Insulin: A Centenarian Drug: Past, Present and Future Trends
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ABSTRACT

Diabetes Mellitus (DM) is a major lifestyle disease, with over 460 million patients in the world. Its effects on the human body and its progression have contributed to higher morbidity, mortality and healthcare resource utilization. History is replete with evidence of the devastating effects of DM. This led to immense research and development in understanding the disease better and finding it a suitable cure. The year 2021 marks a century to the discovery of the medical marvel-Insulin, that revolutionized the treatment of diabetes. Over these years, there have been constant efforts to mitigate the adverse effects related to insulin administration and to improve the ease of administration. The bothersome effects of insulin causing weight gain and hypoglycemia have shown to be a hurdle in its usage. These not only cause worsening of the disease process but also prove to be factors in patient compliance. Yet, the benefits have outweighed the adverse events. With the advent of molecular biotechnology, came the ability to alter the configuration of insulin and similar molecules. This along with increased grants in the field of insulin research led to the ongoing development of newer forms of insulin such as – glucose responsive insulin, oral insulins, thermostable insulin, once-weekly dosing insulin, inhaled insulin, etc. The future years hold major ground for redefining the place of insulin in the treatment of diabetes.
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I.  INTRODUCTION

The lifestyle disease, Diabetes Mellitus (DM) has been rapidly growing over the years. According to the International Diabetes Federation (IDF) Diabetes Atlas 10th edition, in the year 2021, around 537 million adults (20-79 years) are living with diabetes in the world (1 in 10) and this number is predicted to rise to 643 million by 2030 and 783 million by 2045. Over 3 in 4 adults with diabetes live in low- and middle-income countries. Diabetes is responsible for 6.7 million deaths in 2021 (1 every 5 seconds). Diabetes caused at least USD 966 billion dollars in health expenditure – a 316% increase over the last 15 years. 541 million adults have Impaired Glucose Tolerance (IGT), which places them at high risk of type 2 diabetes. In India, 74.2 million people live with diabetes. This staggering number certainly poses a burden on our healthcare. Diabetes and its effects on the various body systems have greatly increased morbidity and mortality in humans. With this increase in number, there has also been an increase in the research behind its cure and pathophysiology. Each of these commendable discoveries have helped us in battling this disease. Yet it continues to have fallacies and blind spots. Insulin has been one of the most reliable armamentaria in treatment of diabetes. Insulin emerged a century ago and has been in evolving ever since. 

II. HISTORY OF INSULIN

The first link, that the deficiency of a substance being secreted by the ‘pancreas’ leads to diabetes mellitus, was established by two German researchers- Oskar Minkowski and Joseph von Mering. The first use of the word ‘insulin’ can be traced back to 1910, when Sir Edward Albert Sharpey-Shafer first hypothesized that a chemical missing from the pancreas can contribute to diabetes mellitus. The world was taken by a storm when in 1921, Frederick Banting and Charles Best managed to isolate what they called ‘isletin’ from the pancreas of dogs, at the University of Toronto. Banting, an orthopedic surgeon had developed a technique to block the pancreatic duct of a dog and hence allow the pancreas to slowly degenerate. He approached his physiology professor McLeod who gave him a laboratory, an assistant- Charles Best, and 10 dogs. They then used this degenerated pancreas to extract insulin. After repeated experiments on depancreatized dogs, they managed to purify the extract such that it was not toxic to administer to the dogs. Towards the end of 1921, a biochemist by the name of JB Collip joined their group who helped them obtain the pure extract from young cattle and thus amplifying the quantity of the substance produced. 
It was in 1922, that this insulin was first administered to a 14-year-old boy that then revolutionized the treatment of diabetes. Banting and McLeod were awarded a Nobel prize for this discovery in 1923, which they shared with Best and Collip. This insulin produced from cattle and pigs was in use for many years. In 1978, the first recombinant DNA (rDNA) human insulin was prepared by David Goeddel and his colleagues (of Genentech) by utilizing and combining the insulin A- and B- chains expressed in Escherichia Coli. In 1982, Eli Lilly and Genetech collaborated to release the first rDNA insulin the market- Humulin® R (rapid) and N (NPH, intermediate-acting).

III.  CURRENT FORMULATIONS OF INSULIN

Current insulins come in many formulations and differ in rapidity of onset which helps us dose it according to the need. Rapid acting analogues have a quicker onset of action, rise to their peaks and fall in a shorter duration. On the other end, long acting and almost ‘peak-less’ insulins have a long duration of action and can maintain its levels in the body for over 18-24 hours. A common regimen that is employed is called the ‘basal bolus’ regimen (Figure 1). Here, the ‘basal’ refers to the long-acting insulin given to stabilize the sugars throughout the day and night. ‘Bolus’ refers to the rapid acting analogues given around mealtimes to adeptly control the post prandial surge in glucose levels.
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Figure 1: Basal-Bolus regimen showing effect of insulin over time 

In addition to these, other forms of insulin analogues cover the spectrum of onset and duration extensively. Over the century, a wide spectrum of formulations of synthetic insulin with their relative peaks and duration have been developed (Figure 2).
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Figure 2:  Onset, peak and duration of various insulin analogues


IV. FUTURE OF INSULIN

100 years into the discovery of the landmark treatment for diabetes mellitus- Insulin, there is constant continued research and development that is put into this old drug to modify its onset and duration of action and now even attempts being made for substitute routes of delivery and therefore resemble normal physiology to control diabetes. The following are a few discoveries that could transform this drug in its second century:

A] Glucose Responsive Insulin
This is also known as “Smart Insulin”. Current insulin regimens and delivery systems are limited by the risk if hypoglycemia and sub-optimal glycemic control. Moreover, they consist of either daily injections or continuous infusions. Recent advances in molecular alteration of insulin are bringing us closer to a “closed-loop insulin delivery” or “smart insulin” systems. This will allow for real-time control of insulin release in response to the fluctuating glucose levels in our body. [image: ]Designer insulins are the next best way researchers are trying to get around the adverse effects of the centenarian drug. One approach is to wrap insulin in glucose-responsive materials. Usage of such storage depots for insulin also aids in increasing their lifespan. Another advantage of depots is that they can ease the approval process by having an already approved analogue inserted in them. One such example is a glucose-responsive microneedle patch that is being developed that can deliver insulin across the skin. Insulin and phenylboronic acid are embedded in these polymeric microneedles. When glucose forms a complex with the phenylboronic acid, the microneedles swell and release the insulin. The patches are the size of a quarter and have succeeded in controlling glucose levels in mini-pigs with type 1 diabetes for about 20 hours. Human clinical trials for a once-a-day patch are pending the US FDA approval.	
Another way to develop glucose-responsive insulins is to add a glucose-sensing moiety directly to insulin. Efforts to impart glucose responsiveness by inducing conformational changes in insulin through a combination of amino acid changes and chemical modifications are underway.   Insertion of an artificial ligand-dependent switch into the insulin molecule at its end was achieved by a group of scientists in the West. Insulin changes shape when it binds to the receptor and Weiss et al figured out a way to make this change in shape inhibitive in the absence of glucose. The formulation in fact requires glucose to change its shape rather than insulin. They have practically conceptualized and developed the world’s smallest glucose-responsive insulin system as there is no need for any copolymer to stabilize or alter. The paper reported successful use of a fructose-specific model in human liver-derived cells, and Weiss says that the team has begun testing a glucose-responsive version in rats. Hence, the concept of “smart” insulins would allow the insulin to be active and functional only in the presence of glucose and it would deactivate in the absence of glucose.	
With each of these molecular tools, researchers have created numerous modified insulin molecules as well as delivery formulations and devices, including hydrogels (bulk or micro/nanosized), membranes, nanovesicles, microneedle array patches, liposomes, and cells. The ability of these formulations to release insulin is triggered by glucose-induced binding-capability change, swelling/contraction, dissolution, pore-size alternation, and degradation. 

B] Oral Insulin
Oral formulations are by far the easiest and most convenient way of drug delivery. They increase compliance, self-reliance, reduce injection site adverse effects and decrease the cost of administration. In addition, oral insulin mimics the endogenous insulin and hence can regulate better to glucose metabolism and have less deleterious adverse effects. Insulin being a peptide hormone is very susceptible to breakdown in the gastric mucosa before its absorption to the extent that only 10% of the orally administered insulin makes it to the bloodstream. Despite this challenge, there has been relentless research to develop oral forms. Attempts on using different forms such as liposomes, nanoparticles, microspheres, mouth dissolving strips and insulin sprays have been tried and tested. Many trials had to be called off due to high production costs.	
New-York and Israel based Oramed Pharmaceuticals went on to be the first to ever enroll 100% participants for Phase- III trials for an oral insulin molecule. Their molecule ORMD-0801 is an oral insulin capsule that has been showing promising results. It incorporates both a specific protease inhibitor to prevent its breakdown as well as an absorption enhancer. The first results of the trial are expected by January 2023.	Researchers have developed a biomacromolecule which has an ingestible self-orienting millimeter-scale applicator (SOMA) that orients itself to the GI mucosa. Once engaged, it releases the milliposts that are laced with the active ingredient directly past the gastric mucosa and hence increases its bioavailability and avoids irritation of the mucosa. Further studies to determine chronic effects are under way.	
Benyettou et al., developed a gastro-resistant nCOF (imine-linked-covalent organic framework nanoparticles) that had nanosheets with insulin layered between them. They demonstrated glucose responsive release in rats in-vivo, thus proving it to be a good substitute for subcutaneous insulin. Further studies are in process in order to be able to deliver a stable, effective product.

C] Tissue/Organ Specific Insulin
Insulin has different actions on the organs of the body (Figure 3). The most common adverse effects of subcutaneous insulin administration are weight gain and hypoglycemia. Weight gain can further increase insulin resistance and therefore put into play a vicious cycle. Thus, as insulin exhibits different actions on different organs. Success in selectively promoting its action in increasing satiety and lipolysis, will manage to surpass this cycle from kicking in. Unlike endogenous insulin, as subcutaneous insulin doesn’t lead to adequate levels in the liver in comparison to the periphery, researchers are also working on hepato-selective insulin.
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Figure 3: Action of insulin on various organs

D] Once Weekly Insulin
Once weekly administration of insulin would give an immense boost to the ease, compliance, adherence and quality of life of patients while simultaneously decreasing the side effects with frequent dosing. Companies such as Novo Nordisk and Lilly are in active clinical trials to develop longer-acting insulins. Novo Nordisk’s molecule- insulin icodec met the study goals in 2 of its phase 3a trials in their six-part ONWARDS program in July,2022. 
Lilly’s once weekly basal insulin Fc (BIF) showed promising results in Phase 2 clinical trials on patients with type 2 DM who were previously treated with basal insulin, paving a path for continued future studies.

E] Ultra-Fast Acting Insulin
This form of Insulin can be taken as close as 10-15 minutes around mealtime. Due to its rapid onset of action and an early decline in levels within 2-4 hours, it is best suited for post-prandial hyperglycemia. Another advantage it embodies is its ability to tightly regulate glucose levels. This stems from its short-acting effect and rapid onset of action that allows its administration on need basis. In 2020, Stanford University researchers were able to develop a molecule that began its effect almost upon immediate injection. This made it 4 times faster than any currently available rapidly acting insulin. However, this monomeric insulin was extremely unstable to put into use. After further developments, the researchers were able to create a stable copolymer to act as a carrier for the insulin monomers, leading to a decrease in their aggregation and breakdown. These effects were demonstrated in a diabetic pig. Currently studies are in process to be able to reproduce similar effects in humans.
F] Thermostable Insulin
Insulin is a drug which necessitates ‘cold chain’ handling. It is best at its efficacy if stored at a temperature of 4 degrees Celsius. Insulin is pro amyloidogenic and it forms insoluble aggregates resulting in excess insulin requirement; amyloidoma formation at the site of repeated insulin injection; gradual loss of excipients and deposition of fibrils in the catheter system of insulin pumps; and temperature-sensitive insulin fibrillation entails storage and maintenance of cold chain. Even mild agitation of insulin during its storage and transport has been reported to denature the protein through fibrillation, resulting in its inactivation. These issues thereby call for a more stable form of formulations that would cater to the increasing global demand. A group of Indian scientists have demonstrated the in-vitro ability of insulin to resist degradation at higher temperatures even up to 65 degrees Celsius. This came to materialize only when a tetrapeptide was inserted within the molecular framework of insulin.	
Once this insulin form shows promise in-vivo, it will aid treatment in underserved and tropical areas. Many people still do not have access to electricity and hence refrigerators necessary to store such a drug. Revolutionizing the transport ad supply chain by creating a thermostable insulin will certainly solve a crisis.
G] Insulin Pump
Insulin pumps are devices no bigger than a cell phone, which deliver insulin doses at specific times (Figure 4). They can also be programmed to deliver them like a basal-bolus regimen. The people who would surely benefit from this method of delivery are those who:
· Experience delays in food absorption. 
· Are active and may want to pause insulin doses when exercising. 
· Have severe reactions to low blood sugar. 
· Are aversive to frequent injections.
These pumps subcutaneously inject the drug into the system. This machine can be set up along with a CGM (continuous glucose monitor) that would check the blood glucose every 5 minutes and maintain a digital record of all the values throughout the day. This pairing helps the insulin pumps work accordingly and adjust the dose to maintain physiologic levels of glucose in our body.
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Figure 4: Chronic glucose monitor with insulin pump
H] Inhaled Insulin
Inhaled Technosphere insulin (TI) is an idea that thought to circumvent the need for injections. It is a rapid acting, dry powder but as of now cannot totally replace injectable insulin. It can be used as an addition to it as a postprandial substitute instead of rapid acting injectable insulin analogues. Studies have shown non-inferiority of inhaled insulin when compared with rapid acting analogues. However, it showed lesser mean reductions in HbA1c when compared to regular injected insulin, mostly due to higher glucose levels in the late postprandial stage, 2 to 5 hours post-inhalation. Studies are yet to be performed to clarify the long-term pulmonary effect of this method of drug delivery.


V. CONCLUSION

Researchers and scientists around the world have put in immense efforts and resources to aid in development of insulin which was first isolated from animal extract and now by synthetic production, further paving a way to alter its structure for adjusting the rapidity and duration of action, and now attempts are being made for an easy route of delivery, resemble normal physiology and minimize the adverse events. Much research is in need both in the basic sciences and clinical sciences to build a reliable literature in upcoming insulin forms. It is a truly miraculous journey of Insulin as it heads into its second century of use. 
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