3 randomized controlled trials (RCTs)
retrieved from PubMed and ClinicalTrials.gov
between January 1, 2023 and July 31, 2023.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

LESS FREQUENT DOSING
OF INSULIN: SUMMARY OF PHASE
3 CLINICAL TRIALS

Once-Daily Dosing of Basal Insulin

Patients with diabetes who do not achieve gly-
cemic targets with once-daily or twice-daily
dosing of a first-generation basal insulin may
benefit from once-daily dosing of a second-
generation basal insulin [37]. However, unlike
endogenous insulin secretion, conventional
basal insulins do not reproduce the physiologi-
cal hepatic-to-peripheral insulin gradient
(threefold higher insulin levels in the liver
compared to skeletal muscle and adipose tissue)
[38, 39].

Eli Lilly and Company developed basal
insulin peglispro (BIL), the first hepato-prefer-
ential insulin analogue formulated for once-
daily dosing [40, 41]. This development was
motivated by the need for a basal insulin with

Table 2 continued

Insulin preparation Concentration Glycemic
management

Time of
onset

Time to peak
action

Duration of
action

Faster aspart U-100 Prandial 6–12 min 1–3 h 3–5 h

Icodec U-700 Basal N/A No peak 196 h

Icodec ? semaglutide Icodec U-700

2 mg/mL semaglutide

Basal ? prandial N/A No peak 196 h

Insulin efsitora alfa 35 units/mg Basal N/A No peak 408 h

ORMD-0801 8 mg Basal NP NP NP

Exubera 1 mg

3 mg

Prandial 10–20 min 2 h 6 h

Technosphere insulin 4-U

8-U

12-U

Prandial 12 min 35–55 min 1.5–4.5 h

URLi U-100

U-200

Prandial 15–17 min 57 min 4.6–7.3 h

BIL basal insulin peglispro, NP not published, NPH neutral protamine Hagedorn, RHI regular human insulin, URLi
ultrarapid lispro
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the capacity to provide direct suppression of
hepatic glucose metabolism without peripheral
over-insulinization, lower blood glucose levels
for C 24 h, minimize weight gain, and reduce
day-to-day glycemic variability.

Basal Insulin Peglispro (LY2605541)

The IMAGINE clinical development program is
a series of eight phase 3 clinical trials [42–49].
The primary objective of the six active-con-
trolled, treat-to-target phase 3 RCTs is to eval-
uate change in glycated hemoglobin (HbA1c)
from baseline to either week 26 or week 52 by
comparing once-daily dosing of BIL to once-
daily dosing of neutral protamine Hagedorn
(NPH) in adult participants with insulin-naı̈ve
T2DM (IMAGINE 6) or once-daily dosing of
glargine in three different populations: adult
participants with insulin-naı̈ve T2DM (IMA-
GINE 2); adult participants with insulin-treated
T1DM (IMAGINE 1 and IMAGINE 3); and adult
participants with insulin-treated T2DM (IMA-
GINE 4 and IMAGINE 5). Across all six clinical
trials, BIL provided non-inferior and statistically
superior reductions in HbA1c compared to
glargine and NPH.

IMAGINE 7, a phase 3, randomized, cross-
over trial comparing 8-h to 40-h variable-time
dosing to 24-h fixed-time dosing of BIL showed
that variable-time dosing provided a reduction
in baseline HbA1c that was non-inferior to
fixed-time dosing after 12 weeks of treatment in
adult participants with T1DM who were previ-
ously treated with insulin. Lastly, IMAGINE 8, a
phase 3, randomized, crossover trial evaluating
the incidence of hypoglycemia 84 h after
administering a double dose, demonstrated that
double dosing of BIL was associated with a sig-
nificantly lower risk of clinically significant
hypoglycemia (blood glucose B 3.0 mmol/L or
symptoms of severe hypoglycemia) compared
to double dosing of glargine in adult partici-
pants with T2DM who were previously treated
with insulin.

Despite these positive findings, the IMAGINE
clinical development program was ultimately
terminated because participants treated with
BIL developed elevated levels of alanine

aminotransferase and serum triglycerides as
well as increased liver fat content [41, 50].

Table 3 summarizes the IMAGINE clinical
development program evaluating once-daily
dosing of basal insulin.

Once-Weekly Dosing of Basal Insulin

Extensive research has been conducted in an
attempt to develop a basal insulin with an
extended half-life, prolonged glucose-lowering
activity, and potential for improving treatment
adherence [28]. As a consequence, several
insulin preparations have been formulated for
once-weekly dosing. Novo Nordisk developed
an ultra-long-acting basal insulin analogue
(icodec) and a fixed-ratio combination of a basal
insulin and GLP-1RA (icodec ? semaglutide).
Eli Lilly and Company developed an ultra-long-
acting, single-chain insulin variant fused to the
fragment crystallizable region of an
immunoglobulin G2 (insulin efsitora alfa).

Icodec (NN1436)

The ONWARDS clinical development program
is a series of six active-controlled, treat-to-tar-
get, phase 3a RCTs [51–56]. The primary objec-
tive of the program is to evaluate change in
HbA1c from baseline to the end of the treat-
ment period by comparing once-weekly dosing
of icodec to once-daily dosing of conventional
basal insulin (glargine or degludec) in three
diverse populations: adult participants with
T2DM who are insulin-naı̈ve (ONWARDS 1, 3,
and 5); adult participants with T2DM who were
previously treated with insulin (ONWARDS 2
and ONWARDS 4); and adult participants with
T1DM who were previously treated with insulin
(ONWARDS 6).

Published results demonstrate that icodec
provided reductions in baseline HbA1c that
were non-inferior (ONWARDS 1–4) and statis-
tically superior (ONWARDS 1–3) to degludec
U-100 and glargine U-100. Results from
ONWARDS 5 and ONWARDS 6 are not yet
published, but they are expected to provide key
insights that will inform various clinically rele-
vant aspects of once-weekly dosing of icodec,
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Table 3 Summary of phase 3 randomized controlled trials evaluating once-daily dosing of basal insulin

Clinical trial Population Intervention group Comparison

group

Treatment

period

(weeks)

Primary endpoint

Basal insulin peglispro

IMAGINE 1

Non-

inferiority,

OL [42]

T1DM on insulin;

HbA1c\ 12.0%

N = 455

BIL ? lispro

(n = 295)

Mean baseline

HbA1c:

7.75 ± 0.06%

Glargine ? lispro

(n = 160)

Mean baseline

HbA1c:

7.85 ± 0.09%

78 Change in HbA1c from

baseline to week 26:

• BIL: - 0.69 ± 0.04%

• Glargine:

- 0.33 ± 0.06%

• Treatment difference:

- 0.37% (95% CI

- 0.50 to - 0.23);

P\ 0.001

Non-inferiority margin:

0.4%

IMAGINE 2

Non-

inferiority,

DB [43]

Insulin-naı̈ve T2DM on C 2

OADs; HbA1c 7.0–11.0%

N = 1538

BIL ? OADs

(n = 1003)

Mean baseline

HbA1c: 8.5%

Glargine ? OADs

(n = 535)

Mean baseline

HbA1c: 8.5%

78 (cohort

1)

52 (cohort

2)

Change in HbA1c from

baseline to week 52:

• BIL: - 1.6%

• Glargine: - 1.3%

• Treatment difference:

- 0.29% (95% CI

- 0.40 to - 0.19);

P\ 0.001

Non-inferiority margin:

0.4%

IMAGINE 3

Non-

inferiority,

DB [44]

T1DM on basal-bolus insulin;

HbA1c\ 12.0%

N = 1114

BIL ? lispro

(n = 664)

Mean baseline

HbA1c:

7.88 ± 0.04%

Glargine ? lispro

(n = 450)

Mean baseline

HbA1c:

7.84 ± 0.05%

52 Change in HbA1c from

baseline to week 52:

• BIL: - 0.46 ± 0.03%

• Glargine:

- 0.24 ± 0.04%

• Treatment difference:

- 0.22% (95% CI

- 0.32 to - 0.12);

P\ 0.001

Non-inferiority margin:

0.4%
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Table 3 continued

Clinical trial Population Intervention group Comparison

group

Treatment

period

(weeks)

Primary endpoint

IMAGINE 4

Non-

inferiority,

DB [45]

T2DM on C 1 daily insulin

injection; HbA1c C 7.0%

to\ 12.0%

N = 1369

BIL ? lispro

(n = 691)

Mean baseline

HbA1c:

8.38 ± 0.04%

Glargine ? lispro

(n = 678)

Mean baseline

HbA1c:

8.47 ± 0.04%

26 Change in HbA1c from

baseline to week 26:

• BIL: - 1.66 ± 0.04%

• Glargine:

- 1.45 ± 0.04%

• Treatment difference:

- 0.21% (95% CI

- 0.31 to - 0.11);

P\ 0.001

Non-inferiority margin:

0.4%

IMAGINE 5

Non-

inferiority,

OL [46]

T2DM on basal insulin

(glargine, detemir, or

NPH) ± B 3 OADs;

HbA1c\ 9.0%

N = 466

BIL ± OADs

(n = 307)

Mean baseline

HbA1c:

7.43 ± 0.05%

Glargine ± OADs

(n = 159)

Mean baseline

HbA1c:

7.41 ± 0.06%

52 Change in HbA1c from

baseline to week 26:

• BIL: - 0.82 ± 0.04%

• Glargine:

- 0.29 ± 0.06%

• Treatment difference:

- 0.52% (95% CI

- 0.67 to - 0.38);

P\ 0.001

Non-inferiority margin:

0.4%

IMAGINE 6

Non-

inferiority,

OL [47]

Insulin-naı̈ve T2DM on C 2

OADs; HbA1c 7.0–11.0%

N = 641

BIL

(AM) ? OADs

(n = 213)

BIL (PM) ? aspart

(n = 215)

Mean baseline

HbA1c (AM and

PM):

8.5 ± 0.05%

NPH

(PM) ? OADs

(n = 213)

Mean baseline

HbA1c:

8.5 ± 0.07%

26 Change in HbA1c from

baseline to week 26:

• BIL (AM and PM):

- 1.7%

• Glargine: - 1.4%

• Treatment difference:

- 0.37% (95% CI

- 0.50 to - 0.23);

P\ 0.001

Non-inferiority margin:

0.4%
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including dose titration in adult participants
with T2DM and administration of basal-bolus
insulin therapy in adult participants with
T1DM.

Icodec 1 Semaglutide (NN1535, IcoSema)

The ongoing COMBINE clinical development
program comprises three active-controlled,
open-label, phase 3 RCTs [57–59]. The primary
objective of the program is to evaluate change
in HbA1c from baseline to the end of the

treatment period in adult participants with
T2DM who were previously treated with either
basal insulin or GLP-1RA. These phase 3 trials
are comparing once-weekly dosing of fixed-ratio
combination icodec ? semaglutide to once-
weekly dosing of icodec (COMBINE 1), once-
weekly dosing of semaglutide (COMBINE 2),
and once-daily dosing of glargine (COMBINE 3).

Table 3 continued

Clinical trial Population Intervention group Comparison

group

Treatment

period

(weeks)

Primary endpoint

IMAGINE 7

Non-

inferiority,

OL, CO,

three periods

[48]

T1DM on insulin;

HbA1c\ 9.0%

N = 182

BIL variable-time

dosing (8 ± 2 h

to 40 ± 2 h

intervals)

(n = 180)

Mean baseline

HbA1c:

7.50 ± 0.81%

BIL fixed-time

dosing (every

evening)

(n = 177)

Mean baseline

HbA1c:

7.50 ± 0.81%

36 Change in HbA1c from

baseline to week 12:

• BIL variable-time

dosing: - 0.57%

• BIL fixed-time dosing:

- 0.63%

• Treatment difference:

0.06% (95% CI - 0.01

to 0.13); P = 0.095

Non-inferiority margin:

0.4%

IMAGINE 8

Superiority,

DB, CO, two

periods [49]

T2DM on basal insulin;

HbA1c B 9.0%

N = 68

BIL double dose

(n = 34)

Mean baseline

HbA1c: 7.4%

Glargine double

dose

(n = 34)

Mean baseline

HbA1c: 7.1%

16 Incidence of clinically

significant

hypoglycemia 84 h after

double dosing:

• BIL double dose: 6.6%

(9 events)

• Glargine double dose:

35.5% (52 events)

• Treatment difference:

OR 0.13 (95% CI

- 0.04 to 0.39);

P\ 0.001

AM pre-morning meal, BIL basal insulin peglispro, CI confidence interval, CO crossover, DB double-blind, HbA1c glycated hemoglobin,

NPH neutral protamine Hagedorn, OL open-label, OR odds ratio, PM bedtime, T1DM type 1 diabetes mellitus, T2DM type 2 diabetes

mellitus
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Insulin Efsitora Alfa (LY3209590, Basal
Insulin Fc)

The ongoing Once Weekly Insulin Therapy
(QWINT) clinical development program con-
sists of five active-controlled, open-label, phase
3 RCTs [60–64] comparing once-weekly dosing
of insulin efsitora alfa to once-daily dosing of
basal insulin (degludec or glargine). The pri-
mary objective of the program is to evaluate
change in HbA1c from baseline to the end of
the treatment period in three different popula-
tions: adult participants with insulin-naı̈ve
T2DM (QWINT-1 and QWINT-2); adult partici-
pants with insulin-treated T2DM (QWINT-3 and
QWINT-4); and adult participants with insulin-
treated T1DM (QWINT-5).

Table 4 summarizes the ONWARDS, COM-
BINE, and QWINT clinical development pro-
grams evaluating once-weekly dosing of basal
insulin.

CLINICAL SIGNIFICANCE OF LESS
FREQUENT DOSING OF INSULIN

Glycemic management with conventional
insulin therapy is typically suboptimal, neces-
sitating treatment intensification with either
multiple daily injection (MDI) of insulin or
continuous subcutaneous insulin infusion
(CSII) [65, 66]. The need for daily subcutaneous
injections is reduced with CSII because the site
of infusion must be changed every 48–72 h
[67, 68]. However, adherence and persistence
rates of insulin therapy are still lower than for
other antidiabetic medications [69]. Although
several negative predictive factors have been
identified [70], the inverse relationship between
frequency of insulin injections and treatment
adherence and persistence [71] has not been
effectively tackled by MDI or CSII.

Less frequent dosing of insulin has major
clinical implications because it may help
patients living with DM achieve desired out-
comes by overcoming the known barriers to
optimal use of insulin therapy [31, 72]. Once-
weekly dosing of GLP-1RAs is associated with
higher rates of treatment adherence and per-
sistence compared to once-daily dosing [73]. By

reducing the burden of injections, it is likely
that once-weekly dosing of insulin will lead to
similar improvements in adherence and persis-
tence [74].

There are very few studies evaluating adher-
ence to and persistence with less frequent dos-
ing of insulin therapy [75]. A recently published
cross-sectional study found that a reduced
number of injections was the most common
patient-reported factor that may improve treat-
ment adherence [76]. More research into once-
weekly dosing of insulin is needed to provide
robust evidence of the impact of less frequent
dosing on adherence to and persistence with
insulin therapy [77].

Basal Insulin Peglispro, Icodec,
Icodec 1 Semaglutide, and Insulin
Efsitora Alfa

One hepato-preferential insulin preparation,
two ultra-long-acting insulin preparations, and
one fixed-ratio combination have been studied
in phase 3 RCTs. Figure 1 summarizes clinically
significant characteristics of these innovative
insulins.

The IMAGINE Trials

BIL was designed to pharmacologically replicate
the physiological hepatic-to-peripheral insulin
gradient. Unfortunately, the IMAGINE clinical
development program was discontinued
because transaminases, serum triglyceride
levels, and liver fat content were elevated in
insulin-treated but not insulin-naı̈ve adult par-
ticipants with T2DM who were treated with BIL.

Insulin signaling in the liver is known to
induce hepatic de novo lipogenesis by activat-
ing transcription factors and enzymes involved
in fatty acid biosynthesis [78, 79]. Whether the
liver changes that necessitated the termination
of the IMAGINE program were adaptive changes
to treatment with BIL or evidence of PEGyla-
tion-induced hepatotoxicity remains to be
determined [38, 41, 80]. The potential utility of
lipogenesis inhibitors [81] or glucagon receptor
inhibitors [82] for counteracting the negative
effects of hepatic insulin signaling is being
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Table 4 Summary of phase 3 randomized controlled trials evaluating once-weekly dosing of basal insulin

Clinical trial Population Intervention group Comparison
group

Treatment
period
(weeks)

Primary endpoint

Icodec

ONWARDS

1

Non-

inferiority,

OL, two

phase [51]

Insulin-naı̈ve

T2DM; HbA1c

7.0–11.0%

N = 984

Icodec ? non-insulin

GLDs

(n = 492)

Mean baseline

HbA1c: 8.50%

Glargine

U-100 ? non-

insulin GLDs

(n = 492)

Mean baseline

HbA1c: 8.44%

78 Change in HbA1c from

baseline to week 52:

• Icodec: - 1.55%

• Glargine: - 1.35%

• Treatment difference:

- 0.19% (95% CI

- 0.36 to - 0.03);

P\ 0.001

Non-inferiority margin:

0.3%

Statistical superiority:

P = 0.02

ONWARDS

2

Non-

inferiority,

OL [52]

T2DM on basal

insulin; HbA1c

7.0–10.0%

N = 526

Icodec ? non-insulin

GLDs

(n = 262)

Mean baseline

HbA1c: 8.17%

Degludec

U-100 ? non-

insulin GLDs

(n = 263)

Mean baseline

HbA1c: 8.10%

26 Change in HbA1c from

baseline to week 26:

• Icodec: - 0.93%

• Degludec: - 0.71%

• Treatment difference:

- 0.22% (95% CI

- 0.37 to - 0.08);

P\ 0.0001

Non-inferiority margin:

0.3%

Statistical superiority:

P = 0.0028
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Table 4 continued

Clinical trial Population Intervention group Comparison
group

Treatment
period
(weeks)

Primary endpoint

ONWARDS

3

Non-

inferiority,

DB [53]

Insulin-naı̈ve

T2DM; HbA1c

7.0–11.0%

N = 588

Icodec ? QD

placebo

(n = 294)

Mean baseline

HbA1c: 8.6%

Degludec

U-100 ? QW

placebo

(n = 294)

Mean baseline

HbA1c: 8.5%

26 Change in HbA1c from

baseline to week 26:

• Icodec: - 1.6%

• Degludec: - 1.4%

• Treatment difference:

- 0.2% (95% CI

- 0.3 to - 0.1);

P\ 0.001

Non-inferiority margin:

0.3%

Statistical superiority:

P = 0.002

ONWARDS

4

Non-

inferiority,

OL [54]

T2DM on basal-

bolus insulin;

HbA1c

7.0–10.0%

N = 582

Icodec ? aspart

(n = 291)

Mean baseline

HbA1c: 8.29%

Glargine

U-100 ? aspart

(n = 291)

Mean baseline

HbA1c: 8.31%

26 Change in HbA1c from

baseline to week 26:

• Icodec: - 1.16%

• Glargine: - 1.18%

• Treatment difference:

0.02% (95% CI

- 0.11 to 0.15);

P\ 0.0001

Non-inferiority margin:

0.3%

ONWARDS

5

Non-

inferiority,

OL

Status:

completed;

results NP

[55]

Insulin-naı̈ve

T2DM;

HbA1c[ 7.0%

N = 1085

Icodec with

DoseGuide

titration

application

Basal insulin

(degludec or

glargine U-100 or

glargine U-300)

52 Change in HbA1c from

baseline
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Table 4 continued

Clinical trial Population Intervention group Comparison
group

Treatment
period
(weeks)

Primary endpoint

ONWARDS

6

Non-

inferiority,

OL, two

phase

Status:

completed;

results NP

[56]

T1DM on basal-

bolus insulin;

HbA1c\ 10.0%

N = 583

Icodec ? aspart Degludec

U-100 ? aspart

52 Change in HbA1c from

baseline

Icodec ? semaglutide

COMBINE 1

OL

Status:

ongoing

[57]

T2DM on basal

insulin; HbA1c

7.0–10.0%

N = 1290

Icodec ? semaglutide Icodec 52 Change in HbA1c from

baseline

COMBINE 2

OL

Status:

ongoing

[58]

Insulin-naı̈ve

T2DM on GLP-

1RA; HbA1c

7.0–10.0%

N = 680

Icodec ? semaglutide Semaglutide 52 Change in HbA1c from

baseline

COMBINE 3

OL

Status:

ongoing

[59]

T2DM on basal

insulin; HbA1c

7.0–10.0%

N = 680

Icodec ? semaglutide Glargine ? aspart 52 Change in HbA1c from

baseline

Insulin efsitora alfa

QWINT-1

Non-

inferiority,

OL

Status:

ongoing

[60]

Insulin-naı̈ve

T2DM; HbA1c

7.0–10.0%

N = 670

Insulin efsitora alfa Glargine 52 Change in HbA1c from

baseline
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actively investigated. Overall, research into how
PEGylation affects the liver and studies of novel
therapies for counteracting the unwanted
effects of hepatic insulin signaling should be
prioritized in order to help develop other hep-
ato-preferential insulins in the future.

The ONWARDS and QWINT Trials

By significantly reducing the burden of injec-
tion, once-weekly basal insulin has potential to
improve adherence to and persistence with
insulin therapy among patients living with DM.
However, there is concern that icodec and

insulin efsitora alfa may be associated with
excessive day-to-day glycemic variability. The
increasing use of continuous glucose monitor-
ing (CGM) in research and clinical practice has
enabled dynamic fluctuations in blood glucose
levels to be studied more conveniently. Time in
range (TIR), which is defined as the percentage
of time that blood glucose is between 3.9 and
10.0 mmol/L [83, 84], is a clinically relevant
indicator of glycemic management that is
inversely correlated with HbA1c [85]. For adults
with T1DM or T2DM, the recommended TIR
is[70%, meaning that blood glucose levels

Table 4 continued

Clinical trial Population Intervention group Comparison
group

Treatment
period
(weeks)

Primary endpoint

QWINT-2

OL

Status:

ongoing

[61]

Insulin-naı̈ve

T2DM; HbA1c

7.0–10.0%

N = 912

Insulin efsitora alfa Degludec 52 Change in HbA1c from

baseline

QWINT-3

OL

Status:

ongoing

[62]

T2DM on basal

insulin; HbA1c

6.5–10.0%

N = 986

Insulin efsitora alfa Degludec 78 Change in HbA1c from

baseline

QWINT-4

OL

Status:

ongoing

[63]

T2DM on MDI

insulin; HbA1c

7.0–10.0%

N = 670

Insulin efsitora

alfa ? lispro

Glargine

U-100 ? lispro

U-100

26 Change in HbA1c from

baseline

QWINT-5

OL

Status:

ongoing

[64]

T1DM on basal-

bolus insulin;

HbA1c

7.0–10.0%

N = 692

Insulin efsitora alfa Degludec 52 Change in HbA1c from

baseline

CI confidence interval, DB double-blind, GLDs glucose-lowering drugs, GLP-1RA glucagon-like peptide-1 receptor agonist,
HbA1c glycated hemoglobin, MDI multiple daily injection, NP not published, OL open-label, QD once-daily, QW once-
weekly, T1DM type 1 diabetes mellitus, T2DM type 2 diabetes mellitus
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should remain within range for more than 16 h
48 min over a 24-h period [86].

Treatment with icodec resulted in a signifi-
cantly higher TIR compared to glargine in
ONWARDS 1 (71.9% [17 h 15 min] versus 66.9%
[16 h 3 min] during weeks 48–52; P\0.001 and
70.2% [16 h 51 min] versus 64.8% [15 h 33
min] during weeks 74–78; P\0.001), a similar
TIR compared to glargine in ONWARDS 4
(66.9% [16 h 3 min] versus 66.4% [15 h 56
min] during weeks 22–26; P = 0.84), and a
slightly higher TIR compared to degludec in
ONWARDS 2 (63.1% [15 h 9 min] versus
59.5% [14 h 17 min] during weeks 22–26;
P = 0.15). CGM data for adult populations with
T1DM (ONWARDS 6 and QWINT-5) and adult
populations with T2DM (QWINT-2, QWINT-3,
and QWINT-4) will provide additional clinically
significant information on the quality of gly-
cemic management resulting from less frequent
dosing of insulin.

Insulin efsitora alfa protracts insulin action
by binding to the fetal neonatal receptor,
whereas icodec reversibly binds to human
serum albumin [87]. It is unclear whether these

different mechanisms of protraction will lead to
clinically significant differences in efficacy and
safety. A head-to-head trial comparing insulin
efsitora alfa and icodec may be needed in order
to resolve this uncertainty.

The COMBINE Trials

Intensification of basal insulin with once-
weekly dosing of icodec ? semaglutide will be a
clinically significant treatment option for adult
patients with T2DM because it has the potential
to significantly reduce injection burden, pro-
vide complementary basal and prandial gly-
cemic management with a limited risk of
hypoglycemia, reduce body weight, and man-
age cardiovascular risk factors [88]. Conse-
quently, results from the COMBINE program
are eagerly awaited due to the frequent associ-
ation between obesity and T2DM [89] and the
urgent need for safe and effective medications
that manage the cardiometabolic complications
of DM.

Fig. 1 Schematic of clinically significant characteristics of
insulins formulated for less frequent dosing. Aib
2-aminoisobutyric acid, ALT alanine aminotransferase,
C18 octadecanedioic acid, C20 icosanedioic acid, CV car-
diovascular, Fc fragment crystallizable, FPG fasting plasma

glucose, HbA1c glycated hemoglobin, PEG polyethylene
glycol, PPG post-prandial glucose, QD once-daily, QW
once-weekly, TG triglyceride
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NON-
INJECTABLE ADMINISTRATION
OF INSULIN: SUMMARY OF PHASE
3 CLINICAL TRIALS

Insulin therapy is primarily administered via
subcutaneous injection. However, missed and
mistimed dosing of subcutaneous insulin occurs
frequently among people living with DM [90],
contributing to the suboptimal use of insulin
therapy and poor treatment outcomes. Conse-
quently, the suitability of non-injectable ad-
ministration of insulin has been intensely
investigated [91].

Two prandial insulins—Exubera (developed
jointly by Nektar Therapeutics, Pfizer, and
Sanofi-Aventis) and Technosphere insulin (de-
veloped by MannKind Corporation)—have
been formulated for inhaled administration.
Additionally, Oramed Pharmaceuticals devel-
oped a basal insulin called ORMD-0801, which
has been formulated for oral administration.

Exubera

In two phase 3 RCTs evaluating long-term pul-
monary safety in adult participants with insu-
lin-treated T1DM [92] or insulin-treated T2DM
[93], Exubera caused non-progressive and
reversible declines in baseline forced expiratory
volume in 1 s (FEV1) and baseline carbon
monoxide diffusing capacity that were slightly
greater in magnitude but clinically non-mean-
ingful compared to regular human insulin
(RHI), lispro, and aspart.

The efficacy of Exubera has been compared
to oral antidiabetic drugs (OADs) or RHI in five
phase 3 RCTs [94–98] with the primary objec-
tive of evaluating change in HbA1c from base-
line to the end of the treatment period in
insulin-naı̈ve or insulin-treated adult partici-
pants with T1DM or T2DM.

In participants with insulin-naı̈ve T2DM,
Exubera provided a reduction in baseline HbA1c
that was superior to both metformin
monotherapy and dual oral therapy consisting
of an insulin secretagogue (sulfonylurea or
repaglinide) ? an insulin sensitizer

(thiazolidinedione or metformin). Additionally,
Exubera provided a non-inferior reduction in
baseline HbA1c compared to RHI in participants
with T1DM or T2DM who were previously
treated with insulin.

Technosphere Insulin

In a phase 3 clinical trial evaluating long-term
pulmonary safety in adult participants with
T1DM or T2DM, Technosphere insulin caused a
small and non-progressive decline in baseline
FEV1 compared to the usual antidiabetic treat-
ment (OADs alone or OADs ? insulin) [99].

The efficacy of Technosphere insulin has
been evaluated in five phase 3 RCTs [100–104]
that had the primary objective of evaluating the
change in HbA1c from baseline to the end of
the treatment period in adult participants with
insulin-treated T1DM, insulin-treated T2DM, or
insulin-naı̈ve T2DM.

Inhaled administration of Technosphere
insulin demonstrated consistently positive
results across the phase 3 clinical trials: a non-
inferior reduction in baseline HbA1c compared
to biaspart in participants with insulin-treated
T2DM; a non-inferior reduction in baseline
HbA1c compared to aspart or lispro in partici-
pants with insulin-treated T1DM; and a superior
reduction in baseline HbA1c compared to OADs
in insulin-naı̈ve participants with T2DM. Lastly,
in participants with insulin-treated T2DM,
Technosphere insulin provided a reduction in
baseline HbA1c that was not equivalent to
aspart.

INHALE-1 [105] is an ongoing open-label,
active-controlled, phase 3 RCT that is compar-
ing Technosphere insulin to rapid-acting insu-
lin analogues (lispro, aspart, or glulisine) with
the primary objective of evaluating the change
in HbA1c from baseline to the end of the
treatment period in participants B 18 years of
age with T1DM or T2DM who were previously
treated with insulin. This non-inferiority clini-
cal trial is expected to provide high-level evi-
dence that will support the use of inhaled
insulin in children and adolescents living with
DM.
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ORMD-0801

Two placebo-controlled, phase 3 RCTs
[106, 107] evaluating the change in HbA1c from
baseline to the end of the treatment period in
insulin-naı̈ve adult participants with T2DM
were terminated early following the completion
of only 26 weeks of treatment with ORMD-
0801. As a consequence, the clinical need for a
safe and efficacious oral insulin preparation
remains unmet.

Table 5 summarizes the phase 3 RCTs eval-
uating the non-injectable administration of
insulin.

CLINICAL SIGNIFICANCE OF NON-
INJECTABLE ADMINISTRATION
OF INSULIN

The non-injectable administration of insulin
has been investigated since the 1920s, when
alcoholic solutions containing insulin were
administered orally [108]. However, this
approach was abandoned due to limited efficacy
compared to the subcutaneous administration
of insulin. Pulmonary administration of insulin
was proposed as an alternative to subcutaneous
administration due to the large surface area,
high permeability, and extensive vasculariza-
tion of the deep lung [109]. However, pul-
monary administration is challenging due to
diffusional deposition of the medication in the

Fig. 2 Schematic of clinically significant characteristics of
insulins formulated for non-injectable administration.
ALP alkaline phosphatase, ALT alanine aminotransferase,
AST aspartate aminotransferase, DLCO carbon monoxide

diffusing capacity, FEV1 forced expiratory volume in 1 s,
FPG fasting plasma glucose, HbA1c glycated hemoglobin,
POD protein oral delivery, PPG post-prandial glucose
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mucus layer and mucociliary advection/clear-
ance [110]. The innovative formulation of
insulin into a dry powder consisting of very
small particles enabled insulin to be successfully
delivered to the alveoli, thereby surmounting
the barriers to the pulmonary administration of
peptide medications [111, 112].

Exubera, Technosphere Insulin,
and ORMD-0801

Two inhaled insulin preparations and one oral
insulin preparation have been studied in phase
3 RCTs. Figure 2 summarizes clinically signifi-
cant characteristics of these innovative insulins.

The Exubera and Technosphere Insulin
Clinical Trials

Due to positive evidence of pulmonary safety
and efficacy, Exubera became the first inhaled
insulin to be approved in 2006 for use in adult
patients with DM in the United States (US) and
Europe [113]. However, the withdrawal of Exu-
bera from the market in the US (2007) and
Europe (2008) due to poor sales [113, 114] cre-
ated an opportunity for the development of
other inhaled insulins for patients preferring a
non-injectable treatment option. Technosphere
insulin was subsequently developed and
approved in 2014 [115] following positive
results from phase 3 RCTs, and is currently the
only inhaled insulin preparation available in
the US for management of post-prandial
hyperglycemia in adult patients living with DM.

Intensification of antidiabetic treatment in
the pediatric population seems to be the next
frontier for inhaled insulin. Since the INHALE-1
trial is expected to provide a new therapeutic
option for managing post-prandial hyper-
glycemia in children and adolescents with DM,
findings from this RCT are eagerly awaited.

The impact of non-injectable administration
on adherence to and persistence with insulin
therapy has been previously studied. Some
authors have suggested that inhaled administra-
tion of insulinmay improve treatment adherence
[116, 117]. In several empirical studies, inhaled
administration of insulin was associated with

higher treatment satisfaction than subcutaneous
administration among participants with DM
[118–122]. Furthermore, adolescent and adult
participants with T1DM who were treated with
inhaled insulin self-reported lower barriers to
treatment adherence [123]. Since real-world evi-
dence (RWE)has been shown toplay a critical role
inassessing treatment adherence [124], there is an
urgent need for RWE that corroborates the posi-
tive findings from empirical research on inhaled
administration of insulin.

The ORMD-0801 Clinical Trials

The early termination of the phase 3 RCTs
evaluating ORMD-0801 is disappointing. Con-
sequently, the clinical significance of oral
insulin remains unclear due to a lack of robust
clinical evidence. To overcome this limitation,
research into the chemical, formulation, and
physical barriers to the oral administration of
insulin [125] should continue to be prioritized
in order to ensure that other therapeutic insu-
lins designed for oral administration reach
advanced stages of clinical development.

CONCLUSIONS

Less frequent dosing of insulin has been evalu-
ated by numerous phase 3 clinical trials and has
yielded mixed results. In the IMAGINE trials,
once-daily dosing of basal insulin peglispro
provided glycemic management that was non-
inferior to glargine and NPH. However, the
development of this hepato-preferential insulin
was discontinued due to transaminitis, elevated
serum triglyceride levels, and increased liver fat
content. In the completed ONWARDS trials,
once-weekly dosing of icodec provided non-in-
ferior and statistically superior glycemic man-
agement compared to glargine and degludec.
Based on these positive results, icodec is likely
to be the world’s first-in-class ultra-long-acting
basal insulin approved for the medical man-
agement of diabetes mellitus. The ongoing
COMBINE and QWINT trials are expected to
provide substantive evidence of the efficacy and
safety of icodec ? semaglutide and insulin efsi-
tora alfa, respectively.
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Phase 3 clinical trials evaluating the non-in-
jectable administration of insulin have culmi-
nated in Technosphere insulin being the only
inhaled antidiabetic medication currently
available to people living with diabetes. The
need for an oral insulin remains unmet because
the two clinical trials evaluating ORMD-0801
have been terminated early. We therefore look
forward to continuous innovation in insulin
therapy to overcome existing and emerging
treatment challenges.
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67. Pfützner A, Sachsenheimer D, Grenningloh M, et al.
Using insulin infusion sets in CSII for longer than
the recommended usage time leads to a high risk for
adverse events: results from a prospective random-
ized crossover study. J Diabetes Sci Technol. 2015;9:
1292–8.

68. Thethi TK, Rao A, Kawji H, et al. Consequences of
delayed pump infusion line change in patients with
type 1 diabetes mellitus treated with continuous
subcutaneous insulin infusion. J Diabetes Compli-
cations. 2010;24:73–8.

69. Lee DS, Lee H. Adherence and persistence rates of
major antidiabetic medications: a review. Diabetol
Metab Syndr. 2022;14:12.

70. Russell-Jones D, Pouwer F, Khunti K. Identification
of barriers to insulin therapy and approaches to
overcoming them. Diabetes Obes Metab. 2018;20:
488–96.

71. Edelman S, Cassarino D, Kayne D, Dex T, Li X,
Pasquel FJ. Treatment persistence and adherence in
people with type 2 diabetes switching to iGlarLixi vs
free-dose combinations of basal insulin and gluca-
gon-like peptide 1 receptor agonist. J Manag Care
Spec Pharm. 2022;28:958–68.

72. Spain CV, Wright JJ, Hahn RM, Wivel A, Martin AA.
Self-reported barriers to adherence and persistence
to treatment with injectable medications for type 2
diabetes. Clin Ther. 2016;38:1653–64.

73. Polonsky WH, Arora R, Faurby M, Fernandes J, Liebl
A. Higher rates of persistence and adherence in
patients with type 2 diabetes initiating once-weekly
vs daily injectable glucagon-like peptide-1 receptor
agonists in US clinical practice (STAY Study). Dia-
betes Ther. 2022;13:175–87.

74. Bajaj HS, Goldenberg RM. Insulin icodec weekly: a
basal insulin analogue for type 2 diabetes. tou-
chREV Endocrinol. 2023;19:4–6.

75. Capoccia K, Odegard PS, Letassy N. Medication
adherence with diabetes medication: a systematic
review of the literature. Diabetes Educ. 2016;42:
34–71.

76. Alsaidan AA, Alsaidan OA, Mallhi TH, Khan YH,
Alzarea AI, Alanazi AS. Assessment of adherence to
insulin injections among diabetic patients on basal-
bolus regimen in primary and secondary healthcare
centers in Al-Jouf region of Saudi Arabia; a descrip-
tive analysis. J Clin Med. 2023;12:3474.

Diabetes Ther (2023) 14:1801–1831 1829

https://clinicaltrials.gov/study/NCT05352815
https://clinicaltrials.gov/study/NCT05352815
https://clinicaltrials.gov/study/NCT05259033
https://clinicaltrials.gov/study/NCT05259033
https://clinicaltrials.gov/study/NCT05013229
https://clinicaltrials.gov/study/NCT05013229
https://clinicaltrials.gov/study/NCT05662332
https://clinicaltrials.gov/study/NCT05662332
https://clinicaltrials.gov/study/NCT05362058
https://clinicaltrials.gov/study/NCT05362058
https://clinicaltrials.gov/study/NCT05275400
https://clinicaltrials.gov/study/NCT05275400
https://clinicaltrials.gov/study/NCT05462756
https://clinicaltrials.gov/study/NCT05462756
https://clinicaltrials.gov/study/NCT05463744


77. Bellary S, Barnett AH. Insulin icodec: evolution or
revolution in diabetes therapy? Lancet Diabetes
Endocrinol. 2023;11:379–80.

78. Manuel CR, Haeusler RA. Insulin-stimulated lipo-
genesis gets an epigenetic makeover. J Clin Invest.
2020;130:2809–10.

79. Santoleri D, Titchenell PM. Resolving the paradox
of hepatic insulin resistance. Cell Mol Gastroenterol
Hepatol. 2019;7:447–56.

80. Kurtzhals P, Nishimura E, Haahr H, et al. Com-
memorating insulin’s centennial: engineering
insulin pharmacology towards physiology. Trends
Pharmacol Sci. 2021;42:620–39.

81. Batchuluun B, Pinkosky SL, Steinberg GR. Lipoge-
nesis inhibitors: therapeutic opportunities and
challenges. Nat Rev Drug Discov. 2022;21:283–305.

82. Hvid H, Brand CL, Hummelshøj T, et al. Preclinical
exploration of combined glucagon inhibition and
liver-preferential insulin for treatment of diabetes
using in vitro assays and rat and mouse models.
Diabetologia. 2023;66:376–89.

83. Battelino T, Danne T, Bergenstal RM, et al. Clinical
targets for continuous glucose monitoring data
interpretation: recommendations from the Inter-
national Consensus on Time in Range. Diabetes
Care. 2019;42:1593–603.

84. Dovc K, Battelino T. Time in range centered dia-
betes care. Clin Pediatr Endocrinol. 2021;30:1–10.

85. Saboo B, Kesavadev J, Shankar A, et al. Time-in-
range as a target in type 2 diabetes: an urgent need.
Heliyon. 2021;7: e05967.

86. Aleppo G. Clinical application of time in range and
other metrics. Diabetes Spectr. 2021;34:109–18.

87. Moyers JS, Hansen RJ, Day JW, et al. Preclinical
characterization of LY3209590, a novel weekly basal
insulin Fc-fusion protein. JPET. 2022;382:346–55.
https://doi.org/10.1124/jpet.122.001105.

88. Lisco G, De Tullio A, Disoteo O, et al. Basal insulin
intensification with GLP-1RA and dual GIP and
GLP-1RA in patients with uncontrolled type 2 dia-
betes mellitus: a rapid review of randomized con-
trolled trials and meta-analysis. Front Endocrinol
(Lausanne). 2022;13: 920541.

89. Ruze R, Liu T, Zou X, et al. Obesity and type 2 dia-
betes mellitus: connections in epidemiology,
pathogenesis, and treatments. Front Endocrinol
(Lausanne). 2023;14:1161521.

90. Robinson S, Newson RS, Liao B, Kennedy-Martin T,
Battelino T. Missed and mistimed insulin doses in

people with diabetes: a systematic literature review.
Diabetes Technol Ther. 2021;23:844–56.

91. Pandey M, Choudhury H, Yi CX, et al. Recent
updates on novel approaches in insulin drug deliv-
ery: a review of challenges and pharmaceutical
implications. Curr Drug Targets. 2018;19:1782–800.

92. Rosenstock J, Cefalu WT, Hollander PA, et al. Two-
year pulmonary safety and efficacy of inhaled
human insulin (exubera) in adult patients with type
2 diabetes. Diabetes Care. 2008;31:1723–8.

93. Skyler JS, Jovanovic L, Klioze S, Reis J, Duggan W,
Inhaled Human Insulin Type 1 Diabetes Study
Group. Two-year safety and efficacy of inhaled
human insulin (exubera) in adult patients with type
1 diabetes. Diabetes Care. 2007;30:579–85.

94. Barnett AH, Dreyer M, Lange P, Serdarevic-Pehar M.
An open, randomized, parallel-group study to
compare the efficacy and safety profile of inhaled
human insulin (exubera) with metformin as
adjunctive therapy in patients with type 2 diabetes
poorly controlled on a sulfonylurea. Diabetes Care.
2006;29:1282–7.

95. Quattrin T, Bélanger A, Bohannon NJV, Schwartz
SL, Exubera Phase III Study Group. Efficacy and
safety of inhaled insulin (exubera) compared with
subcutaneous insulin therapy in patients with type
1 diabetes: results of a 6-month, randomized,
comparative trial. Diabetes Care. 2004;27:2622–7.

96. Skyler JS, Weinstock RS, Raskin P, et al. Use of
inhaled insulin in a basal/bolus insulin regimen in
type 1 diabetic subjects: a 6-month, randomized,
comparative trial. Diabetes Care. 2005;28:1630–5.

97. Rosenstock J, Zinman B, Murphy LJ, et al. Inhaled
insulin improves glycemic control when substituted
for or added to oral combination therapy in type 2
diabetes: a randomized, controlled trial. Ann Intern
Med. 2005;143:549–58.

98. Hollander PA, Blonde L, Rowe R, et al. Efficacy and
safety of inhaled insulin (exubera) compared with
subcutaneous insulin therapy in patients with type
2 diabetes: results of a 6-month, randomized,
comparative trial. Diabetes Care. 2004;27:2356–62.

99. Raskin P, Heller S, Honka M, et al. Pulmonary
function over 2 years in diabetic patients treated
with prandial inhaled technosphere insulin or usual
antidiabetes treatment: a randomized trial. Diabetes
Obes Metab. 2012;14:163–73.

100. Rosenstock J, Lorber DL, Gnudi L, et al. Prandial
inhaled insulin plus basal insulin glargine versus
twice daily biaspart insulin for type 2 diabetes: a
multicentre randomised trial. Lancet. 2010;375:
2244–53.

1830 Diabetes Ther (2023) 14:1801–1831

https://doi.org/10.1124/jpet.122.001105


101. Bode BW, McGill JB, Lorber DL, et al. Inhaled
technosphere insulin compared with injected
prandial insulin in type 1 diabetes: a randomized
24-week trial. Diabetes Care. 2015;38:2266–73.

102. Rosenstock J, Franco D, Korpachev V, et al. Inhaled
technosphere insulin versus inhaled technosphere
placebo in insulin-naı̈ve subjects with type 2 dia-
betes inadequately controlled on oral antidiabetes
agents. Diabetes Care. 2015;38:2274–81.

103. Hoogwerf BJ, Pantalone KM, Basina M, Jones MC,
Grant M, Kendall DM. Results of a 24-week trial of
technosphere insulin versus insulin aspart in type 2
diabetes. Endocr Pract. 2021;27:38–43.

104. McGill JB,Weiss D, GrantM, JonesMC, Kendall DM,
Hoogwerf BJ. Understanding inhaled technosphere
insulin: results of an early randomized trial in type 1
diabetes mellitus. J Diabetes. 2021;13:164–72.

105. ClinicalTrials.gov. Afrezza� INHALE-1 Study in
Pediatrics (INHALE-1). 2021. https://clinicaltrials.
gov/study/NCT04974528. Accessed 26 Apr 2023.

106. ClinicalTrials.gov. Study to evaluate the efficacy
and safety of ORMD-0801 in subjects with type 2
diabetes mellitus. 2020. https://clinicaltrials.gov/
study/NCT04606576. Accessed 26 Apr 2023.

107. ClinicalTrials.gov. A phase 3 study to evaluate the
efficacy and safety of ORMD-0801 in subjects with
type 2 diabetes mellitus. 2021. https://clinicaltrials.
gov/study/NCT04754334. Accessed 26 Apr 2023.

108. Harrison GA. Insulin in alcoholic solution by the
mouth. Br Med J. 1923;2:1204–5. https://doi.org/10.
1136/bmj.2.3286.1204.
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