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Abstract
Insulin therapy is indispensable for achieving glycemic control in all patients with type 1 diabetes mellitus and many patients 
with type 2 diabetes mellitus. Insulin injections are associated with negative connotations in patients owing to administra-
tion discomfort and adverse effects such as hypoglycemia and weight gain. Insulin administered orally can overcome these 
limitations by providing a convenient and effective mode of delivery with a potentially lower risk of hypoglycemia. Oral 
insulin mimics the physiologic process of insulin secretion, absorption into the portal circulation, and subsequent peripheral 
delivery, unlike the subcutaneous route that results in peripheral hyperinsulinemia. Insulin tregopil (IN-105), a new genera-
tion human recombinant insulin, methoxy (polyethylene glycol) hexanoyl human recombinant insulin, is developed by Bio-
con as an ultra-fast onset short-acting oral insulin analog. This recombinant oral insulin is a single short-chain amphiphilic 
oligomer modified with the covalent attachment of methoxy-triethylene-glycol-propionyl moiety at Lys-β29-amino group of 
the B-chain via an amide linkage. Sodium caprate, an excipient in the insulin tregopil formulation, is a permeation enhancer 
that increases its absorption through the gastrointestinal tract. Also, meal composition has been shown to non-significantly 
affect its absorption. Several global randomized, controlled clinical trials have been conducted in type 1 and type 2 diabetes 
patients towards the clinical development of insulin tregopil. The formulation shows post-prandial glucose control that is more 
effective than placebo throughout the meal period; however, compared with an active comparator insulin aspart, the post-
prandial control is more effective mainly in the early post-meal period. It shows a good safety profile with a lower incidence 
of clinically significant hypoglycemia. This review covers the overall clinical development of insulin tregopil establishing 
it as an ultra-fast onset, short-acting oral insulin analog for optimizing post-prandial glucose.

1  Introduction

Insulin therapy is indispensable to achieve glycemic con-
trol in all patients with type 1 diabetes mellitus (T1DM) 
and patients with type 2 diabetes mellitus (T2DM) with 
uncontrolled hyperglycemia despite treatment with oral 
antidiabetics. Generally, insulin can be administered 
through the peripheral (subcutaneous [SC], inhalational, 
buccal) and portal (oral) routes, with the peripheral 
(mainly SC) route being the most widely utilized. How-
ever, this non-physiological insulin delivery method is 
often associated with patient non-adherence due to appre-
hension and distress caused by needle phobia, resulting in 
inadequate glucose control and in turn, poor quality of life 
(QoL) [1, 2]. Other challenges in initiating and maintain-
ing insulin therapy include fear of disease progression, 

burdensome regimens, pain/discomfort, severe psychologi-
cal disturbances, poor communication between health care 
providers and patients, and concerns about hypoglycemia 
[3, 4]. In patients with T2DM who use oral hypoglycemics 
as monotherapy and yet have uncontrolled blood glucose 
levels, oral insulin administration might be an effective 
way to overcome therapeutic inertia [5].

Several investigations on oral insulin delivery are 
underway [6]. However, physiological barriers like proteo-
lytic degradation, the presence of tightly bound layers of 
mucus cells in the stomach and small intestine as well as 
large molecular size of peptides are major hindrances for 
the optimal bioavailability of oral insulins and other pep-
tides [7]. Nobex Corporation, one of the pioneers in oral 
insulin discoveries, developed an orally active amphiphilic 
human insulin analog, methoxy (polyethylene glycol) hex-
anoyl human recombinant insulin (HIM2). Data from ran-
domized controlled Phase I/II clinical trials suggested that 
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Key Points 

Insulin tregopil (IN-105) is an ultra-fast onset, short-act-
ing oral insulin analog for managing diabetes mellitus.

Insulin tregopil is absorbed through the gastrointesti-
nal tract with the first pass into the portal vein, i.e., the 
liver, before reaching the systemic circulation, thereby 
minimizing the adverse effects of peripheral hyperinsu-
linemia.

Tregopil provides improved post-prandial glucose 
control and lowers hypoglycemia risk. Patients with 
confirmed needle phobia and/or inadequate adherence 
to injectable insulin therapy are especially expected to 
benefit from oral insulin therapy.

oral doses of HIM2 were safe, well tolerated, and effec-
tively controlled post-prandial glucose (PPG) in patients 
with diabetes mellitus (DM). The reported adverse events 
were predominantly mild with no serious concerns. Addi-
tionally, HIM2 was found to be safe when administered as 
an adjunct to basal insulin regimen [8–10].

Biocon developed HIM2 into an advanced generation, 
novel, ultra-fast onset, short-acting oral prandial insulin 
for PPG control, called insulin tregopil (IN-105). Insulin 
tregopil, administered orally, acts primarily on the liver. 
It is absorbed from the gastrointestinal tract (GIT) and has 
a first pass through portal circulation before reaching the 
systemic circulation. The primary portal insulin delivery 
is associated with several clinical advantages, such as (1) 
lower incidence of hypoglycemia (including nocturnal 
hypoglycemia), (2) lower peripheral hyperinsulinemia, (3) 
weight neutrality, and (4) improvement in patient-related 
outcomes like QoL (e.g., mobility, ease of self-care, less 
pain/discomfort), better compliance [7, 11], and better 
uptake of insulin initiation.

Elevated PPG is one of the earliest abnormalities of glu-
cose homeostasis observed in T2DM. In patients with estab-
lished DM, defective insulin secretion leads to post prandial 
hyperglycemia and the glucose levels do not return to nor-
moglycemia over 1-2 hours post-meal [12]. Compared to 
the 2-h PPG levels, 1-h PPG levels more closely account for 
overall glycemic control as the rate of abnormal glucose val-
ues are high during the first hour after a meal, especially in 
patients with gestational DM [13–15]. When glycated hemo-
globin A1c (HbA1c) levels approach 53 mmol/mol (7.0%) and 
fasting plasma glucose (FPG) levels are within the recom-
mended range (4.4–7.2 mmol/L [80–130 mg/dL]), PPG has 
been found to majorly impact the residual hyperglycemia 
[16]. Post-prandial glucose is also an independent risk factor 

for the cardiovascular (CV) disease, with a demonstrated 
linear relationship between PPG and the risk of death due 
to CV [17]. Adding prandial insulins to basal insulins effec-
tively control PPG levels and optimizes overall glycemic 
control [16].

Insulin tregopil has an ultra-fast onset (~ 10–20 min) and 
short duration of action (approximately 2- to 3 h post-meal). 
Clinical studies of insulin tregopil have shown an excellent 
control of 1-h PPG; its effect is more pronounced on 2-h 
PPG when FPG is under control. This action profile can help 
restore the first phase of insulin release deficiency in patients 
with T2DM who are on basal insulin, while the short dura-
tion of action reduces the risk of post-prandial hypoglycemia 
[18]. Pre-clinical and clinical studies have also demonstrated 
a good safety profile of insulin tregopil [18, 19]. In addition, 
the advanced phase clinical trial data suggest that insulin tre-
gopil can potentially be used to manage PPG, further leading 
to improved HbA1c levels, especially in the FPG-controlled 
patients with T2DM.

This article highlights the clinical development journey of 
an ultra-fast, short-acting insulin (insulin tregopil) to control 
PPG excursion in patients with DM.

2 � Discovery Strategy and Historical 
Development of Oral Insulin Tregopil

The oral drug delivery technology involves chemically 
attaching amphiphilic oligomers to specific and pre-selected 
locations on peptides, proteins, and tiny organic molecules to 
modify them [20]. Nobex Corporation initiated the develop-
ment of HIM products and designed oral HIM2 by facilitat-
ing conjugation with hydrophobic moieties. Clinical studies 
with HIM2 included Phase I/II trials in patients with T1DM 
and Phase II trials in patients with T2DM [9, 21–23]. These 
studies indicated that oral HIM2 was safe and effectively 
controlled post-prandial hyperglycemia when added to basal 
insulin. The clinical development of HIM2 was envisaged to 
position it as a treatment for T2DM and to supplement the 
reduced insulin secretion from pancreas observed in these 
patients [24]. In 2004, Biocon collaborated with Nobex Cor-
poration and embarked on a development plan to generate 
a portfolio of orally delivered drugs to treat metabolic dis-
eases [24, 25]. The clinical development of insulin tregopil 
by Biocon included global clinical trials to investigate the 
bioavailability, food effect, overall efficacy and safety, across 
different countries with a major focus on India (Fig. 1).
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3 � Structure of Insulin Tregopil

Insulin tregopil (C267H401N65O82S6) is a recombinant 
human insulin, with a single short-chain amphiphilic oli-
gomer structurally akin to human insulin [26]. The activated 
methoxy tri-ethylene glycol reacts with any of the three free 
amino groups (N-terminal of the B chain [PheB1], N-ter-
minal of the A-chain [GlyA1] and ɛ-amino group of amino 
acid [Lysβ29]) in insulin analog to produce the mixture of a 
conjugated product called methoxy-PEG3-propionyl-insulin 
at Lysβ29: IN-105 (Fig. 2) [27]. The conjugation process 
enhances oral hydrophobicity, protein stability, and resist-
ance to enzymatic degradation [27, 28].

The purification of insulin tregopil is performed using 
reverse-phase high-performance liquid chromatography, and 
the elution pool is further polished using cation exchange 
chromatography. The cation exchange elution pool is crys-
tallized and lyophilized to generate zinc insulin Tregopil 
crystals with 98.5% purity [29]. The molecular weight of 
insulin tregopil is 6026 g/mol [30], which is in the range of 
native insulin and other insulin analogs (insulin 5808; insu-
lin glargine 6063; insulin aspart [IAsp] 5826; insulin detemir 
5917; insulin degludec 6104; all in g/mol).

3.1 � Insulin Tregopil with Permeation Enhancer

Insulin tregopil is a hydrophilic molecule that solubilizes 
very quickly in the presence of an aqueous medium and 
approximately 97–99% of the drug is dissolved within 

5–10 min. The rapid and complete release of insulin trego-
pil from the drug product ensures quick availability of insu-
lin tregopil in the GIT for absorption and demonstration of 
the pharmacological effect. Hydrophilic molecules, such as 
proteins and peptides, are generally not passively absorbed 
across the gut. Permeation enhancers such as sodium caprate 
(C10) unlock the tight junctions and promote the permeabil-
ity of insulin and other proteins and peptides [7] through the 
gut, thereby increasing bioavailability [31].

4 � Mechanism of Action of Insulin Tregopil

Endogenous insulin secreted from the pancreas enters the 
liver through the portal vein. It is believed to act by binding 
to the insulin receptors; in the liver, it inhibits glucose output 
and in the skeletal muscle and fat cells, it facilitates cellular 
uptake of glucose, and thus effects a lowering of blood glu-
cose levels. Insulin exits the circulation at the microvascu-
lature level, reaching the muscle and fat cells, and stimulat-
ing glucose transporter type-4 (GLUT4) translocation and 
glucose uptake [32, 33].

The liver is exposed to 2.5- to 3-fold higher insulin con-
centrations than the brain, fat, or other tissues. In contrast, 
when insulin is infused into a peripheral vein, hepatic insulin 
levels are ~ 20% lower than arterial levels. Insulin adminis-
tered through the parenteral route causes peripheral hyper-
insulinemia, thus leading to several unfavorable metabolic 
consequences, especially in the post-prandial setting. Insulin 
tregopil, through its hepato-preferential action, may reduce 

Fig. 1   Developmental milestones of insulin tregopil. HIM2 hexyl-
insulin monoconjugate 2, IAsp insulin aspart, NHVs normal healthy 
volunteers, PD pharmacodynamics, PK pharmacokinetics, RCT​ rand-

omized controlled trial, T1DM type 1 diabetes mellitus, T2DM type 2 
diabetes mellitus



	 S. Joshi et al.

the peripheral insulin levels by enhancing hepatic uptake of 
glucose and suppressing hepatic glucose production, conse-
quently, reducing the risk of adverse effects [34].

Insulin tregopil, a recombinant human insulin analog, 
behaves similar to endogenous insulin, attaining higher 
hepatic exposure, than SC insulin administration. The intra-
cellular insulin signaling mechanism in liver begins with the 
insulin receptor (INSR), a hetero-tetrameric protein consist-
ing of two extracellular alfa units and two transmembrane 
beta units. Insulin binds to the alfa subunit of INSR in the 
liver, muscle, adipose tissue and consequently stimulates 
tyrosine kinase activity. Further, INSR auto-phosphorylates 
and activates the membrane-bound protein such as protein 
kinase (AKT), phosphatidylinositol-3 kinase, and insulin 
receptor substrate. Insulin predominantly acts via AKT sign-
aling mechanism to activate glycogenesis, lipogenesis, and 
protein synthesis [35].

Endogenous insulin stimulates the growth hormone 
receptor to synthesize insulin-like growth factor-1 (IGF-1), 
which plays a central role in cell metabolism and growth 
regulation. Insulin upregulates IGF-1 bioactivity and down-
regulates hepatic production of insulin-like growth factor 
binding protein-1 (IGFBP-1) at the transcriptional level 
[36]. Data from study IN105-CT1-002-07 demonstrated 
the reduction of IGFBP-1 levels from baseline by insulin 
tregopil (15 mg and 20 mg doses) after 2 h, while the IGF-1 
levels remained unchanged (data on file). Oral delivery of 
insulin leads to lower systemic concentration with a more 
favorable portal:peripheral concentration ratio, thus, result-
ing in reduced hypoglycemia potential in the later post-meal 
period, a lower incidence of obesity, and overall improve-
ment in patients’ QoL [11, 37] (Fig. 3).

5 � Pre‑clinical Development of Insulin 
Tregopil

Pre-clinical development of insulin tregopil was successfully 
conducted under various in vitro conditions. One of these 
studies showed a rapid dissolution (i.e., > 85% of insulin 
tregopil dissolution within 15 min). This rapid dissolution 
in gastric fluid ensured that the drug would be completely 
dissolved in the stomach before reaching the absorption site 
(also see Sect. 3.1). In vitro enzyme stability studies demon-
strated that insulin tregopil had a two-fold greater resistance 
to chymotrypsin degradation than human insulin, which cor-
related to a higher concentration of insulin tregopil available 
for absorption in the GIT.

5.1 � Toxicity Profile

The toxicity levels of insulin tregopil have been evaluated 
in three single-dose and eight repeat-dose animal studies 
over 14–180 days. These studies were conducted across 
three animal species, viz., Wistar rats/Sprague Dawley rats, 
New Zealand White rabbits, and Beagle dogs to assess their 
toxicity levels and pharmacokinetic (PK)/pharmacodynamic 
(PD) profiles (Online Resource—Table S1). The dose range 
and exposure in these studies were limited to observing the 
expected pharmacologic effect of hypoglycemia.

The single-dose studies showed no clinical signs of tox-
icity or lethality. There were no treatment-related changes 
in the body weight, food consumption, or gross pathology 
at all doses up to 400 mg/kg/day in rats, 150 mg/kg/day in 
rabbits, and 10 mg/kg/day in dogs. Similarly, repeat doses 
for up to 180 days showed no treatment-related changes in 
the body weight, food consumption, hematology, clinical 
chemistry, urinalysis, and macroscopic and microscopic 
evaluations. The expected pharmacological effect of blood 

Fig. 2   Amino acid (AA) struc-
ture of insulin tregopil. PEG 
polyethylene glycol
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glucose-lowering was observed in all these studies. In the 
180-day repeat-dose chronic toxicity study in rats and dogs, 
clinical signs of hypoglycemia were observed with increas-
ing doses limiting the investigation of higher dose levels. 
No adverse changes were observed in the electrocardiogram 
and blood pressure measurements in dogs. A 90-day study 
in rats showed a positive response for anti-insulin tregopil 
antibodies, and in 90-day and 180-day studies in dogs, none 
of the tested saliva and serum samples were positive (i.e., 
presence of anti-insulin tregopil antibodies) for either IgG 
or IgA response. (Online Resource—Table S2).

Treatment with insulin tregopil did not affect any of the 
parameters, including body weight, food intake, maternal 
and litter effect, and fetal external, visceral, and skeletal 
parameters. The reproductive toxicity studies in Wistar rats 
showed no treatment-related changes in the fertility param-
eters, sperm motility, and cauda epididymal sperm counts.

In vitro and in vivo genotoxicity studies showed that 
insulin tregopil was not mutagenic (as demonstrated by 
bacterial reverse mutation test and micronucleus test in 
Swiss Albino mice). The teratology studies in rats and rab-
bits showed no clinical signs of teratogenicity or mortality 
in any of the study groups at any treatment level (Online 
Resource—Table S2). Based on the animal toxicology stud-
ies, the derived maximum human equivalent dose of insulin 
tregopil was calculated to be 387.6 mg for a 60-kg man (or 
6.46 mg/kg/day) [38].

5.2 � Pre‑clinical Pharmacokinetics (PK) 
and Pharmacodynamics (PD)

Studies in conscious dogs demonstrated that insulin tregopil 
has a rapid onset (15 min) and short duration (2-h) of action 
towards reducing the PPG and C-peptide levels.

To quantify the PK/PD profiles of insulin tregopil, four 
approaches were used in this study:

1.	 The bio-effectiveness of insulin tregopil versus human 
insulin was compared when delivered at an equimo-
lar infusion into the portal vein: Human insulin was 
infused intraportally in the comparator group at a dose 
of 3.6 pmol/kg/min for the first 120 min, followed by 
12.0 pmol/kg/min for the next 120 min. In the inter-
vention group, insulin tregopil was infused intrapor-
tally at the same doses (3.6 pmol/kg/min [600 μU/kg/
min]/120 min) as human insulin (Online Resource—
Table S3). The results showed that the intra-portal deliv-
ery of insulin tregopil and human insulin have similar 
PK profiles and equivalent PD profiles [19].

2.	 The dose response relationship for escalating doses of 
insulin tregopil was determined. It was observed that 
high-dose infusions of (0.25 mg/kg) of insulin trego-
pil showed a significant change in the PK/PD profiles 
compared to lower doses. Thus, a threshold amount of 

Fig. 3   Schematic representation of absorption of insulin tregopil from the GIT and metabolic effects in the liver. AKT protein kinase, GIT gastro-
intestinal tract, IGFBP insulin-like growth factor-binding proteins, IGF insulin-like growth factor, INSR insulin receptor, IN-105 insulin tregopil
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0.25 mg/kg of insulin tregopil needed to be exceeded to 
achieve a significant PD effect [19].

3.	 The reproducibility of insulin tregopil’s PD response 
was established. The higher dose (10 mg) of insulin tre-
gopil was associated with an increased response com-
pared to the low doses (3 mg and 6 mg), and there was 
a reasonable reproducibility of PK/PD profiles for con-
secutive doses of insulin tregopil [19].

4.	 The PK/PD profile of insulin tregopil was compared 
between inhaled human insulin and SC-injected human 
insulin in an exploratory analysis. Insulin tregopil and 
inhalational insulin showed rapid absorption (time 
of first occurrence of Cmax [Tmax] = 20 min) and SC 
administration insulin showed slower absorption rates 
(Tmax = 88 min). The time needed to return to baseline 
plasma insulin levels was approximately 90, 210, and 
360 min for insulin tregopil, inhaled, and SC insulin, 
respectively [19].

Pharmacokinetic studies in rats and rabbits showed that 
insulin tregopil was rapidly absorbed after the oral gavage, 
reaching peak plasma concentration between 10- and 30-min 
post-dose, depending upon the species and formulation. 
There was a dose-related increase in plasma insulin with a 
corresponding decrease in serum glucose in all the species 
tested. High variability in the absorption was a consistent 
finding. However, the corresponding reduction in glucose 
concentrations was more consistent. Therefore, the high PK 
variability of insulin tregopil may not be translating into PD 
variability, thus, resulting in a consistent plasma glucose 
reduction.

6 � Clinical Development

The clinical development of insulin tregopil, thus far, 
includes 11 completed Phase I to Phase III clinical trials 
conducted across India, the USA, and Europe. All trials 
were of open-label design involving either normal healthy 
volunteers [NHV] (four trials), or patients with T1DM (two 
trials), and patients with T2DM (five trials). Trial details are 
presented in Table 1 (Phase II/III) and Online Resource—
Table S4 (Phase I).

Single or multiple doses of insulin tregopil (5–60 mg 
three times per day [TID] prior to major meals) have been 
evaluated in various populations. A recent Phase I multiple 
ascending dose study in patients with T1DM evaluated the 
safety, PK, and PD of insulin tregopil following administra-
tion at pre-prandial doses of 30 mg, 45 mg, and up to 60 
mg, TID.

6.1 � Clinical Pharmacology

6.1.1 � PK

The PK of insulin tregopil was evaluated in NHV and 
in patients with T1DM and T2DM under fasting and fed con-
ditions across various Phase I/II trials (Online Resource—
Table S4). Subjects were administered insulin tregopil in 
ascending doses (5–60 mg TID prior to major meals). The 
first-in-human dose of insulin tregopil (10–30 mg) was 
determined based on the no observed adverse effect level 
(NOAEL) derived from in vivo toxicology studies. The 
safety analysis from the dose range finding study revealed 
that all the treatments (placebo, 10 mg, 15 mg, 20 mg, and 
30 mg) of insulin tregopil when administered as a single 
dose after an overnight fast of 10 h, 20 min before a stand-
ardized breakfast meal of 600 kcal, were well tolerated [39].

6.1.1.1  Bioavailability, Cmax, and t1/2  In an open-label, five-
treatment, five-period study, the effect of a single adminis-
tration of insulin tregopil (5 mg and 10 mg) was evaluated 
in NHV. The subjects attained maximum plasma concentra-
tions approximately 10–20 min post-dosing. Median time to 
reach maximum plasma concentration ranged between 20- 
and 30-min post-dose and the median half-life (t1/2) of insu-
lin tregopil (with doses up to 30 mg per meal) was observed 
to be 9 min and 16 min in studies conducted with NHV and 
T2DM patients, respectively. In a T1DM study, the plasma 
concentration of insulin tregopil was observed to increase 
rapidly (tmax = 0.4–0.5 h [24–30 min]) and the half-life (t1/2) 
of insulin tregopil was 0.2–0.3 h (12–18 min).

Higher doses of oral insulin tregopil resulted in higher 
mean maximum plasma concentrations (Cmax) whereas 
the same was lower with peripherally administered insu-
lins (SC). The area under the serum concentration–time 
curve (AUC) from 0 to 180 min increased linearly in NHV 
and T2DM patients in doses up to 30 mg. In a Phase I, 
open-label, multiple ascending dose study, the increase 
in systemic availability of insulin tregopil in patients with 
T1DM was dose-dependent in the higher dose groups 
(45 mg and 60 mg) compared with the lower dose group 
(30 mg) (data on file). However, a distinct dose propor-
tionality for bioavailability of insulin tregopil could not be 
established for the three dose groups studied.

Overall, the PK and PD parameters exhibited a dose-
dependent increase with increasing doses of insulin trego-
pil only up to 30 mg beyond which, the increase was more 
than dose proportionate. The formal dose proportionality 
assessments indicated the PK response to be inconclusive 
for AUC​ins0–3h and not proportional for Cinsmax. The rela-
tive bioavailability of insulin tregopil in the peripheral 
circulation is ~ 2–3% and is approximately 8–11% in the 
portal circulation compared to IAsp. The portal peripheral 
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insulin gradient indicates a significantly (2.5- to 3-fold) 
higher insulin concentration in the portal vein compared 
to the systemic circulation [32].

6.1.1.2  Effect of  Meal  Insulin tregopil absorption was 
significantly affected by meals. In a study evaluating 
pre-meal dosing time, between meal interval and type of 
meal in T2DM patients [18], insulin tregopil administered 
10–20 min before a meal resulted in an optimal post-meal 
exposure (AUC) and demonstrated better PPG‐lowering 
effect compared with the 30‐min administration group. 
Insulin tregopil’s exposure (plasma AUC) showed a pro-
gressive increase through 4-h, 5-h, and 6-h of between‐
meal interval. The 6-h between‐meal interval resulted in 
better absorption of insulin tregopil compared with the 
4-h and 5-h intervals. However, no significant differences 
were observed in PD parameters except for higher glucose 
AUC​0–180 min in the insulin tregopil 4-h group during the 
afternoon meal compared to the morning meal. A high‐
fiber meal had the least impact on absorption of insulin 
tregopil and resulted in the highest reduction in plasma 
glucose levels in the afternoon. Reduction in absorption of 
insulin tregopil occurred after a high‐fat afternoon meal; 
however, PD response was not diminished significantly. 
In the same study, insulin tregopil showed a rapid onset 
of action of approximately 10  min. When administered 
10–20  min before a meal, insulin tregopil demonstrated 
up to 13–18% reduction in blood glucose levels compared 
with baseline. A 5-h between‐meal interval minimizes the 
impact of a meal on absorption of subsequent (afternoon) 
insulin tregopil dose, and the PD response of insulin tre-
gopil is not altered by meal composition.

In T1DM patients, insulin tregopil administered 10 min 
before a meal led to a steep rise in the insulin concentra-
tions, which reached a maximum in all dose groups (30 mg, 
45 mg, 60 mg, and 60 mg + 30 mg post-prandial rescue) 
within 12–20 min, followed by a steep decline, with concen-
trations falling below the quantification limit within 1-h to 
2-h of administration (data on file). Bioavailability of insu-
lin tregopil was reduced after a meal. No rise in systemic 
insulin concentration was observed after administration of 
additional 30 mg post-prandial rescue dose in the insulin tre-
gopil 60 mg cohort in the Phase I trial conducted in patients 
with T1DM.

6.1.1.3  Variability in PK  One of the deficiencies of paren-
teral insulin analogs has been variability in PD effect, which 
in turn reflects variability in their absorption (20–55%) 
[40–42]. Oral peptide drugs typically have low bioavailabil-
ity, which further amplifies the variability in their absorp-
tion, hence, the PK variability for oral insulin analogs can 
be expected to be higher than their parenteral counterparts. 
Inter-subject and intra-subject variability of insulin tregopil 

evaluated in patients with T1DM (cohort 2 [30 mg], G-16 
euglycemic clamp study, [Online Resource—Table S4]) and 
T2DM (cohort 2 [30 mg], G-14 study, [Online Resource—
Table  S4]) showed high PK variability, which was more 
pronounced for intra- than for inter-subject variability. In 
the T1DM patients, the intra- and inter-subject coefficient 
of variation (CV%) was greater in the insulin tregopil group 
(80.3% and 38.1%) as compared with IAsp (18.3% and 
30.5%), respectively, for the AUC​ins0–3  h parameter. Simi-
larly, for the Cinsmax parameter, the intra- and inter-subject 
CV% was higher in insulin tregopil (51.0% and 33.6%) than 
IAsp (33.2% and 25.8%). In T2DM patients, the inter- and 
intra-subject CV% for insulin tregopil was 124.7% and 
64.7% for the Cmax parameter; whereas the same for the 
AUC​0–last parameter was 144.0% and 81.5%, respectively 
(Online Resource—Table S5). The higher variability in the 
PK of insulin tregopil is potentially due to high variation in 
the rates of absorption due to multiple factors such as high 
molecular weight, diffusion through mucin barrier, proteo-
lytic cleavage, etc., along with the oral route of administra-
tion and extraction by the liver both significantly contrib-
uting to this variability. However, this variability may not 
be of a significant concern clinically as insulin tregopil is 
quickly extracted by the body cells during circulation.

Individual PPG levels in patients with T1DM from all 
cohorts (four-cohort Phase I, open-label, multiple ascending 
dose study) showed significant variation within and between 
patients and treatment days (data on file).

6.1.1.4  Interaction  An open-label, randomized, placebo-
controlled, single-dose study observed no apparent effect 
of insulin tregopil or placebo on metformin exposure (Cmax 
and AUC​0–inf) under fed condition (Online Resource—
Table S4).

6.1.2 � PD

The PD of insulin tregopil was assessed in the NHV, T1DM, 
and T2DM populations. Insulin tregopil has an ultra-fast 
onset of action within ~ 10–20 min and median time to peak 
effect (i.e., minimum glucose level) is observed ~ 30–40 min 
post-dose (Online Resource—Table S4).

In an open-label, placebo-controlled Phase I study in 
NHV, a single dose of insulin tregopil administered at 
5–15 mg under fasting conditions caused a 26–36% fall in 
plasma glucose levels compared with baseline (pre-dose) 
[41]. In another open-label, sequential ascending dose 
study in T2DM patients under fed condition, the average 
maximum percentage drop in glucose from baseline after 
administration of 10 mg, 15 mg, 20 mg, and 30 mg doses 
of IN-105 tablets was 18.1%, 26.1%, 29.0%, and 30.8%, 
respectively. The time to peak PD effect ranged between 
35.5 and 42.3 min for insulin tregopil dosed between 10 
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and 30 mg [40]. A significant drop in plasma glucose levels 
was observed across all the investigated doses (single and 
multiple) of insulin tregopil. In the study mentioned above 
in T2DM, both the maximum drop in plasma glucose levels 
as well as the average change in glucose at 2-h (140 min) 
post-dose were dose dependent [40]. Similarly, the PD effect 
measured as glucose infusion rate was dose-dependent 
(10 mg, 20 mg, 30 mg, and 45 mg of insulin tregopil) in a 
study conducted in patients with T1DM. In another recently 
concluded study in T1DM patients, administration of insu-
lin tregopil resulted in a brief decrease of PPG concentra-
tions within 10–30 min after dosing, followed by a rapid 
increase to maximum limits within 150–180 min, which is 
in accordance with the fast- and short-acting PK profile of 
insulin tregopil (data on file). This resulted in requiring a 
rescue insulin dose in most T1DM patients. The additional 
rescue dosage of 30 mg insulin tregopil was not adequately 
effective in decreasing the PPG levels, necessitating the fre-
quent administration of additional IAsp. Pharmacodynamic 
outcomes with the additional rescue dose were not consist-
ently different from the PD outcomes observed in the 60 mg 
insulin tregopil T1DM patient cohort.

6.1.2.1  Effect of  Meal  Food affects the glucose-lowering 
effect of insulin tregopil. As with the PK, the gluco-dynamic 
effect of insulin tregopil was related to the effective time 
interval between the administration of insulin tregopil and 
meal. Longer intervals resulted in a greater fall in plasma 
glucose levels. Among the dosing time options tested in 
NHV and T2DM patient studies, insulin tregopil dosing 
10 or 20 min before a meal resulted in a robust PD effect. 
Overall, there was no significant effect of the type of meal 
on PD parameters of insulin tregopil. In the multiple-dose, 
placebo-controlled study in T2DM patients, insulin trego-
pil at the 10-mg dose decreased the PD parameters across 
the day when it was administered in the following order—
morning dose (before breakfast) > afternoon dose (before 
lunch) > evening dose (before dinner). Overall, insulin tre-
gopil administration between 10- and 20-min before each 
meal with a 5-h interval showed rapid absorption, achieved 
adequate post-meal exposure, and effectively reduced PPG 
excursions in T2DM patients [18].

6.1.2.2  Variability in PD  The variability in insulin tregopil 
exposure is not reflected to the same extent in the glucose 
reduction effect. When an insulin product is administered 
orally, at least 50% of the insulin is extracted in its first pass 
through the liver, resulting in 2.5- to 3-fold higher insulin 
concentrations in the liver than in the systemic circula-
tion [32]. This is probably the reason for the presence of 
insulin tregopil in high concentrations in the portal cir-
culation and more variability in the PK parameters in the 
peripheral evaluations. However, since the PD effect is a 

combination of action both at the liver and the peripheral 
tissues, the variability in PD effect is not as high as that 
observed with the PK parameters. In the single-ascending 
dose euglycemic glucose clamp study in T1DM patients, 
the inter-subject and intra-subject PK variability observed 
with insulin tregopil (doses up to 45 mg) was higher than 
that with IAsp. Compared with IAsp, insulin tregopil peaks 
more rapidly and decreases sooner, and this may contrib-
ute to the apparent higher variability in the peripheral effect 
(Online Resource—Table S5). Clear dose-dependent asso-
ciation between insulin tregopil doses and plasma glucose 
endpoints was not evident in this study. There was consider-
able inter- and intra-subject variability with respect to PPG 
among TIDM patients following insulin tregopil administra-
tion.

6.2 � Clinical Efficacy

In T2DM patients, post-prandial hyperglycemia is one of 
the major abnormalities in glucose homeostasis and worsens 
the fasting hyperglycemia and disease progression [43]. As 
HbA1c levels approach 53 mmol/mol (7.0%) and FPG levels 
are within target range (4.4–7.2 mmol/L [80–130 mg/dL]), 
PPG has been found to play a significant role in residual 
hyperglycemia [44]. Also, post-prandial hyperglycemia is 
independent of FPG and despite normal HbA1c, is shown to 
double the risk of death from CV disease [45]. Post-prandial 
hyperglycemia is the rate-limiting factor for achieving opti-
mal glycemic control in T2DM patients [17, 45].

After establishing the ultra-fast onset and short duration 
action profile of insulin tregopil in clinical pharmacology 
studies, its efficacy as a prandial/bolus insulin was dem-
onstrated in three important studies. The proof-of-concept 
study established the glucose-lowering effect of insulin tre-
gopil in the post-prandial setting (Phase II study), in T2DM 
patients, followed by two long-term studies conducted to 
investigate its efficacy, a placebo-controlled study (IN105-
CT03-004-08) and an active-controlled study comparing 
subcutaneous IAsp (TREGO-DM2-03-I-01) in T2DM 
patients. Although the primary objective of these studies 
was to investigate the efficacy of insulin tregopil on HbA1c 
reduction, the evidence/data that emerged from Phase I/II/
III studies showed that insulin tregopil mainly acts through 
PPG control.

The Phase II study (IN-105-CT2-003-07) (refer Table 1 
for study design details) examined the effect of single 
ascending doses (10 mg, 15 mg, 20 mg, and 30 mg) of insu-
lin tregopil and placebo on the PK, PD, safety, and toler-
ability, under fed conditions in T2DM patients, who were 
previously on metformin therapy [39]. The multicenter, 
randomized, double-blind, multiple-dose placebo-controlled 
study (IN-105-CT3-004-08) evaluated the efficacy of insulin 
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tregopil in terms of HbA1c and PPG control. It determined 
the safety in a treatment period of up to 24 weeks. Patients 
who participated in the study received 10 mg, 15 mg, 20 mg, 
and 30 mg of insulin tregopil or placebo, TID pre-prandial 
(10 min before each major meal), as applicable. In this study, 
the primary analyses were performed in a modified intent-
to-treat (mITT) population and post hoc analyses in the 
FPG-controlled subgroup (defined as patients in the insu-
lin tregopil arm with standardized test meal [STM] FPG 
< 130 mg/dL at Week 24). The results for the combined 
dose group referred to as insulin tregopil arm are presented 
in Fig. 4. The study was followed by a 24-week Phase II/
III active-controlled study (TREGO-DM2-03-I-01 and 
NCT03430856), which evaluated the efficacy and safety 
of two doses (30 mg and 45 mg) of insulin tregopil versus 
IAsp in T2DM patient, who were previously on a stable dose 
of metformin and insulin glargine (please refer Table 1 for 
design details). In this study, insulin tregopil was admin-
istered 10 ± 2 min before the three major meals, and IAsp 
was administered within 5 min prior to the meals [46]. The 
HbA1c was analyzed in a subgroup of patients with well-con-
trolled FPG (< 120 mg/dL by self-monitored blood glucose 
[SMBG]) and other parameters. The three efficacy studies 
showed that insulin tregopil was pharmacologically active 
while consistently establishing the achievement of PPG con-
trol (1- and 2 h PPG and PPG excursion) [39, 46]. Due to the 
prandial nature of insulin tregopil, its effect on PPG control 
is presented first followed by HbA1c.

6.2.1 � Post‑prandial Glucose (PPG) Levels (1‑h and 2‑h) 
and PPG Excursion

In the single-dose placebo-controlled study in T2DM 
patients, the highest dose of insulin tregopil 30 mg showed 
a significant reduction in 1- and 2-h PPG and the corre-
sponding excursion compared to placebo with mean 1- and 
2-h PPG value of 146.56 mg/dL and 204.22 mg/dL, respec-
tively. The 2-h PPG excursion showed a linear dose response 
relationship for insulin tregopil doses up to 30 mg used in 
this study.

Both multiple-dose Phase III studies in T2DM patients 
evaluated PPG under standardized conditions following an 
STM as this is imperative for analyzing the efficacy of pran-
dial insulins like insulin tregopil. Overall, insulin tregopil 
demonstrated significant improvement in early post-prandial 
hyperglycemia compared to placebo and active comparator 
IAsp. In doses of 30 mg and 45 mg, it was more effective 
than IAsp in 1-h PPG control and as effective as IAsp in 
the 2-h PPG control and the mean 1-h PPG level was well 
below 180 mg/dL.

In the placebo-controlled study, at Week 24, a signifi-
cant reduction in 1-h PPG was observed in patients in the 
insulin tregopil arm (1-h PPG: 184.95 mg/dL, mean change 
from baseline − 42.51 mg/dL and mean difference (stand-
ard deviation [SD]) from placebo, − 39.92 (9.28) mg/dL, 
p < 0.0001). The 1-h PPG control was improved further in 
the FPG-controlled subgroup with levels below 155 mg/
dL (152.40 mg/dL, mean change from baseline, − 64.38 
(65.16) mg/dL, difference from placebo, − 58.27 (− 80.02, 
− 36.51) mg/dL, p = 0.000) (Fig. 4). The 1-h PPG levels of 

Fig. 4   Clinical efficacy of insulin tregopil compared with placebo: 
1-h and 2-h post-prandial glucose (PPG) and PPG excursion (mg/
dL) in IN105-CT03-004-08 trial. *p < 0.05 (IN-105 vs placebo). dL 
deciliter, FPG fasting plasma glucose, IN-105 insulin tregopil, mg 
milligram, mITT modified intention-to-treat, PPG post-prandial glu-
cose, PPGE post-prandial glucose excursion. mITT population—this 

population included all patients who met study inclusion criteria and 
did not meet any exclusion criteria, were randomized to the double-
blind therapy, and had at least 1 HbA1c value after at least 56  days 
of double-blind treatment. FPG-controlled subgroup—patients with 
standardized test meal (STM) FPG < 130 mg/dL
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< 155 mg/dL is predicted to be a critical cut-off value linked 
to cardiovascular and microvascular complications/outcome 
[47, 48]. Similarly, a numerical reduction in the 2-h PPG 
levels in the insulin tregopil arm (2-h PPG: 222.54 mg/dL) 
and a significant reduction in the FPG-controlled subgroup 
was also observed (2-h PPG: 179.33 mg/dL, mean change 
from baseline, − 51.86 (66.67) mg/dL and mean difference 
(95% CI) from placebo, − 37.72 (− 60.05, − 15.39) mg/dL, 
p = 0.001, respectively) (Fig. 4). There was a significant 
reduction in the 1-h excursion in the insulin tregopil arm 
(change from baseline [SD], − 47.87 mg/dL (57.84), dif-
ference from placebo, − 48.18 mg/dL (− 65.37, − 30.99) 
and its FPG-controlled subgroup compared with placebo 
(change from baseline, − 46.33 (55.49) mg/dL, and dif-
ference from placebo, − 46.27 (− 62.53, − 30.01) mg/dL), 
p = 0.000) (Fig. 4). There was also a significant reduction 
in 2-h PPG excursion in the insulin tregopil arm (change 
from baseline, − 32.45 (57.50) mg/dL, difference from pla-
cebo, − 22.59 (− 40.40, − 4.78) mg/dL, p = 0.013) as well 
as in the FPG-controlled subgroup compared with placebo 
(change from baseline [SD], − 33.81 (56.75) mg/dL, differ-
ence from the placebo, − 24.67 (− 41.43, − 7.91) mg/dL, 
p = 0.004) (Fig. 4). The results indicated that insulin tregopil 
has significantly better PPG control compared with placebo. 
Overall, the effect on PPG control was accentuated with sig-
nificant improvement in both 1-h and 2-h PPG control in a 
subgroup of patients treated with insulin tregopil with good 
FPG control, compared to placebo.

It was observed that the HbA1c levels improved to the 
normal range in the FPG-controlled subgroup of the insulin 
tregopil arm (7.34%), and patients in this subgroup had a 
better PPG control. Though limited by a small sample size, 
in the insulin tregopil arm, the 1-h PPG target (< 155 mg/
dL) was achieved by 25% patients, while it was achieved by 
43% in the FPG-controlled subgroup. The 2-h PPG target 
(< 180 mg/dL) was achieved by 26% and 54% patients in the 
two subgroups, respectively.

In the active-controlled study, insulin tregopil was 
found to reduce PPG levels within 20 min of administra-
tion. Insulin tregopil at a 45 mg daily dose resulted in 
an average 1-h PPG level of 157.9 mg/dL (Fig. 5). Insu-
lin tregopil was more effective than IAsp (as assessed by 
SMBG) in reducing 1-h PPG excursion at breakfast and 
lunch and 2-h PPG levels at breakfast. The 1-h excursion 
following the STM was significantly lesser in the insulin 
tregopil group compared with IAsp (change from baseline, 
estimated treatment difference, 95% CI − 45.33 mg/dL 
[− 71.91, − 18.75], p = 0.001) [49]. PPG control by insu-
lin tregopil at 2-h and later was less compared with IAsp. 
Results of post hoc analyses suggest that insulin tregopil's 
action is faster than IAsp and has an onset of action within 
15 min, which supports its ultra-fast-acting profile [49].

The integrated analyses indicated that the reduction 
in 1-h PPG and 1-h PPG excursion was better than that 
observed with other prandial insulins such as IAsp and 
faster-acting IAsp (FIAsp) in the ONSET-2 trial [50]. In 
the same study, the 2-h PPG and PPG excursion values 
were comparable to those observed with insulin tregopil; 
however the change from baseline values were lower with 
insulin tregopil; a higher dose of insulin tregopil could 
improve the 2-h PPG control comparable to that of IAsp 
and FIAsp [50].

6.2.2 � Glycated Hemoglobin

Glycated hemoglobin A1c was the primary endpoint assessed 
from baseline to Week 24 in the multiple-dose placebo-
controlled and active-controlled clinical studies in T2DM 
patients. Insulin tregopil demonstrated more effective reduc-
tion of HbA1c in patients with sustained well-controlled 
FPG, reflecting an effective PPG control. In the placebo-con-
trolled study (IN105-CT3-004-08), there was no significant 
improvement in HbA1c at Week 24 compared with placebo 
(adjusted mean change from baseline) standard error (SE) 
was − 0.42% (0.07), 95% CI (− 0.56, − 0.29) vs − 0.46% 
(0.12) (− 0.69, − 0.23), mean difference (SE), 0.04% (0.14) 
(− 0.23, 0.30), p = 0.7962. However, based on the post 
hoc analyses, the mean change from baseline in HbA1c in 
the FPG-controlled subgroup of the insulin tregopil arm 
(− 0.89%) was better than that with placebo (− 0.46%). This 
is similar to the observed HbA1c reduction (0.7–1%) with 
other prandial anti-diabetic drugs like acarbose and nategli-
nide [51, 52]. Dipeptidyl peptidase-4 inhibitors, with a major 
effect on PPG control, have also produced HbA1c reduction 
in the range of 0.7–1% in different studies [53, 54]. The dif-
ference in the mean change from baseline in HbA1c in the 
FPG-controlled subgroup of insulin tregopil compared with 
placebo (full analysis set) (− 0.43%, p = 0.004) was statisti-
cally significant as per guidelines and was also clinically rel-
evant. However, this was not observed when compared with 
the FPG-controlled placebo subgroup, possibly due to the 
lower number of patients in this placebo subgroup (n = 20).

In the active-controlled study (TREGO-DM2-03-I-01), 
the observed HbA1c did not improve over the treatment 
period. The mean change from baseline in observed HbA1c 
at Week 24 was 0.15%, 0.22%, and − 0.77% in the insulin 
tregopil 30 mg, 45 mg and IAsp groups, respectively. How-
ever, in the post hoc analysis, a clinically relevant HbA1c 
reduction of 0.3% from baseline was observed in 40% 
of patients in the 30 mg insulin tregopil group, 45.1% of 
patients in the 45 mg insulin tregopil group, and 66.6% of 
patients in the IAsp group. Approximately 50% and 45.61% 
of patients in the insulin tregopil 30 mg and 45 mg groups, 
respectively, achieved any reduction in HbA1c at Week 24 
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compared with baseline and were considered as HbA1c 
responders (Fig. 6). About 85.7% (12/14) and 100% (8/8) of 
the patients in the FPG-controlled subgroup (age > 40 years, 
duration of diabetes 2–10 years, on oral antidiabetic agents 
[OADs] in addition to metformin and glargine and FPG 
< 120 mg/dL [SMBG]) at 24 weeks responded to treatment 
with insulin tregopil and IAsp, respectively. A reduction 
in HbA1c of 0.55% (30 mg: 0.29% and 45 mg: 0.81%) and 
0.91% from baseline was observed at Week 24 in the same 
insulin tregopil and IAsp subgroups.

Based on the learnings from the previous studies, the ran-
domization criteria for the active-controlled study were set 
as follows: (1) patients with poor glucose control (HbA1c 
range in 9–10% or greater); (2) patients with improved 

control of the FPG (HbA1c in the range of 8–9%), with a 
set target pattern of pre-lunch, pre-supper, and bedtime 
glucose levels; and (3) patients with target patterns of PPG 
elevation with unachieved optimal HbA1c levels (~ 7–8% or 
even less) [55]. Insulin tregopil improves PPG control in all 
T2DM patients, and its contribution to HbA1c reduction is 
best reflected in patients who continue to maintain the FPG 
control.

HbA1c has a major discordance with the PPG control in 
the following criteria: (1) calculated and measured HbA1c 
levels show variation with glucose control, and (2) PPG con-
tributes majorly to HbA1c at levels < 7.3% and contribution 
of FPG is significant at levels above 9.3% [56]. In the active-
controlled study (TREGO-DM2-03-I-01), measured HbA1c 

Fig. 5   Clinical efficacy of insulin tregopil compared with insulin 
aspart evaluated as mean PPG versus time during STM in TREGO-
DM2-03-I-01 trial a at pre-treatment up to 1-h (60 min); b at pre-
treatment up to 4-h (240  min); c at week-24 up to 1-h (60  min); d 
at Week-24 up to 4-h (240 min). Mean with SEM is presented in the 

above plots. Post-meal-time point—0 min indicates, 10 min after the 
dose, i.e., meal start time. dL deciliter, IAsp insulin aspart, mg mil-
ligram, min minutes, PPG post-prandial glucose, STM standardized 
test meal
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levels were observed to vary with the calculated HbA1c lev-
els. The findings from this study indicated that HbA1c may 
not be the most appropriate measure of glycemic control 
and other plasma glucose parameters like PPG and PPGE 
estimated by STM and SMBG may be more appropriate in 
truly reflecting the actions of insulin tregopil. The potential 
reason behind this discordance is due to the unique features 
of insulin tregopil action beyond its effect on plasma glucose 
that could affect HbA1c. It is possible that insulin tregopil 
may have a direct or indirect effect on the glycation pathway 
or that it may influence the metabolism/survival of red blood 
cells and thereby increase HbA1c levels, which needs further 
investigation.

7 � Safety

Data gathered so far from the clinical studies across various 
population groups, i.e., NHV [57, 58], T1DM (IN-105-DM-
01-G-16, TREGO-DM1-01-G-02 [NCT04141423]; data on 
file) and T2DM [18, 39, 49] (Online Resource—Table S4) 
suggest that insulin tregopil at the doses tested is safe and 
well tolerated. Tregopil does not cause any gastrointestinal 
(GI) side effects owing to its oral administration and hence, 
any upper GI pathology is not expected to impact its absorp-
tion. In the active-controlled study, a lower incidence of clini-
cally significant hypoglycemia was reported in the insulin 
tregopil group (30 mg: 53.3%, 38 events; 45 mg: 41.9%, 27 
events) compared with the IAsp group (56.7%, 47 events). The 
risk ratio for hypoglycemia showed lower potential for caus-
ing hypoglycemia compared with other prandial fast-acting 

insulins such as FIAsp, which shows higher incidence of hypo-
glycemia when co-administered with basal insulin and met-
formin. In the active-controlled study, the risk ratio of insulin 
tregopil groups (30 mg + 45 mg) versus IAsp group for all 
hypoglycemia events was 0.64 and for clinically significant 
hypoglycemia events, the ratio was 0.69. The incidence of clin-
ically significant hypoglycemia (ADA classification) in terms 
of event rate per 100-year exposure was lower in the insu-
lin tregopil groups (282.9 and 193.3/per 100-year exposure 
[PYE] with insulin tregopil 30 mg and 45 mg, respectively) 
compared with IAsp (346.3 PYE). There were much higher 
rates observed in other studies with rapid-acting insulins (event 
rate for IAsp was 1790 events PYE) [50]. Insulin tregopil was 
also safe and well-tolerated at all doses as established from 
the evaluation of non-glycemic adverse events from a Phase 
I study in T1DM patients (Online Resource—Table S4). 
Administration of different doses of insulin tregopil (30 mg, 
45 mg, 60 mg, and 60 mg + 30 mg post-prandial rescue) TID 
before meals in patients on basal insulin glargine showed no 
safety concerns except hypoglycemia, which is an expected 
pharmacological adverse action of insulin treatment. However, 
none of the reported hypoglycemic events were severe and all 
the patients recovered completely. Hypoglycemic episodes, 
which occurred early after pre-prandial administration due to 
the rapid action of insulin tregopil, did not elevate with the 
increase in insulin tregopil dosage and could be managed with 
administration of rescue insulin dose and absorbable carbohy-
drates, based on the requirement. Early treatment with insulin 
tregopil can provide a good glycemic control with potential 
benefits of weight neutrality and beta-cell sparing effect, while 
mitigating disease progression. The overall results from the 

Fig. 6   Change from baseline in 
HbA1c (%) at week 24—cumu-
lative distribution function: ITT 
analysis set. HbA1c glycated 
hemoglobin A1c, ITT intention-
to-treat, mg milligram, N 
sample population
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clinical development of insulin tregopil indicate that it has 
considerable benefits in managing DM and has the potential 
to improve patients’ QoL.

8 � Prescribing Information 

Insulin tregopil is available as a 15-mg intact tablet to be 
swallowed with water. Treatment regimen with insulin trego-
pil is initiated with a 30-mg daily dosage and then increased 
based on 1-h and 2-h PPG levels for each major meal during 
the day. It may be combined with permitted oral anti-diabetic 
agents, long-acting insulins, or both, to optimize the glyce-
mic control.

8.1 � Proposed Indications T2DM

8.1.1 � Contraindications

Insulin tregopil is contraindicated in patients with hypersen-
sitivity to insulin tregopil and its excipients (sodium caprate, 
mannitol, crospovidone, colloidal silicon dioxide, magne-
sium stearate). In addition, it is also contraindicated during 
episodes of hypoglycemia.

8.1.2 � Special Precautions and Warnings

In general, patients must be instructed in diabetes self-man-
agement skills and addressing special scenarios such as an 
inadequate or skipped insulin dose, inadvertent insulin over-
dose when taking insulin tregopil in combination with other 
anti-diabetic medications. Caution should be exercised when 
prescribing insulin tregopil in patients with signs and symp-
toms of congestive heart failure, weight gain, and edema. 
Hypoglycemia can occur when patients take doses of insulin 
tregopil that are higher than advised, or when the food is 
not consumed within a specified time frame (10 min) fol-
lowing administration of insulin tregopil. Insulin tregopil 
usage should be discontinued in the case of elevated hepatic 
enzymes (alanine transaminase, aspartate transaminase, and 
alkaline phosphatase).

9 � Oral Insulin Development by Competitors

Recently, several attempts have been made to develop oral 
insulins by leading pharmaceutical organizations world-
wide because of their potential benefits of an oral formula-
tion. Various approaches such as conjugation with hydro-
phobic oligomers and micro- or nano-encapsulations have 
been employed in developing oral insulins [59], and these 
approaches must pass through several phases of clinical 
development and overcome potential challenges before the 

drug is available to the patients. Despite these difficul-
ties, there are several products under different stages of 
development to make oral insulins successful. Some of the 
products include Capsulin OAD by Diabetology Ltd. [60, 
61]; oral hepatocyte-directed vesicle technology (HDV) 
insulin by Diasome Pharmaceuticals [62, 63]; NN1952, 
OI338GT (NN1953), and OI362GT (NN1954) by Novo 
Nordisk [64–69]; and Oshadi Icp by Oshadi Drug Admin-
istrations [70–72], which are in the Phase I or Phase II 
clinical trial stages (Online Resource—Table S6).

Apart from insulin tregopil, ORMD-0801 developed by 
Oramed Pharmaceuticals was another oral insulin formu-
lation whose clinical development has been discontinued 
following results from a Phase III study recently. Although 
the product showed promising results in Phase I and Phase 
II clinical trials, similar challenges as with insulin trego-
pil have also been encountered during the development of 
ORMD-0801 [6, 73–75], such as dose limitation beyond 
which there is improvement in efficacy, challenges in esti-
mating PK at the primary site of action, i.e., portal cir-
culation and challenges in reporting correlation between 
peripheral drug concentration and PD effects. The fact that 
to date, no other oral insulins have reached the level of 
obtaining global approval status points to the difficulties 
at the research and development of oral insulins in gen-
eral. Despite the recognized challenges, Biocon has made 
significant progress in the global development of insulin 
tregopil by overcoming the key challenges in drug devel-
opment. Phase I to Phase III trials with insulin tregopil 
have already been completed, where the effect of this oral 
insulin on PPG control, particularly in the crucial early 
post-meal period, has been well demonstrated. Insulin 
tregopil differs from Oramed’s, ORMD-0801 in the fol-
lowing aspects:

1.	 Insulin tregopil has an ultra-fast onset and short-acting 
profile, making it ideal for prandial glucose control in 
T2DM.

2.	 Peripheral concentrations of insulin tregopil can be 
quantified by a unique method developed to measure its 
PK. This method compares the PK properties of insulin 
tregopil against active control (IAsp) thereby providing 
a near-exact estimate of the parameters.

3.	 A dose-dependent response in glucose reduction 
(although may not be dose proportionate) has been 
observed for the doses of insulin tregopil studied thus 
far.

4.	 Development of insulin tregopil is based on a strong 
foundation of clinical studies using HIM2 products, and 
is more advanced in clinical development, thereby facili-
tating the assimilation of more information in the field 
of oral insulins.



Insulin Tregopil: An Ultra-Fast Short Acting Oral Insulin Analog

One of the key limitations of insulin tregopil is that the 
HbA1c control with this oral insulin does not translate into 
the same effectiveness as the control over PPG. This aspect 
is currently under study. In this regard, sustained FPG con-
trol seems to be currently the most appropriate method of 
predicting responders who may benefit from treatment with 
insulin tregopil. Insulin tregopil is expected to be benefi-
cial in a subset of patients with established needle phobia 
and those unable to comply with regular use of injectable 
insulins affecting patients' QoL. During periods of travel 
or other situations, when using injectable insulins could be 
challenging, oral insulins can be especially useful. Since it is 
ultra-fast and short acting, patients can time the administra-
tion of oral tregopil only when they are able to consume the 
meal, which is useful in those patients with unpredictable 
meal timings.

10 � Conclusion

Insulin tregopil, is generally found to be safe in patients 
with T1DM on a stable basal-bolus regimen. However, at 
the doses tested, the prandial glucose is reduced for a shorter 
period of time with inadequate meal coverage. Insulin tre-
gopil shows a potential for reducing the dose and number of 
prandial insulin injections; however, higher doses in combi-
nation with the basal insulin pose the risk of hypoglycemia. 
In T2DM, insulin tregopil has demonstrated efficacy in PPG 
control, especially during the early post-meal period. In a 
sub-set of patients, the early PPG control was observed to 
be better than IAsp. Adding insulin tregopil to a regimen of 
basal insulin and OADs with continued FPG optimization 
can be useful in patients with good FPG control.

Insulin tregopil can potentially benefit in special settings 
such as when patients on prandial insulins are traveling or 
other short-term social situations where injectable adminis-
tration is inconvenient. Insulin tregopil, being hepato-pref-
erential, can be explored in other indications such as non-
alcoholic steatohepatitis, which shares common risk factors 
with T2DM. Insulin tregopil, similar to other oral peptide 
formulations, faces challenges regarding high variability in 
its bioavailability. The current formulation, although prom-
ising, can be further improved to overcome the above chal-
lenge with further advancements in the oral peptide drug 
delivery.
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