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Abstract

:

Diabetes mellitus (DM) is a chronic metabolic disease affecting over 500 million people worldwide, which leads to severe complications and to millions of deaths yearly. When therapeutic goals are not reached with diet, physical activity, or non-insulin drugs, starting/adding insulin treatment is recommended by international guidelines. A novel recombinant insulin is icodec, a once-weekly insulin that successfully completed phase III trials and that has recently obtained the marketing authorization approval from the European Medicines Agency. This narrative review aims to assess icodec pharmacological and clinical features concerning evidence on benefit–risk profile, as compared to other basal insulins, addressing the potential impact on patients’ unmet needs. Icodec is a full agonist, recombinant human insulin analogue characterized by an ultra-long half-life (196 h), enabling its use in once-weekly administration. Phase III randomized clinical trials involving more than 4000 diabetic patients, mostly type 2 DM, documented non-inferiority of icodec, as compared to currently available basal insulins, in terms of estimated mean reduction of glycated hemoglobin levels; a superiority of icodec, compared to control, was confirmed in insulin-naïve patients (ONWARDS 1, 3, and 5), and in patients previously treated with basal insulin (ONWARDS 2). Icodec safety profile was comparable to the currently available basal insulins. Once-weekly icodec has the potential to improve patients’ adherence, thus positively influencing patients’ treatment satisfaction as well as quality of life, especially in type 2 DM insulin-naïve patients. An improved adherence might positively influence glycemic target achievement, reduce overall healthcare costs and overcome some of the unmet patients’ needs. Icodec has the potential to emerge as a landmark achievement in the evolution of insulin therapy, with a positive impact also for the National Health Services and the whole society.
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1. Introduction


Diabetes mellitus (DM) is one of the most common chronic metabolic diseases, which nowadays affects more than 500 million subjects [1]. The International Diabetes Federation (IDF) estimates that this number will rise to 643 million by 2030 [1]. Diabetes can lead to life-threatening complications, such as retinopathy, nephropathy, neuropathy, and cardiovascular disease, and it is one of the major causes of death, accounting for 6.7 million deaths in 2021 alone [1,2]. Type 2 diabetes mellitus (T2DM) is the most common type of diabetes, accounting for 90% of cases [1].



The rising number of people with T2DM has an important impact, in terms of both clinical effects and economic burden, on healthcare systems, ranging from 2.5% to 15% of the total healthcare expenditure in each European Country [3].



The most recent guidelines of the American Diabetes Association (ADA) and of the European Society of Cardiology provide recommendations on prevention, diagnosis, monitoring procedure and therapeutic strategies [4,5]. Concerning the pharmacological therapy, the guidelines recommend the use of specific antidiabetic drugs based on therapeutic goals, such as weight loss, minimizing hypoglycemia risk, and preventing/managing cardiovascular or renal complications. In late-stage diabetes or when glycemic control is not achieved with non-insulin drugs, such as oral antidiabetics and GLP1-RA, the addition of or the switch to insulin therapy is recommended.



Over the past 40 years, various recombinant insulin analogues have been developed, employing distinct technologies tailored to achieve specific objectives, such as the use of rapid-release or extended-release formulations [6]. Nowadays, ongoing technological advancements are leading to the development of novel insulin formulations, which will hopefully have the potential to improve both the efficacy and safety of insulin therapy [7].



Second generation basal insulins, such as degludec and glargine 300, which are characterized by an extended duration of action and by a low pronounced pharmacokinetic peak, have shown a reduced risk of hypoglycemia while maintaining a good glycemic control, compared to other basal insulins [8,9,10]. Indeed, their use is recommended by the Italian SID–AMD and by international ADA guidelines [4,11]. In particular, insulin degludec has demonstrated a reduction in severe and symptomatic nocturnal hypoglycemia, and a reduction in insulin dose and greater flexibility, compared to insulin glargine 300 [12,13].



Unlike fast-acting insulins, which should be administered immediately before meals, basal insulins are typically taken once or twice daily, with the option to further split the dosage if necessary [14]. Recently, some novel recombinant insulin formulations, such as icodec and efsitora-alfa, have been designed for once-weekly administration. The extended-release formulation was used to provide an option to simplify the treatment for diabetic patients, drastically reducing the number of injections from once/twice per day to once per week. Specifically, efsitora-alfa completed a phase 2 program [15] and recently started phase 3 trials (QWINT trials), while icodec successfully already completed the ONWARDS phase 3a trial program, consisting of six multi-center randomized clinical trials (RCTs). These trials collectively involved over 4000 adults with type 1 (N = 580) or type 2 DM (N = 3746), and they all met their primary endpoints. Based on data from the ONWARDS clinical trial program, the manufacturer submitted a biologics license application (BLA) for once-weekly insulin icodec for the treatment of diabetes mellitus to the US Food & Drug Administration (FDA) and to the European Medicines Agency (EMA) in April and May 2023, respectively [16,17]. On 21st March 2024, the EMA issued a favourable opinion for the marketing authorization of the medicinal product Awiqli (insulin icodec) [18], manufactured by Novo Nordisk, headquartered in Bagsværd, Denmark.



This paper aims to provide an overview of the pharmacological and benefit-risk profile of once-weekly basal insulin icodec, as compared to other marketed basal insulins, exploring the potential impact on patients’ unmet needs, as well as the environmental impact related to injection devices, and future applications in real-world setting.




2. Pharmacologic Profile of Insulin Icodec


Icodec is a novel recombinant insulin that has been developed to have an analogue of human insulin with distinct pharmacokinetic (PK) and pharmacodynamic (PD) properties, enabling its use for weekly (instead of daily) administrations in patients affected by diabetes mellitus.



The once-weekly formulation for icodec was obtained through different technological improvement starting from human insulin, such as substitution of some aminoacidic residues on the human insulin’s backbone peptide, the removal of the last aminoacidic residue on chain B, and conjugation with a miniPEG- γGlu spacer, linked to a 1,20-icosanedioic fatty acid (C20) at Lys in position B29 [19,20].



In particular, variations in aminoacidic sequence led to enhanced proteolytic stability, enhanced solubility, reduced insulin receptor affinity and receptor-mediated clearance. The molecular changes reducing the affinity of insulin icodec to the insulin receptor have been demonstrated to be unrelated to changes in the overall efficacy, while only affecting potency, and resulting in a prolonged effect over time, as compared to human insulin [19]. Icodec is therefore a full agonist of human insulin, preserving its mechanism of action [20].



The conjugation with C20 icosanedioic acid led to a reduced receptor-mediated clearance and to an enhanced strong and reversible binding ability with human serum albumin (HSA) [19]. It is known that HSA, with its ligand-binding capacity, is the most important carrier protein for both endogenous and exogenous ligands. In general, when drugs bind HSA, their toxicity and clearance rates are reduced, thus resulting in extended circulation half-lives [21,22]. Nishimura’s in vitro studies demonstrated that in the absence of HSA, icodec had a 50% reduced affinity to insulin receptor, while in the presence of 1.5% of HSA, the affinity of insulin icodec for the insulin receptor was reduced by 97%, compared to human insulin [20], reflecting icodec ability for binding HSA. Findings from in vivo studies confirmed that a very low insulin receptor affinity and robust yet reversible binding to HSA led to an ultra-long pharmacokinetic profile [23].



All these modifications led to the development of the first ultra-long-acting formulation with an ultra-extended half-life equal to 196 h (i.e., approximately 8 days) in humans, so that a single injection was designed to cover basal insulin needs over a week. The median time to reach maximum plasma concentration (Tmax) was 16 h after subcutaneous (SC) injection and the steady state was reached by 3–4 weeks [20]. No clinically significant difference in the overall exposure of insulin icodec was observed across different injection sites (thigh, abdomen, or upper arm), thus indicating a consistent glucose-lowering effect, regardless of the SC injection site [24]. Other marketed long-acting insulins and icodec PK properties are compared in Table 1 [25,26,27]; as observed, icodec has the highest half-life, which is far superior compared to once-daily analogues’ half-lives, Tmax, and steady state achieving time.



Furthermore, unlike certain long-acting formulations, such as insulin’s glargine and degludec, which rely on the self-assembly of hexamers and multi-hexamers [28,29,30], in the icodec formulation, the hexamer agglomeration does not occur. Indeed, to minimize the potential for local irritation and the risk of immunogenicity associated with an extended presence (one week long) in the subcutaneous tissue, icodec was designed to generate an albumin-bound reservoir, thus providing a slow and steady glucose-lowering effect and reducing the potential risk of immunogenicity [19]. The innovation of icodec relies on absence of subcutaneous depot providing a slow-release mechanism; indeed, this process occurs entirely in the bloodstream, where icodec monomers attach and detach from albumin. The mechanism of protraction is therefore completely independent from the subcutaneous tissue [23]. Furthermore, the inclusion of the icosanedioic fatty acid in the icodec molecule results in icodec exhibiting a binding affinity to albumin approximately seven and a half times greater than the interaction observed between albumin and insulin degludec, and about nine and a half times stronger than that observed with insulin detemir [21].



Recently, an open-label trial, involving 46 individuals with T2DM, was carried out specifically to investigate the steady-state pharmacological properties of this insulin in patients, following its administration at a dose level adjusted to each participant’s individual basal insulin need; the steady state was confirmed to be reached within 3–4 weeks (with a computational model suggesting the possibility of reduction to 2–3 weeks by adding a boosted additional 50% icodec dose at the first administered dose); moreover, the glucose-lowering effect per day during the 1-week dosing interval at the steady state ranged from 12.0% to 16.1% of the total weekly effect, similar to the desirable 14.3% of the daily glucose-lowering effect [31].



With its unique features, icodec represents a pharmacological innovation in the field of basal insulins for the treatment of DM.




3. Benefit-Risk Profile of Insulin Icodec, as Compared to Other Basal Insulins


Phase 2 trials, conducted both in insulin-naïve and in previously insulin-treated patients with T2DM, have shown good tolerability and promising glucose-lowering effects of once-weekly insulin icodec [32,33,34]. Treatment with once-weekly insulin icodec, with or without other glucose-lowering medications, was associated with a comparable efficacy to once-daily insulin glargine U100 in insulin-naïve patients, in terms of reductions from baseline glycated hemoglobin (HbA1c) levels [32,33]. Concerning the safety profile, both icodec and glargine U100 groups showed a low incidence rate of combined level 2 (i.e., clinically significant hypoglycemia: blood glucose < 54 mg/dL) or level 3 (i.e., severe hypoglycemia: severe cognitive impairment requiring external assistance for recovery) hypoglycemia. Specifically, the proportion of patients that achieved HbA1c levels <7.0% without developing clinically significant or severe hypoglycemia events was higher in patients receiving insulin icodec rather than those receiving glargine U100, and improved Time in Range (TIR) results were observed both in icodec insulin-naïve patients and in those who switched from other basal insulins [32,33]. Moreover, among previously insulin-treated patients, the addition of a one-time 50% extra dose of icodec at first administration, when switching to icodec, resulted in effective glycemic control without transitory fasting hyperglycemia or increased risk of clinically significant hypoglycemia, when compared to patients who switched to once-daily glargine U100. Interestingly, due to its concentrated formulation, its injection volume was equivalent to that of once-daily insulin glargine U100 [34].



Starting from these findings, the phase 3a ONWARDS clinical trial programme has been developed. It included six distinct RCTs, each specifically developed to address the efficacy and safety of once-weekly insulin icodec in a spectrum of clinical scenarios [35,36,37,38,39,40]. Five RCTs enrolled patients with T2DM and one RCT enrolled patients with type 1 diabetes mellitus (T1DM). Specifically, two of the six RCTs compared insulin icodec vs insulin degludec (a second-generation insulin that currently provides the best benefits and represents the only basal insulin with an ultra-long action [8,10]), both in insulin-naïve patients (ONWARDS 3) and in patients previously treated with basal insulin (ONWARDS 2). Furthermore, in ONWARDS 1 and 5 trials, T2DM insulin-naïve patients were enrolled, while in ONWARDS 4 and 6 patients previously treated with basal-bolus insulin with T2DM (ONWARDS 4) and T1DM (ONWARDS 6) were enrolled.



The primary efficacy endpoint was the change of the glycated hemoglobin level from baseline to the end of each trial in the patient receiving once-weekly insulin icodec vs. once-daily basal insulins, such as degludec, glargine U100, and glargine U300; the major safety endpoints were the rates of level 2 or level 3 hypoglycemia per patient-year of exposure (PYE) in the patient receiving once-weekly insulin icodec vs. once-daily basal insulins.



For insulin-naïve individuals with T2DM, the ONWARDS clinical trials programme suggested a starting dose of 70U weekly. Icodec was administered by subcutaneous injection once-weekly, using a pre-filled pen injector. Titration involved a weekly increase of 20U for icodec and a daily increase of 3U for basal insulins (degludec/glargine) when average fasting blood glucose levels exceeded the target (>130 mg/dL). Conversely, if average fasting blood glucose level was below the target (<80 mg/dL), the weekly dose was decreased by the same amounts for both icodec and other insulins. For non-insulin-naïve patients, the initial dose was set at 7× the previous daily basal insulin dose. For the first injection only, an additional one-time 50% of icodec dose was administered. Titration was performed, as for insulin-naïve patients, starting from week 2. Dose titrations, including adjustments related to potential risks (e.g., hypoglycemia), were made by the investigator overseeing the study participant [41].



Features, along with primary efficacy and safety outcomes of the ONWARDS trial programme, are described below and summarized in Table 2 and Figure 1.



ONWARDS 1 (NCT04460885) was a 78-week, randomized, open-label, treat-target, phase 3a trial that involved a total of 984 insulin-naïve patients randomized to receive either once-weekly icodec or once-daily glargine U100. Participants were allowed to continue previous non-insulin glucose-lowering medications, except for sulphonylureas (SUs) and glinides, which were discontinued at randomization. The impact of icodec was assessed after a 52-week primary phase, followed by a 26-week extension phase aimed at evaluating efficacy and long-term safety. The mean reduction in the glycated hemoglobin level at 52 weeks was greater with icodec (8.50% to 6.93%; mean change −1.55%) than with glargine U100 (8.44% to 7.12%; mean change −1.35%); the estimated treatment difference (ETD = −0.19%; 95%CI: −0.36 to −0.03) confirmed the non-inferiority (p < 0.001) and superiority (p = 0.02) of icodec compared to glargine. In the last 5 weeks (i.e., week 48–52) of the trial, participants receiving icodec were longer in the target glycemic range (70–180 mg/dL) than those receiving glargine U100 (71.9% vs. 66.9%; ETD = 4.27%; 95% CI: 1.92 to 6.62; p < 0.001). Rates of combined level 2 or 3 hypoglycemia were 0.30 events per PYE, with icodec and 0.16 events per PYE with glargine U100 at week 52 (estimated rate ratio = 1.64; 95% CI: 0.98 to 2.75) and 0.30 and 0.16 events per PYE, respectively, at week 83 (estimated rate ratio = 1.63; 95% CI: 1.02 to 2.61). The rate of patients that achieved an HbA1c <7.0% without developing clinically significant or severe hypoglycemic events at week 52 were significantly higher in patients receiving insulin icodec rather than the control (52.6% vs. 42.6%; estimated odds ratio = 1.49; 95%CI: 1.15 to 1.94). No new safety signals were identified, and incidences of adverse events were similar in the two groups [35].



ONWARDS 2 (NCT04770532) was a randomized, open-label, treat-to-target, 26-week trial including 526 T2DM patients previously treated with basal insulin, with or without non-insulin anti-diabetic treatment (except SUs or glinides), who switched to once-weekly insulin icodec versus those who switched to once-daily insulin degludec. The mean reduction in the glycated hemoglobin level at 26 weeks was greater with icodec (8.17% to 7.20%; mean change: −0.93%) than with degludec (8.10% to 7.42%; mean change: −0.71%); the ETD (−0.22%; 95% CI: −0.37 to −0.08) confirmed the non-inferiority (p < 0.001) and superiority (p = 0.0028) of icodec compared to degludec. In the last 5 weeks (i.e., week 22–26) of the trial, participants receiving icodec were longer in the target glycemic range (70–180 mg/dL) than those receiving degludec (63.1% vs. 59.5%; ETD = 2.41%; 95% CI: −0.84 to 5.65; p = 0.15). Rates of combined level 2 or 3 hypoglycemia were 0.73 events per PYE with icodec and 0.27 events per PYE with degludec at week 26 (estimated rate ratio = 1.93; 95% CI: 0.93 to 4.02). The rate of patients that achieved an HbA1c <7.0% without developing clinically significant or severe hypoglycemia events at week 26 were significantly higher in patients receiving insulin icodec rather than the control (37% vs. 27%; estimated odds ratio = 1.59; 95%CI: 1.07 to 2.36). No new safety issues were identified between the two groups in the trial [36].



ONWARDS 3 (NCT04795531) was a double-blind, treat-to-target, 26-week trial that involved a total of 588 insulin-naïve patients randomized to receive either once-weekly icodec or once-daily insulin degludec. The mean reduction in the glycated hemoglobin level at 26 weeks was greater with icodec (8.6% to 7.0%; mean change: −1.6%) than with degludec (8.5% to 7.2%; mean change: −1.4%); the ETD (−0.2%; 95% CI: −0.3 to −0.1) confirmed the non-inferiority (p < 0.001) and superiority (p = 0.002). Rates of combined level 2 or 3 hypoglycemia were statistically higher for icodec (0.35 events per PYE) than for degludec (0.12 events per PYE with) at week 26 (estimated rate ratio = 3.12; 95% CI: 1.30 to 7.51), while statistical significance was lost at week 31 (estimated rate ratio = 1.82; 95% CI: 0.87 to 3.80). The rate of patients that achieved an HbA1c < 7.0% without developing clinically significant or severe hypoglycemia events at week 26 were higher in patients receiving insulin icodec rather than the control (52.1% vs. 39.1%). Overall safety profile was comparable to insulin degludec [37].



ONWARDS 4 (NCT04880850) was a 26-week randomized, open-label, treat-to-target trial that compared once-weekly insulin icodec to once-daily insulin glargine U100, in combination with mealtime aspart (2–4 times per day) in 582 people with type 2 diabetes, previously receiving basal-bolus therapy. The mean reduction in the glycated hemoglobin level at 26 weeks was greater with icodec (8.29% to 7.14%, mean change −1.16%) than with glargine U100 (8.31% to 7.12%; mean change −1.18%); the ETD (0.02%; 95% CI: −0.11 to 0.15; p < 0.0001) confirmed the noninferiority of icodec compared to glargine. In the last 5 weeks (i.e., week 22–26) of the trial, participants receiving icodec spent a non-significantly greater time in the target glycemic range (70–180 mg/dL) than those receiving glargine (66.9% vs. 66.4%; ETD = 0.29%; 95% CI: −2.52 to 3.09; p = 0.84). Rates of combined level 2 or 3 hypoglycemia were similar for icodec and glargine groups: 5.64 events per PYE with icodec and 5.62 events per PYE with glargine at week 26, respectively (estimated rate ratio = 0.99; 95% CI: 0.73 to 1.33). As expected, the number of events per PYE was higher in this trial, where patients received basal-bolus insulin treatment, compared to other trials. The rate of patients that achieved an HbA1c < 7.0% without developing clinically significant or severe hypoglycemia events at week 26 did not differ in patients receiving insulin icodec rather than the control (26% vs. 25%; estimated odds ratio = 1.07; 95%CI: 0.73 to 1.55). No new safety issues were identified between the two groups in the trial [38].



ONWARDS 5 (NCT04760626) was a 52-week, randomized, open-label, multinational, phase 3a trial with real-world elements, that involved a total of 1085 insulin-naïve patients randomized to receive either once-weekly icodec with a dosing guide app or once-daily insulin degludec or glargine U100 or glargine U300. The mean reduction in the glycated hemoglobin level at 52 weeks was greater with icodec (8.96% to 7.24% mean change: −1.68%) than with other basal insulins (8.88% to 7.61% mean change: −1.31%); the ETD (−0.38%; 95% CI: −0.66 to −0.09) confirmed the non-inferiority (p < 0.001) and superiority (p = 0.009) of icodec compared to once-daily basal insulin analogues. Rates of combined level 2 or 3 hypoglycemia were similar and low for icodec and other basal insulins groups: 0.19 events per PYE with icodec and 0.14 events per PYE with other basal insulins at week 52, respectively (estimated rate ratio = 1.17; 95% CI: 0.73 to 1.86). The rate of patients that achieved an HbA1c < 7.0% without developing clinically significant or severe hypoglycemia events at week 52 were significantly higher in patients receiving insulin icodec rather than the control (41% vs. 32%; estimated odds ratio = 1.47; 95%CI: 1.13 to 1.92). No new safety issues were identified between the two groups in the trial [39].



ONWARDS 6 (NCT04848480) was a 52-week (26-week main phase plus a 26-week safety extension phase), open-label, randomised, treat-to-target, phase 3a trial that enrolled a total of 582 T1DM patients, previously receiving basal-bolus therapy, randomized to receive either once-weekly icodec or once-daily insulin degludec, in combination with mealtime aspart (≥2 times per day). Insulin icodec successfully met its primary endpoint of reducing glycated hemoglobin. At week 26, the mean glycated hemoglobin reduction was similar for insulin icodec (7.59% to 7.15%; mean change: −0.47%) and for degludec (7.63% to 7.10%; mean change: −0.51%); the ETD (0.05%; 95% CI: −0.13 to 0.23) confirmed non-inferiority of icodec compared to degludec (p-value = 0.0065). Rates of combined level 2 or 3 hypoglycemia were significantly higher for once-weekly insulin icodec rather than once-daily degludec: 19.93 events per PYE vs. 10.37 events per PYE, respectively (estimated rate ratio = 1.9; 95% CI: 1.5 to 2.3). The rate of patients that achieved an HbA1c <7.0% without developing clinically significant or severe hypoglycemia events at week 52 were significantly lower in patients receiving insulin icodec rather than the control (7.2% vs. 11.6%; estimated odds ratio = 0.59; 95%CI: 0.37 to 0.95) [40].



As demonstrated by ONWARDS findings, insulin icodec showed a comparable clinical efficacy profile with basal insulin analogues, in both T1DM and T2DM patients, regardless of whether patients had previously been treated with basal insulin or not. In particular, a superior clinical efficacy of insulin icodec, compared to the standard basal insulin treatment currently available, was demonstrated in ONWARDS 1, 2, 3, and 5, where enrolled patients were on basal insulin/oral antidiabetic treatment.



The transition from daily to weekly intake represents an enormous advantage for T2DM patients, who are often elderly people with comorbidities and in polytherapy. Such important and convincing results from the clinical trials, in terms of efficacy and safety, along with the innovative pharmacological features, place some important expectations on icodec. In particular, it is expected that icodec would impact positively on crucial factors in the diabetes management, such as compliance with treatment and quality of life, and also on other elements, such as healthcare costs and environmental impact, which are very relevant aspects in today’s society.




4. Potential Impact and Innovative Aspects of Once-Weekly Basal Insulin Administration


4.1. Unmet Needs and Compliance


Adherence to antidiabetic therapy is one of the main factors that contribute to good control of diabetes over time and to a lower risk of developing disease-related complications. Furthermore, a good adherence to treatment may positively impact on decreasing the number of emergency department visits, hospitalizations, and medical care costs [42,43,44,45]. However, a significant proportion of individuals with diabetes struggle to consistently follow their prescribed insulin regimens, interrupting or discontinuing insulin treatment shortly after initiation [46,47,48]. As a consequence, more than 50% of people with T2DM receiving basal insulin fail to achieve glycemic goals [49]. The reason can be attributed to social factors, low socioeconomic status, complexity of diabetes treatment, impact of insulin therapy on daily life, fear of injection, pain, or side effects that collectively influence patient adherence to therapy [50].



Concerning complexity of diabetes treatment and impact of insulin therapy on daily life, numerous studies exploring patients’ perceptions on insulin treatment were conducted [51,52]. A survey published in 2012 showed that the number of daily injections and the need to receive insulin injections at prescribed times every day were the two most reported issues for patients with insulin treatment. Furthermore, patient agreement was strongest for the wish that good blood glucose control with insulin should not require injections every day (92.5%) and that insulin administrations would fit daily life changes (81.4%) [51]. A more recent survey, published in 2024, was conducted to specifically explore patients’ and providers’ preferences on the use of once-weekly basal insulin. The results of this survey showed that the vast majority of the sample of patients with T2DM (91%) and health care practitioners (89%) would prefer a once-weekly insulin rather than another type of basal insulin. Furthermore, T2DM patients already treated with basal insulin expressed greater confidence in the potential of a once-weekly insulin regimen to better manage their blood sugar levels [53].



The burden of daily insulin injection negatively affects the quality of life (QoL) of diabetic patients and for this reason simplified regimens may be generally preferred [52]. Indeed, higher rates of insulin non-adherence are in general observed among those patients who perceived insulin therapy as restrictive and inflexible, particularly regarding the timing of injections [54,55,56].



Moreover, non-compliance with medication in general imposes a substantial financial burden on healthcare systems [57], and diabetic disease is not exempt from this impact [44,58,59,60,61]. A retrospective cohort study conducted in 2020 on 13,296 diabetic patients receiving basal insulin treatment showed that the mean annual direct healthcare cost per patient was significantly lower for adherent (defined as proportion of days covered (PDC) ≥80%) patients, compared to non-adherent patients (30,127$ vs. 37,049$). In particular, the savings were mainly attributable to outpatient (13,839$ vs. 18,988$) and acute care (6181$ vs. 10,054$) costs, while costs related to medication were higher for adherent patients, compared to non-adherent patients (11,606$ vs. 7480$) [58]. A cohort study involving more than 740,000 patients with T2DM showed that non-adherence to treatment (defined as medication possession ratio (MPR) < 80%) was associated with an increase of 41% of the total inpatient cost [62]. Another issue is the burden on caregivers, especially for elderly non-self-sufficient diabetic patients; thanks to the steady glucose profiles maintained over weeks, a reduced need for frequent adjustments is expected with once-weekly formulations, providing advantages for patients and their caregivers [63].



The Italian regulatory agency recognizes the need and potential for therapies aimed at improving adherence to treatment, such as those reducing the complexity of the treatment, this being one of the main reasons causing poor adherence [64].



In summary, improved adherence achievable with weekly insulin therapy not only offers potential clinical and psychophysical advantages, but also could lead to significant economic benefits, as demonstrated by the lower annual per-patient costs, particularly in outpatient and inpatient care. It is crucial for clinicians to understand emotions, anxieties, and difficulties of patients starting an insulin treatment. Clinicians should also identify the factors that motivate patients to persist with the therapy, and the factors that lead patients to discontinue or interrupt insulin treatment.



In this context, implementing an insulin regimen that involves less administration, like what icodec might provide, could offer greater comfort and convenience to patients, thus discouraging them from missing doses.




4.2. Quality of Life


4.2.1. The Analogy with GLP1-RA: Once-Daily vs. Once-Weekly Formulation


The impact of once-weekly subcutaneous administration of a glucose lowering medication on QoL of diabetic patients was recently experienced with glucagon-like peptide-1 receptor agonists (GLP1-RA). GLP1-RA are frequently advised as an effective therapy for T2DM patients when oral medications alone fail to achieve therapeutic and glycemic goals [4]. The first GLP1-RA analogue was exenatide, approved by FDA in 2005, which was administered twice a day. In the following years, different GLP1-RA analogues, comparable in terms of tolerability and efficacy, were developed both as once-daily and once-weekly formulations [65,66].



Several studies conducted in real-world setting showed that adherence and persistence to GLP1-RA were better in patients taking once-weekly formulation, compared to once/twice daily formulations, with a probability of achieving an higher adherence ranging from 11% to 78% [67,68,69,70,71]. Results from these studies might have multiple explanations: firstly, once-weekly administration might be convenient for patients with busy lifestyles; by simplifying the treatment schedule and reducing the frequency of injections, there is a reduced effort for patients to remember and adhere to a daily medication regimen, thus resulting in an enhanced overall compliance with the prescribed therapeutic plan. Secondly, some patients may have needle phobia, an anxiety related to injections or injection site fatigue because of frequent administrations. In this context, a reduced number of injections can reduce both the psychological and physical burden associated with daily administration. Moreover, other evidences showed that patients that have previously been treated with both once-daily and once-weekly formulations strongly preferred once-weekly administration, in terms of convenience/flexibility, global treatment satisfaction and device ease of use [72,73].



The improved adherence and persistence observed in patients using once-weekly GLP1-RA formulations, compared to once- or twice-daily regimens, and the patients’ positive treatment perceptions, combined with the analogies in terms of administration route and dosing frequency, suggest that a similar phenomenon is likely to be observed in the case of insulin therapy. The transition from daily to weekly intake could represent an important turning point in diabetes management, importantly impacting on the quality of life of patients.




4.2.2. T2DM Patients’ Treatment Satisfaction in the ONWARDS Trials Programme


Clinical trials ONWARDS 2 and 5 investigated the general patient satisfaction with insulin icodec treatment, compared with degludec or degludec/glargine, respectively, in patients with T2DM, using some validated tools that measured treatment satisfaction and patient compliance [36,39]. Treatment satisfaction differences between icodec and comparator were evaluated through the Diabetes Treatment Satisfaction Score Questionnaire (DTSQ) [74] in both ONWARDS 2 and 5 RCTs, while compliance domain score differences were assessed through the Treatment Related Impact Measure for Diabetes (TRIM-D) [75] in ONWARDS 5. DTSQ assessed patient satisfaction, perceived control of blood sugar levels, flexibility of treatment, and likelihood of recommending the treatment to others, while TRIM-D measured the emotional burden, the perceived health status, and the treatment-related hassles associated with daily management. In both ONWARDS 2 and 5 RCTs, the mean change in DTSQ score from baseline to week 26 (ONWARDS 2) or week 52 (ONWARDS 5) was greater for icodec (4.22 and 4.68, respectively) vs. other basal insulins (2.96 and 3.90, respectively), with an ETD equal to 1.25 (95% CI: 0.41 to 2.10; p = 0.0035) and to 0.78 (95% CI: 0.10 to 1.47; p = not reported), respectively. Furthermore, the TRIM-D score was greater for icodec (90.42 and 87.37) vs. other basal insulins, with an ETD equal to 3.04 (95% CI: 1.28 to 4.81) at week 52 in ONWARDS 5 RCT [36,39].



These findings, in line with data on patients receiving once-daily vs. once-weekly GLP1-RA [72,73], showed that patients with T2DM preferred once-weekly insulin formulation, compared to once-daily formulation.



Icodec has the potential to simplify the treatment of diabetes that requires insulin therapy, eliminating the discomfort of the daily injection for patients, thus hopefully increasing adherence to treatment.





4.3. Environmental Impact of Devices


The environmental impact related to drugs manufacturing represents a critical issue for the entire society. Regulators are seriously taking into account this aspect by implementing the environmental impact in the Health Technology Assessment (HTA) evaluation of new drugs [76,77].



Concerning specifically insulin injectors, these may have an impact on the environment, both during manufacturing and in the after-use disposal. Pharmaceutical industries are significantly impacted by carbon dioxide (CO2) emissions, with medical devices being a major contributor. As a result, prioritizing efforts to reduce the climate footprint of these devices is essential in the overall decarbonization process of the healthcare sector [78]. Single-use devices are widely used, especially in high-income countries [79], due to their advantages in terms of reduction of procedures’ complexity and inventory costs [80]; they also can reduce the pain associated with the administration [81], and are perceived as capable of reducing the risk of health-care infections, compared to reusable devices [82]. Nevertheless, these benefits are accompanied by the drawback of adding several grams of plastic waste, with a resulting environmental and public health damage [78]. Diabetes care product itself is around only 10% of the total weight and volume that was delivered, while the remaining 90% is mainly plastic, metal, and paper or cardboard for the packaging [83]. To have an idea of the amount of plastic waste generated from pen-injector diabetes care devices, Novo Nordisk stated that more than 550 million pen devices are yearly developed and delivered worldwide, each one containing around 77% of plastic that cannot be thrown into the plastic recycling bin [84]. Moreover, insulin injectors generate biomedical waste, including needles and cartridges. Improper disposal of these materials can be hazardous to the environment and public health, unless appropriately managed [78].



Sensitivity towards environmental protection should be a priority for drug manufacturers that should aim to promote solutions to reduce CO2 emissions and improve sustainability. In this context, reducing the frequency of insulin administrations from daily to once per week may result in a remarkable reduction of the yearly production of pen injectors, which could have a significant environmental impact by reducing CO2 emissions and plastic waste.





5. Future Applications in Real-World Setting: Place in Therapy


Insulin therapy plays a crucial role in managing both T1DM and T2DM. Many individuals with T2DM eventually require and benefit from insulin therapy, especially those with uncontrolled diabetes or with complications; basal insulin can be administered in monotherapy or in addition to oral antidiabetic drugs/non-insulin injectables, as stated in the latest international guidelines [4,5]. Real-world data show that insulin is one of the most prescribed antidiabetic drugs; in particular, among antidiabetic drug users, insulin use ranges between 10–30% [85,86,87,88], while in newly diagnosed T2DM patients insulin use as a starting treatment ranges between 5–12% [89,90,91]. By 2030, the global estimate for the number of patients receiving insulin is projected to exceed 37 million, whereas in 2018 it was around 30 million [92].



In this context, icodec is a novel basal insulin that has an ultra-long half-life that guarantees a once-weekly administration. Non-inferiority in terms of efficacy, compared to standard basal insulin treatment, was confirmed by 6 phase III RCTs that involved more than 4000 patients affected by diabetes mellitus; furthermore, superiority of insulin icodec was confirmed in insulin-naïve T2DM patients where safety profile was demonstrated to be comparable to that of standard basal insulins without additional risks.



Given its pioneering pharmacological features, along with its proven positive benefit-risk profile, and the relevant epidemiological context, icodec is expected to significantly impact diabetes management, especially in T2DM insulin-naïve patients, ensuring healthcare professionals have a new reliable and efficient therapeutic option for those patients needing an insulin treatment. In particular, icodec, with its innovative once-weekly administration, has the potential to address the issue of complicated and time-consuming insulin regimens experienced by patients, thus hopefully increasing overall adherence to treatment [93], achieving the glycemic targets. Furthermore, using once-weekly icodec, patients with diabetes will switch from 365 to just 52 injections per year. Lastly, by providing a viable and cost-effective solution, icodec will hopefully determine an overall cost saving for health care providers involved in the management of diabetic disease, aligning with the imperative to optimize resource utilization and enhance overall healthcare efficiency.




6. Conclusions


Insulin icodec, with its unique molecular and pharmacological features, provides an innovative once-weekly treatment option for the treatment of diabetes mellitus, being one of the most important therapeutic innovations in the field. The ONWARDS trial programme confirmed that icodec efficacy profile was non-inferior or even superior (i.e., in T2DM insulin-naïve patients) to the currently available basal insulins, with similar glycemic control and comparable rates of hypoglycemic events, especially for T2DM patients. The therapeutic added value of insulin icodec relies on the potential to improve patients’ adherence to insulin treatment, thus leading to a better achievement of therapeutic goals and influencing positively both patients’ treatment satisfaction and overall QoL, reducing the burden for patients and caregivers. Finally, icodec could also impact both on the overall healthcare costs related to non-adherent diabetic patients’ management, and on the environment by reducing plastic waste and CO2 emissions related to pen-injector manufacturing. Future real-world studies may be helpful to explore the uptake and to confirm the long-term benefit-risk profile of insulin icodec in clinical practice, as well as the impact of this drug on the patient’s adherence to treatment in the real-world setting.



A true epochal change is yet to come in diabetes management and both patients and the healthcare system will be the greatest beneficiaries.







Author Contributions


G.T. and Y.I. conceptualized the manuscript and its design. Y.I. and G.V. contributed to the drafting of the manuscript. G.T. critically revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The study received an unconditional grant from Novo Nordisk. The sponsors had no role in the design, execution, interpretation, or writing of the study.




Conflicts of Interest


G.T. has served in the last 3 years on advisory boards/seminars funded by Sanofi, Eli Lilly, AstraZeneca, Abbvie, Novo Nordisk, Gilead, and Amgen; he is also a scientific coordinator of the academic spin-off “INSPIRE srl”, which has received funding for conducting observational studies from contract research organizations (RTI Health Solutions, Pharmo Institute N.V.) and from pharmaceutical Companies (Chiesi Italia, Kyowa Kirin s.r.l., Daiichi Sankyo Italia S.p.A.). None of these listed activities is related to the topic of the article. The other authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in, or financial conflict with, the subject matter or materials discussed in the article, apart from those disclosed. Y.I. is the CEO of the academic spin-off “INSPIRE srl”, which has received funding for conducting observational studies. G.V. has no conflicts of interest to declare.




References


	



Ogurtsova, K.; Guariguata, L.; Barengo, N.C.; Ruiz, P.L.D.; Sacre, J.W.; Karuranga, S.; Sun, H.; Boyko, E.J.; Magliano, D.J. IDF diabetes Atlas: Global estimates of undiagnosed diabetes in adults for 2021. Diabetes Res. Clin. Pract. 2022, 183, 109118. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev. Endocrinol. 2018, 14, 88–98. [Google Scholar] [CrossRef] [PubMed]

	



European Commission Health & Consumer Protection Directorate-General; European Commission. European Comparison on Cost of Diabetes and % of Total Health Care Budget. Available online: https://ec.europa.eu/health/ph_information/dissemination/diseases/diabet8.pdf (accessed on 31 October 2023).

	



El Sayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.; Johnson, E.L.; et al. Pharmacologic Approaches to Glycemic Treatment: Standards of Care in Diabetes—2023. Diabetes Care 2022, 46, S140–S157. [Google Scholar] [CrossRef] [PubMed]

	



Marx, N.; Federici, M.; Schütt, K.; Müller-Wieland, D.; Ajjan, R.A.; Antunes, M.J.; Christodorescu, R.M.; Crawford, C.; Di Angelantonio, E.; Eliasson, B.; et al. ESC Guidelines for the management of cardiovascular disease in patients with diabetes: Developed by the task force on the management of cardiovascular disease in patients with diabetes of the European Society of Cardiology (ESC). Eur. Heart J. 2023, 44, 4043–4140. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, I.B.; Juneja, R.; Beals, J.M.; Antalis, C.J.; Wright, J.R. The Evolution of Insulin and How it Informs Therapy and Treatment Choices. Endocr. Rev. 2020, 41, 733–755. [Google Scholar] [CrossRef] [PubMed]

	



Heise, T. The future of insulin therapy. Diabetes Res. Clin. Pract. 2021, 175, 108820. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, S.D.; Bailey, T.S.; Roussel, R.; Zhou, F.L.; Bosnyak, Z.; Preblick, R.; Westerbacka, J.; Gupta, R.A.; Blonde, L. Clinical outcomes in real-world patients with type 2 diabetes switching from first- to second-generation basal insulin analogues: Comparative effectiveness of insulin glargine 300 units/mL and insulin degludec in the DELIVER D+ cohort study. Diabetes Obes. Metab. 2018, 20, 2148–2158. [Google Scholar] [CrossRef] [PubMed]

	



Clements, J.N.; Bello, L. Insulin glargine 300 units/mL: A new basal insulin product for diabetes mellitus. Am. J. Health Syst. Pharm. 2016, 73, 359–366. [Google Scholar] [CrossRef] [PubMed]

	



Buzzetti, R.; Fadini, G.P.; Nicolucci, A.; Larosa, M.; Rossi, M.C.; Cucinotta, D.; Enrico, G.; Mauro, A.; Alberto, M.; Uberto, P.; et al. Comparative effectiveness of Glargine 300 U/mL vs. Degludec 100 U/mL in patients with type 2 diabetes switching from 1° generation basal insulins. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 2255–2263. [Google Scholar] [CrossRef]

	



SID; AMD. Standard Italiani per la Cura del Diabete Mllito; Societa Italiana di Diabetologia: Milan, Italy, 2018; Available online: https://aemmedi.it/wp-content/uploads/2009/06/AMD-Standard-unico1.pdf (accessed on 8 February 2024).

	



Philis-Tsimikas, A.; Klonoff, D.C.; Khunti, K.; Bajaj, H.S.; Leiter, L.A.; Hansen, M.V.; Troelsen, L.N.; Ladelund, S.; Heller, S.; Pieber, T.R.; et al. Risk of hypoglycaemia with insulin degludec versus insulin glargine U300 in insulin-treated patients with type 2 diabetes: The randomised, head-to-head CONCLUDE trial. Diabetologia 2020, 63, 698–710. [Google Scholar] [CrossRef]

	



Russell-Jones, D.; Gall, M.A.; Niemeyer, M.; Diamant, M.; Del Prato, S. Insulin degludec results in lower rates of nocturnal hypoglycaemia and fasting plasma glucose vs. insulin glargine: A meta-analysis of seven clinical trials. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 898–905. [Google Scholar] [CrossRef] [PubMed]

	



Bhutani, G.; Kalra, S. Posology of insulins: A review of standard textbooks and product inserts. Indian. J. Endocrinol. Metab. 2015, 19, 625–629. [Google Scholar] [CrossRef] [PubMed]

	



Frias, J.; Chien, J.; Zhang, Q.; Chigutsa, E.; Landschulz, W.; Syring, K.; Wullenweber, P.; Haupt, A.; Kazda, C. Safety and efficacy of once-weekly basal insulin Fc in people with type 2 diabetes previously treated with basal insulin: A multicentre, open-label, randomised, phase 2 study. Lancet Diabetes Endocrinol. 2023, 11, 158–168. [Google Scholar] [CrossRef] [PubMed]

	



Novo Nordisk. New Data Show Once-Weekly Insulin Icodec Met Additional Endpoints in Adults with Type 2 Diabetes in Phase 3a Trials. Available online: https://www.novonordisk-us.com/content/nncorp/us/en_us/media/news-archive/news-details.html (accessed on 31 October 2023).

	



European Medicines Agency. Applications for New Human Medicines under Evaluation by the CHMP: June 2023. Available online: https://www.ema.europa.eu/en/medicines/medicines-human-use-under-evaluation#ema-inpage-item-7611 (accessed on 31 October 2023).

	



European Medicines Agency. Awiqli. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/awiqli (accessed on 8 February 2024).

	



Kjeldsen, T.B.; Hubalek, F.; Hjørringgaard, C.U.; Tagmose, T.M.; Nishimura, E.; Stidsen, C.E.; Porsgaard, T.; Fledelius, C.; Refsgaard, H.H. Molecular Engineering of Insulin Icodec, the First Acylated Insulin Analog for Once-Weekly Administration in Humans. J. Med. Chem. 2021, 64, 8942–8950. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, E.; Pridal, L.; Glendorf, T.; Hansen, B.F.; Hubálek, F.; Kjeldsen, T.; Kristensen, N.R.; Lützen, A.; Lyby, K.; Madsen, P.; et al. Molecular and pharmacological characterization of insulin icodec: A new basal insulin analog designed for once-weekly dosing. BMJ Open Diabetes Res. Care 2021, 9, e002301. [Google Scholar] [CrossRef] [PubMed]

	



Sleep, D. Albumin and its application in drug delivery. Expert. Opin. Drug. Deliv. 2015, 12, 793–812. [Google Scholar] [CrossRef] [PubMed]

	



Ghuman, J.; Zunszain, P.A.; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural basis of the drug-binding specificity of human serum albumin. J. Mol. Biol. 2005, 353, 38–52. [Google Scholar] [CrossRef] [PubMed]

	



Hubálek, F.; Refsgaard, H.H.; Gram-Nielsen, S.; Madsen, P.; Nishimura, E.; Münzel, M.; Brand, C.L.; Stidsen, C.E.; Claussen, C.H.; Wulff, E.M.; et al. Molecular engineering of safe and efficacious oral basal insulin. Nat. Commun. 2020, 11, 3746. [Google Scholar] [CrossRef] [PubMed]

	



Plum-Mörschel, L.; Andersen, L.R.; Hansen, S.; Hövelmann, U.; Krawietz, P.; Kristensen, N.R.; Lehrskov, L.L.; Haahr, H. Pharmacokinetic and Pharmacodynamic Characteristics of Insulin Icodec After Subcutaneous Administration in the Thigh, Abdomen or Upper Arm in Individuals with Type 2 Diabetes Mellitus. Clin. Drug. Investig. 2023, 43, 119–127. [Google Scholar] [CrossRef]

	



Lajara, R.; Cengiz, E.; Tanenberg, R.J. The role of the new basal insulin analogs in addressing unmet clinical needs in people with type 1 and type 2 diabetes. Curr. Med. Res. Opin. 2017, 33, 1045–1055. [Google Scholar] [CrossRef]

	



Janež, A.; Guja, C.; Mitrakou, A.; Lalic, N.; Tankova, T.; Czupryniak, L.; Tabák, A.G.; Prazny, M.; Martinka, E.; Smircic-Duvnjak, L. Insulin Therapy in Adults with Type 1 Diabetes Mellitus: A Narrative Review. Diabetes Ther. 2020, 11, 387–409. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.K.; Singh, A.; Singh, R.; Misra, A. Once-weekly basal insulin icodec: Looking ONWARDS from pharmacology to clinical trials. Diabetes Metab. Syndr. 2022, 16, 102615. [Google Scholar] [CrossRef] [PubMed]

	



Steensgaard, D.B.; Schluckebier, G.; Strauss, H.M.; Norrman, M.; Thomsen, J.K.; Friderichsen, A.V.; Havelund, S.; Jonassen, I. Ligand-controlled assembly of hexamers, dihexamers, and linear multihexamer structures by the engineered acylated insulin degludec. Biochemistry 2013, 52, 295–309. [Google Scholar] [CrossRef] [PubMed]

	



Jonassen, I.; Havelund, S.; Hoeg-Jensen, T.; Steensgaard, D.B.; Wahlund, P.O.; Ribel, U. Design of the novel protraction mechanism of insulin degludec, an ultra-long-acting basal insulin. Pharm. Res. 2012, 29, 2104–2114. [Google Scholar] [CrossRef] [PubMed]

	



Adams, G.G.; Alzahrani, Q.; Jiwani, S.I.; Meal, A.; Morgan, P.S.; Coffey, F.; Kok, S.; Rowe, A.J.; Harding, S.E.; Chayen, N.; et al. Glargine and degludec: Solution behaviour of higher dose synthetic insulins. Sci. Rep. 2017, 7, 7287. [Google Scholar] [CrossRef] [PubMed]

	



Pieber, T.R.; Asong, M.; Fluhr, G.; Höller, V.; Kristensen, N.R.; Larsen, J.H.; Ribel-Madsen, R.; Svehlikova, E.; Vinther, S.; Voortman, M.; et al. Pharmacokinetic and pharmacodynamic properties of once-weekly insulin icodec in individuals with type 2 diabetes. Diabetes Obes. Metab. 2023, 25, 3716–3723. [Google Scholar] [CrossRef] [PubMed]

	



Rosenstock, J.; Bajaj, H.S.; Janež, A.; Silver, R.; Begtrup, K.; Hansen, M.V.; Jia, T.; Goldenberg, R. Once-Weekly Insulin for Type 2 Diabetes without Previous Insulin Treatment. N. Engl. J. Med. 2020, 383, 2107–2116. [Google Scholar] [CrossRef]

	



Lingvay, I.; Buse, J.B.; Franek, E.; Hansen, M.V.; Koefoed, M.M.; Mathieu, C.; Pettus, J.; Stachlewska, K.; Rosenstock, J. A Randomized, Open-Label Comparison of Once-Weekly Insulin Icodec Titration Strategies Versus Once-Daily Insulin Glargine U100. Diabetes Care 2021, 44, 1595–1603. [Google Scholar] [CrossRef]

	



Bajaj, H.S.; Bergenstal, R.M.; Christoffersen, A. Switching to Once-Weekly Insulin Icodec Versus Once-Daily Insulin Glargine U100 in Type 2 Diabetes Inadequately Controlled on Daily Basal Insulin: A Phase 2 Randomized Controlled Trial. Diabetes Care 2021, 44, 1586–1594. [Google Scholar] [CrossRef]

	



Rosenstock, J.; Bain, S.C.; Gowda, A.; Jódar, E.; Liang, B.; Lingvay, I.; Nishida, T.; Trevisan, R.; Mosenzon, O. Weekly Icodec versus Daily Glargine U100 in Type 2 Diabetes without Previous Insulin. N. Engl. J. Med. 2023, 389, 297–308. [Google Scholar] [CrossRef]

	



Philis-Tsimikas, A.; Asong, M.; Franek, E. Switching to once-weekly insulin icodec versus once-daily insulin degludec in individuals with basal insulin-treated type 2 diabetes (ONWARDS 2): A phase 3a, randomised, open label, multicentre, treat-to-target trial. Lancet Diabetes Endocrinol. 2023, 11, 414–425. [Google Scholar] [CrossRef]

	



Lingvay, I.; Asong, M.; Desouza, C.; Gourdy, P.; Kar, S.; Vianna, A.; Vilsbøll, T.; Vinther, S.; Mu, Y. Once-Weekly Insulin Icodec vs Once-Daily Insulin Degludec in Adults With Insulin-Naive Type 2 Diabetes: The ONWARDS 3 Randomized Clinical Trial. JAMA 2023, 330, 228–237. [Google Scholar] [CrossRef] [PubMed]

	



Mathieu, C.; Ásbjörnsdóttir, B.; Bajaj, H.S.; Lane, W.; Matos, A.L.S.; Murthy, S.; Stachlewska, K.; Rosenstock, J. Switching to once-weekly insulin icodec versus once-daily insulin glargine U100 in individuals with basal-bolus insulin-treated type 2 diabetes (ONWARDS 4): A phase 3a, randomised, open-label, multicentre, treat-to-target, non-inferiority trial. Lancet 2023, 401, 1929–1940. [Google Scholar] [CrossRef] [PubMed]

	



Bajaj, H.S.; Aberle, J.; Davies, M.; Donatsky, A.M.; Frederiksen, M.; Yavuz, D.G.; Gowda, A.; Lingvay, I.; Bode, B. Once-Weekly Insulin Icodec With Dosing Guide App Versus Once-Daily Basal Insulin Analogues in Insulin-Naive Type 2 Diabetes (ONWARDS 5): A Randomized Trial. Ann. Intern. Med. 2023, 176, 1476–1485. [Google Scholar] [CrossRef] [PubMed]

	



Russell-Jones, D.; Babazono, T.; Cailleteau, R.; Engberg, S.; Irace, C.; Kjaersgaard, M.I.S.; Mathieu, C.; Rosenstock, J.; Woo, V.; Klonoff, D.C. Once-weekly insulin icodec versus once-daily insulin degludec as part of a basal-bolus regimen in individuals with type 1 diabetes (ONWARDS 6): A phase 3a, randomised, open-label, treat-to-target trial. Lancet 2023, 402, 1636–1647. [Google Scholar] [CrossRef] [PubMed]

	



Philis-Tsimikas, A.; Bajaj, H.S.; Begtrup, K.; Cailleteau, R.; Gowda, A.; Lingvay, I.; Mathieu, C.; Russell-Jones, D.; Rosenstock, J. Rationale and design of the phase 3a development programme (ONWARDS 1-6 trials) investigating once-weekly insulin icodec in diabetes. Diabetes Obes. Metab. 2023, 25, 331–341. [Google Scholar] [CrossRef] [PubMed]

	



Capoccia, K.; Odegard, P.S.; Letassy, N. Medication Adherence With Diabetes Medication: A Systematic Review of the Literature. Diabetes Educ. 2016, 42, 34–71. [Google Scholar] [CrossRef] [PubMed]

	



Kleinman, N.L.; Schaneman, J.L.; Lynch, W.D. The association of insulin medication possession ratio, use of insulin glargine, and health benefit costs in employees and spouses with type 2 diabetes. J. Occup. Env. Med. 2008, 50, 1386–1393. [Google Scholar] [CrossRef]

	



Gibson, T.B.; Song, X.; Alemayehu, B.; Wang, S.S.; Waddell, J.L.; Bouchard, J.R.; Forma, F. Cost sharing, adherence, and health outcomes in patients with diabetes. Am. J. Manag. Care 2010, 16, 589–600. [Google Scholar]

	



Yu, A.P.; Yu, Y.F.; Nichol, M.B. Estimating the effect of medication adherence on health outcomes among patients with type 2 diabetes--an application of marginal structural models. Value Health 2010, 13, 1038–1045. [Google Scholar] [CrossRef]

	



Ascher-Svanum, H.; Lage, M.J.; Perez-Nieves, M.; Reaney, M.D.; Lorraine, J.; Rodriguez, A.; Treglia, M. Early discontinuation and restart of insulin in the treatment of type 2 diabetes mellitus. Diabetes 2014, 5, 225–242. [Google Scholar] [CrossRef] [PubMed]

	



Idris, I.; Gulati, K.; Perez-Nieves, M.; Hadjiyianni, I.; Cao, D.; Tahbaz, A.; Ivanova, J.; Hassan, S.W. Associated factors that influenced persistence with basal analog insulin therapy among people with type 2 diabetes: An exploratory analysis from a UK real-world sample. Prim. Care Diabetes 2019, 13, 106–112. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Nieves, M.; Kabul, S.; Desai, U.; Ivanova, J.I.; Kirson, N.Y.; Cummings, A.K.; Birnbaum, H.G.; Duan, R.; Cao, D.; Hadjiyianni, I. Basal insulin persistence, associated factors, and outcomes after treatment initiation among people with type 2 diabetes mellitus in the US. Curr. Med. Res. Opin. 2016, 32, 669–680. [Google Scholar] [CrossRef] [PubMed]

	



Everitt, B.; Harrison, H.C., Jr.; Nikkel, C.; Laswell, E.; Chen, A.M. Clinical and economic considerations based on persistency with a novel insulin delivery device versus conventional insulin delivery in patients with type 2 diabetes: A retrospective analysis. Res. Social. Adm. Pharm. 2019, 15, 1126–1132. [Google Scholar] [CrossRef] [PubMed]

	



Skriver, L.K.L.; Nielsen, M.W.; Walther, S.; Nørlev, J.D.; Hangaard, S. Factors associated with adherence or nonadherence to insulin therapy among adults with type 2 diabetes mellitus: A scoping review. J. Diabetes Complicat. 2023, 37, 108596. [Google Scholar] [CrossRef] [PubMed]

	



Peyrot, M.; Barnett, A.H.; Meneghini, L.F.; Schumm-Draeger, P.M. Insulin adherence behaviours and barriers in the multinational Global Attitudes of Patients and Physicians in Insulin Therapy study. Diabet. Med. 2012, 29, 682–689. [Google Scholar] [CrossRef]

	



Rubin, R.R.; Peyrot, M.; Kruger, D.F.; Travis, L.B. Barriers to insulin injection therapy: Patient and health care provider perspectives. Diabetes Educ. 2009, 35, 1014–1022. [Google Scholar] [CrossRef] [PubMed]

	



Kerr, D.; Rajpura, J.R.; Namvar, T. Evaluating Patient and Provider Preferences for a Once-Weekly Basal Insulin in Adults with Type 2 Diabetes. Patient Prefer. Adherence 2024, 18, 411–424. [Google Scholar] [CrossRef]

	



Nam, S.; Chesla, C.; Stotts, N.A.; Kroon, L.; Janson, S.L. Barriers to diabetes management: Patient and provider factors. Diabetes Res. Clin. Pr. 2011, 93, 1–9. [Google Scholar] [CrossRef]

	



Psarou, A.; Cooper, H.; Wilding, J.P.H. Patients’ Perspectives of Oral and Injectable Type 2 Diabetes Medicines, Their Body Weight and Medicine-Taking Behavior in the UK: A Systematic Review and Meta-Ethnography. Diabetes Ther. 2018, 9, 1791–1810. [Google Scholar] [CrossRef]

	



Kumar, K.; Greenfield, S.; Raza, K.; Gill, P.; Stack, R. Understanding adherence-related beliefs about medicine amongst patients of South Asian origin with diabetes and cardiovascular disease patients: A qualitative synthesis. BMC Endocr. Disord. 2016, 16, 24. [Google Scholar] [CrossRef] [PubMed]

	



Cutler, R.L.; Fernandez-Llimos, F.; Frommer, M.; Benrimoj, C.; Garcia-Cardenas, V. Economic impact of medication non-adherence by disease groups: A systematic review. BMJ Open 2018, 8, e016982. [Google Scholar] [CrossRef] [PubMed]

	



Eby, E.L.; Bajpai, S.; Faries, D.E.; Haynes, V.S.; Lage, M.J. The Association Between Adherence to Insulin Therapy and Health Care Costs for Adults with Type 2 Diabetes: Evidence from a U.S. Retrospective Claims Database. J. Manag. Care Spec. Pharm. 2020, 26, 1081–1089. [Google Scholar] [CrossRef] [PubMed]

	



Chandran, A.; Bonafede, M.K.; Nigam, S.; Saltiel-Berzin, R.; Hirsch, L.J.; Lahue, B.J. Adherence to Insulin Pen Therapy Is Associated with Reduction in Healthcare Costs Among Patients with Type 2 Diabetes Mellitus. Am. Health Drug. Benefits 2015, 8, 148–158. [Google Scholar] [PubMed]

	



Colombi, A.M.; Yu-Isenberg, K.; Priest, J. The effects of health plan copayments on adherence to oral diabetes medication and health resource utilization. J. Occup. Env. Med. 2008, 50, 535–541. [Google Scholar] [CrossRef] [PubMed]

	



Nair, K.V.; Miller, K.; Park, J.; Allen, R.R.; Saseen, J.J.; Biddle, V. Prescription co-pay reduction program for diabetic employees. Popul. Health Manag. 2010, 13, 235–245. [Google Scholar] [CrossRef] [PubMed]

	



Egede, L.E.; Gebregziabher, M.; Dismuke, C.E.; Lynch, C.P.; Axon, R.N.; Zhao, Y.; Mauldin, P.D. Medication nonadherence in diabetes: Longitudinal effects on costs and potential cost savings from improvement. Diabetes Care 2012, 35, 2533–2539. [Google Scholar] [CrossRef]

	



Rosenstock, J.; Juneja, R.; Beals, J.M.; Moyers, J.S.; Ilag, L.; McCrimmon, R.J. The Basis for Weekly Insulin Therapy: Evolving Evidence With Insulin Icodec and Insulin Efsitora Alfa. Endocr. Rev. 2024, 00, bnad037. [Google Scholar] [CrossRef] [PubMed]

	



Agenzia Italiana del Farmaco. Aderenza alle Terapie e Strategie per Migliorare L’uso sicuro ed Efficace dei Farmaci. 2014. Available online: https://www.aifa.gov.it/-/aderenza-alle-terapie-e-strategie-per-migliorare-l-uso-sicuro-ed-efficace-dei-farmaci (accessed on 6 February 2024).

	



Nauck, M.A.; Quast, D.R.; Wefers, J.; Meier, J.J. GLP-1 receptor agonists in the treatment of type 2 diabetes—State-of-the-art. Mol. Metab. 2021, 46, 101102. [Google Scholar] [CrossRef]

	



Tran, K.L.; Park, Y.I.; Pandya, S.; Muliyil, N.J.; Jensen, B.D.; Huynh, K.; Nguyen, Q.T. Overview of Glucagon-Like Peptide-1 Receptor Agonists for the Treatment of Patients with Type 2 Diabetes. Am. Health Drug. Benefits 2017, 10, 178–188. [Google Scholar]

	



Weeda, E.R.; Muraoka, A.K.; Brock, M.D.; Cannon, J.M. Medication adherence to injectable glucagon-like peptide-1 (GLP-1) receptor agonists dosed once weekly vs once daily in patients with type 2 diabetes: A meta-analysis. Int. J. Clin. Pract. 2021, 75, e14060. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, Q.; Ouwens, M.J.; Grandy, S.; Johnsson, K.; Kostev, K. Adherence to GLP-1 receptor agonist therapy administered by once-daily or once-weekly injection in patients with type 2 diabetes in Germany. Diabetes Metab. Syndr. Obes. 2016, 9, 201–205. [Google Scholar] [CrossRef] [PubMed]

	



Polonsky, W.H.; 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). Diabetes Ther. 2022, 13, 175–187. [Google Scholar] [CrossRef] [PubMed]

	



Mody, R.; Huang, Q.; Yu, M.; Zhao, R.; Patel, H.; Grabner, M.; Landó, L.F. Adherence, persistence, glycaemic control and costs among patients with type 2 diabetes initiating dulaglutide 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, 920–929. [Google Scholar] [CrossRef] [PubMed]

	



Federici, M.O.; McQuillan, J.; Biricolti, G.; Losi, S.; Lebrec, J.; Richards, C.; Miglio, C.; Norrbacka, K. Utilization Patterns of Glucagon-Like Peptide-1 Receptor Agonists in Patients with Type 2 Diabetes Mellitus in Italy: A Retrospective Cohort Study. Diabetes Ther. 2018, 9, 789–801. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, S.; Oura, T.; Takeuchi, M.; Boye, K.S. Evaluation of the impact of once weekly dulaglutide on patient-reported outcomes in Japanese patients with type 2 diabetes: Comparisons with liraglutide, insulin glargine, and placebo in two randomized studies. Health Qual. Life Outcomes 2017, 15, 123. [Google Scholar] [CrossRef] [PubMed]

	



Matza, L.S.; Boye, K.S.; Currie, B.M.; Paczkowski, R.; Lando, L.F.; Mody, R.; Jordan, J. Patient perceptions of injection devices used with dulaglutide and liraglutide for treatment of type 2 diabetes. Curr. Med. Res. Opin. 2018, 34, 1457–1464. [Google Scholar] [CrossRef]

	



Bradley, C.; Lewis, K.S. Measures of psychological well-being and treatment satisfaction developed from the responses of people with tablet-treated diabetes. Diabet. Med. 1990, 7, 445–451. [Google Scholar] [CrossRef]

	



Brod, M.; Hammer, M.; Christensen, T.; Lessard, S.; Bushnell, D.M. Understanding and assessing the impact of treatment in diabetes: The Treatment-Related Impact Measures for Diabetes and Devices (TRIM-Diabetes and TRIM-Diabetes Device). Health Qual. Life Outcomes 2009, 7, 83. [Google Scholar] [CrossRef]

	



Pinho-Gomes A-C, Yoo S-H, Allen A, et al Incorporating environmental and sustainability considerations into health technology assessment and clinical and public health guidelines: A scoping review. Int. J. Technol. Assess. Health Care 2022, 38, e84. [CrossRef]

	



Antonazzo, I.C.; Cortesi, P.; Ferrara, P.; Losa, L.; Mantovani, L.G.; Iraldo, F. HTA179 Environmental Impact and Health Technology Assessment: State of Art and Future Perspectives. Value Health 2023, 26, S353. [Google Scholar] [CrossRef]

	



Benedettini, O. Green Servitization in the Single-Use Medical Device Industry: How Device OEMs Create Supply Chain Circularity through Reprocessing. Sustainability 2022, 14, 12670. [Google Scholar] [CrossRef]

	



Kane, G.M.; Bakker, C.A.; Balkenende, A.R. Towards design strategies for circular medical products. Resour. Conserv. Recycl. 2018, 135, 38–47. [Google Scholar] [CrossRef]

	



Kwakye, G.; Pronovost, P.J.; Makary, M.A. Commentary: A call to go green in health care by reprocessing medical equipment. Acad. Med. 2010, 85, 398–400. [Google Scholar] [CrossRef]

	



Heinemann, L.; Krisiunas, E. Diabetes Technology and Waste: A Complex Problem Piling Up! J. Diabetes Sci. Technol. 2019, 13, 815–816. [Google Scholar] [CrossRef] [PubMed]

	



MacNeill, A.J.; Hopf, H.; Khanuja, A.; Alizamir, S.; Bilec, M.; Eckelman, M.J.; Hernandez, L.; McGain, F.; Simonsen, K.; Thiel, C.; et al. Transforming The Medical Device Industry: Road Map To A Circular Economy. Health Aff. 2020, 39, 2088–2097. [Google Scholar] [CrossRef]

	



Greener, M. The greening of diabetes. Pract. Diabetes 2023, 40, 8–10. [Google Scholar] [CrossRef]

	



The Plastic Challenge—Team Novo Nordisk. 2020. Available online: https://www.teamnovonordisk.com/blog/the-plastic-challenge/ (accessed on 2 November 2023).

	



Pantalone, K.M.; Hobbs, T.M.; Wells, B.J.; Kong, S.X.; Kattan, M.W.; Bouchard, J.; Yu, C.; Sakurada, B.; Milinovich, A.; Weng, W.; et al. Clinical characteristics, complications, comorbidities and treatment patterns among patients with type 2 diabetes mellitus in a large integrated health system. BMJ Open Diabetes Res. Care 2015, 3, e000093. [Google Scholar] [CrossRef] [PubMed]

	



Ringborg, A.; Lindgren, P.; Yin, D.D.; Martinell, M.; Stålhammar, J. Time to insulin treatment and factors associated with insulin prescription in Swedish patients with type 2 diabetes. Diabetes Metab. 2010, 36, 198–203. [Google Scholar] [CrossRef]

	



Min, K.L.; Koo, H.; Choi, J.J.; Kim, D.J.; Chang, M.J.; Han, E. Utilization patterns of insulin for patients with type 2 diabetes from national health insurance claims data in South Korea. PLoS ONE 2019, 14, e0210159. [Google Scholar] [CrossRef]

	



Associazione Medici Diabetologi (AMD). Annali AMD 2022—Diabete Tipo 2; AMD: Milan, Italy, 2022; Available online: https://aemmedi.it/wp-content/uploads/2023/10/Annali_2022_diabete_T2_prot_v2.pdf (accessed on 8 February 2024).

	



Weng, W.; Liang, Y.; Kimball, E.S.; Hobbs, T.; Kong, S.; Sakurada, B.; Bouchard, J. Drug usage patterns and treatment costs in newly-diagnosed type 2 diabetes mellitus cases, 2007 vs 2012: Findings from a large US healthcare claims database analysis. J. Med. Econ. 2016, 19, 655–662. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Cao, Y.; Wu, Y.; Yang, C.; Song, J.; Tian, Y.; Wang, M.; Li, M.; Wu, Y.; Hu, Y. The prescription pattern of initial treatment for type 2 diabetes in Beijing from 2011 to 2015. Medicine 2019, 98, e14370. [Google Scholar] [CrossRef] [PubMed]

	



Ingrasciotta, Y.; Bertuccio, M.P.; Crisafulli, S.; Ientile, V.; Muscianisi, M.; L’Abbate, L.; Pastorello, M.; Provenzano, V.; Scorsone, A.; Scondotto, S.; et al. Real World Use of Antidiabetic Drugs in the Years 2011–2017: A Population-Based Study from Southern Italy. Int. J. Env. Res. Public. Health 2020, 17, 9514. [Google Scholar] [CrossRef] [PubMed]

	



Basu, S.; Yudkin, J.S.; Kehlenbrink, S.; Davies, J.I.; Wild, S.H.; Lipska, K.J.; Sussman, J.B.; Beran, D. Estimation of global insulin use for type 2 diabetes, 2018–30: A microsimulation analysis. Lancet Diabetes Endocrinol. 2019, 7, 25–33. [Google Scholar] [CrossRef]

	



Polonsky, W.H.; Fisher, L.; Guzman, S.; Villa-Caballero, L.; Edelman, S.V. Psychological insulin resistance in patients with type 2 diabetes: The scope of the problem. Diabetes Care 2005, 28, 2543–2545. [Google Scholar] [CrossRef]








[image: Jcm 13 02113 g001] 





Figure 1. Rate of patients that achieved HbA1c levels <7.0% without developing lv. 2a or lv. 3b hypoglycemic events in the ONWARDS clinical trial program. Abbreviations: Lv. = Level; HbA1c = glycated hemoglobin. a Clinically significant hypoglycemia: blood glucose level <54 mg/dL (<3.0 mmol/L) confirmed by blood glycosometer; b Severe hypoglycemia: hypoglycemia associated with severe cognitive impairment requiring assistance for recovery; * Statistically significant difference observed between icodec and comparator. 
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Table 1. Pharmacokinetic profile of different basal insulin formulations.
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	Insulin, Type
	T ½ (h)
	Tmax (h)
	Steady State (Day)





	NPH Insulin
	4.4
	8
	N/A



	Insulin detemir
	7
	8
	2–4



	Glargine U100
	12.1
	8–12
	2–4



	Glargine U300
	19.0
	12–16
	3–5



	Degludec
	25.4
	10–12
	2–3



	Icodec
	196
	16
	21–28







Abbreviations: h = hours; N/A = not available; NPH = Neutral Protamine Hagedorn.













 





Table 2. RCT characteristics and main findings on efficacy and safety outcomes from the ONWARDS clinical trial program.
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Trial Information

	
Efficacy Outcomes

	
Safety Outcomes




	
Trial

	
Countries

	
Phase

	
Duration (Weeks)

	
DM Type

	
Insulin Treatment Experience

	
N. of Enrolled Patients

	
Insulin Treatment

	
Mean Baseline HbA1c (%)

	
End of Trial Mean HbA1c (%)

	
HbA1c Mean Change (%)

	
ETD

(S and NI

p-Values)

	
Rate of Combined Level 2 a or level 3 b Hypoglycemia (Events per PYE)

	
ERR

(CI 95%;

p-Value)






	
ONWARDS 1

	
Croatia, India, Israel, Italy, Japan, Mexico, Poland, Puerto Rico, Russia, Slovakia, Spain, UK, USA

	
III

	
52 + 26

	
Type 2

	
Insulin-naïve

	
492

	
Icodec

	
8.50

	
6.93

	
−1.55

	
−0.19

(S: p = 0.02,

NI: p < 0.001)

	
0.30

	
1.64

(0.98–2.75;

p = NR)




	
492

	
Glargine U100

	
8.44

	
7.12

	
−1.35

	
0.16




	
ONWARDS 2

	
Bulgaria, Germany, Japan, Korea, Poland, Portugal, South Africa, Ukraine, USA

	
III

	
26

	
Type 2

	
Previously treated with basal insulin

	
263

	
Icodec

	
8.17

	
7.20

	
−0.93

	
−0.22

(S: p = 0.0028

NI: p < 0.001)

	
0.73

	
