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Introduction

Type 1 diabetes (T1D) is an autoimmune disease that results in loss of insulin-making beta cells in the pancreas, which significantly affects the maintenance of blood glucose, both at rest and during physical activity. Anyone with this condition is challenged to keep blood glucose levels in normal ranges since all insulin must be supplied exogenously through subcutaneous injection of inhalation, and insulin levels that lower blood glucose must be balanced by the release of counterregulatory hormones that raise it. Exogenously administered insulin lasts in the body far longer than any that is endogenously released, which creates problems with adjusting for constantly changing insulin needs throughout the day. In addition, exogenous insulin comes in various types and formulations (ie, basal and mealtime), none of which can be withdrawn after administration or easily lowered for physical activity. Achieving glycemic balance during and following physical activity can be even more of a feat given that blood glucose use rises significantly during physical movement.

This hormonal balance is directly impacted by the interaction of counterregulatory hormones and insulin since the latter is not produced in and released from the pancreatic beta cells like normal in individuals with T1D. Most subcutaneously administered insulin fails to reach the liver, and administering insulin into the portal system through intraperitoneal delivery is not feasible at this time. While normally functioning beta cells make and release insulin, pancreatic alpha cells are responsible for the production of the hormone glucagon, the release of which occurs in response to hypoglycemia and is suppressed by elevations in blood glucose. In individuals with T1D, however, an altered ratio of glucagon-to-insulin at the liver alters its ability to manage the storage and release of glucose (1). It is my opinion that more effective balancing of these hormones is likely the most important blood glucose management step for individuals with T1D as long as exogenous insulin delivery via current methods remains the only option for its replacement. However, other pharmaceutical options to better manage glucagon release may also be on the horizon.



Hepatic Management of Euglycemia

Why does where insulin is delivered matter? The liver is the key to maintaining blood glucose levels under a variety of physiological conditions, including physical activity (2). Postprandial hepatic glucose uptake is determined by splanchnic insulin levels and glucose elevations and delivery. In all individuals, liver glycogen stores are typically mostly depleted after an overnight fast and fully used after 36 to 48 hours of a fast, but hepatic gluconeogenesis is able to provide some additional glucose for the brain and nervous system once these glycogen stores are no longer available (3).

Hepatic glucose output increases during all physical activity, the rate of output determined by the intensity and duration of movement. Engaging in light- and moderate-intensity activities causes the release of only small amounts of glucose-raising hormones (unless extended in duration), but doing vigorous resistance training, sprint training, or high-intensity interval exercise results in an exaggerated hormonal response and excessive glucose production. During short, intensive bouts, rapid hepatic glycogenolysis is the primary source of extra glucose for working skeletal muscles, but this source becomes depleted during extended activities, making gluconeogenesis more important (4). However, gluconeogenesis is a slower process that tends to fail to keep up with high bodily demands for blood glucose during physical activity.


Actions of Counterregulatory Hormones and Insulin

The actions of the five counterregulatory hormones that can raise blood glucose (directly or indirectly) are regulated by a variety of metabolic stressors like physical activity, overnight or extended fasting, emotional states, and illness (see Table 1). The fact that insulin alone lowers blood glucose while five hormones raise it shows a hormonal redundancy that proves that, at least from a survival standpoint, an adequate supply of blood glucose is critical to maintain. Insulin regulates the storage of macronutrients after meals and stimulates the cells in the body that are sensitive to it (skeletal muscle, adipose, and hepatic) to take up glucose to store as glycogen and/or triglycerides. The combined signal of high insulin and elevations in blood glucose cause the liver to store glucose as glycogen for later release, whereas an overnight fast or long-duration physical activities raise glucagon and drive glucose release. With the exception of amylin that is co-released with insulin, all other hormones described in Table 1 are released in varying amounts based on the intensity and duration of physical movement or in response to hypoglycemia, all with the purpose of maintaining blood glucose through various and redundant metabolic pathways. During exercise, circulating insulin stimulates muscle glucose uptake such that in individuals without diabetes, insulin typically decreases and glucagon and other counterregulatory hormones rise (1).


Table 1 | Counterregulatory hormones and Their Impact on Blood Glucose.





Why Hypoglycemia Occurs in Diabetes

In individuals with T1D, the hormones that prevent hypoglycemia are typically impaired by the loss of glucagon release and a lesser release of epinephrine in response to declining levels of glucose in the blood (5). Why do these alterations occur? Insulin and glucagon levels at the liver are abnormal because the delivery of insulin is altered. At present, exogenous insulin must be injected under the skin, supplied using a pump via a subcutaneous catheter, or inhaled; all of these delivery methods lead to higher levels in the periphery and lower levels than normal in the portal circulation. Exercising with high peripheral levels of insulin raises hypoglycemia risk while lowering blood insulin helps normalize hormonal responses (6).




Role of Glucagon in Hypoglycemia

In response to hypoglycemia, glucagon release may be blunted or absent in individuals with diabetes (7–10). This release is frequently lost early in the course of the disease (11), resulting in diminished glycogen stores in the liver, although glycogen storage in individuals with well-managed glycemia may not be impacted as much (12). When hepatic glycogen stores are diminished, gluconeogenesis is relied on to raise glucose output, and the driver of this hepatic process is also the release of glucagon, which is regulated by a variety of factors (13). Even when youth develop T1D, their glucagon release in response to hypoglycemia appears to be altered early after onset (the first year), and adults with T1D who have continued to make small amounts of their own insulin also have impaired and/or absent glucagon release when hypoglycemia occurs (14). The abnormal release of glucagon appears to be specific to hypoglycemia, however, since other conditions (like giving amino acids or withdrawing insulin and even physical activity itself) result in normal elevations of this hormone.

To compound the problem, apparently even having one bout of hypoglycemia or undertaking a single workout can result in a subnormal release of counterregulatory hormones (including glucagon and epinephrine) when an individual either experiences hypoglycemia or exercises later in the same day or on the next one (15–17). Even in adults without diabetes, hypoglycemia may blunt the overall hormonal response the next time it occurs to a certain extent, but their release of glucagon is not impacted (18). Although falling blood glucose levels would usually lead to an increase in hepatic glucose output, this process short-circuits when glucagon responses are diminished or absent, leading to hypoglycemia during exercise.

Conversely, impaired suppression of glucagon is uniquely associated with the portal insulin deficiency that occurs with exogenous insulin delivery in T1D (19), leading to hyperglycemia due to paradoxical hyperglucagonemia at other times, such as during overnight fasting and after meals (1). In fact, most with T1D experience an excessive output of glucose from the liver following meals and during the overnight hours.

In ferreting out the importance of the glucagon response in individuals with T1D, a recent mini-review (20) brought up a variety of points that should be considered:

* How the release of glucagon from the alpha cells of the pancreas is triggered is likely a complex process that involves some feedback loops and interactions with other hormones.

* A variety of factors can trigger glucagon release, including circulating amino acids, levels of blood glucose at the level of the pancreas, actions of the central nervous system, the release of gut incretins, and additional signals from beta and/or delta cells in the pancreas.

* When hypoglycemia occurs (either at rest or during physical activity), the release of glucagon is the key signal for the liver to either break down stored glycogen or use the process of gluconeogenesis to make and release glucose into the blood. Other counterregulatory hormones act to increase insulin resistance to slow the use of glucose and to provide metabolic precursors like lactate and alanine for new glucose production.

* The alpha cells of the pancreas respond to a much lesser extent when blood glucose levels decrease than they do to select amino acids like alanine, which gets released from working skeletal muscle during exercise and can be used as a precursor for gluconeogenesis.

* Even when glucagon release is absent in response to falling blood glucose levels, it is still normally released in response to many other changing metabolic conditions, such as periods of fasting, physical activity, and stress (emotional or physical); it appears that the triggers may differ for these stimuli compared to hypoglycemia.

* The cause of deficient or nonexistent release of glucagon in response to hypoglycemia in individuals with T1D relates to something that is within the islet cells of the pancreas.

* Excessive amounts of glucagon are frequently released in individuals with T1D after meals, and these higher levels can cause hyperglycemia after eating and insulin resistance.


Role of Glucokinase in Managing Liver Glycogen

Perhaps another cause of glucagon dysfunction lies in the regulation of an enzyme in liver cells, glucokinase. What does glucokinase do, and why does it matter? When activated in the liver, glucokinase causes glucose that enters the liver via the circulation to be trapped there and stored as glycogen (4, 21). When activated in the pancreas, this enzyme serves as a glucose sensor in beta cells, and elevations in glucose in those cells lead to the secretion of insulin from fully functional beta cells (22), which clearly does not occur when beta cells are absent or destroyed in individuals with T1D. When glucose is detected in the alpha cells, glucagon released is blunted—but this process also requires activated glucokinase (19). When glucokinase remains inactive due to a lack of appropriate triggers, excessive amounts of glucagon are released and lead to elevations in blood glucose, even after eating when blood glucose levels may already be elevated.

How does this lack of glucokinase activation impact physical activity responses? When activated glucokinase in hepatic tissues has stimulated normal glycogen storage prior to activities, elevations in glucagon related to exercise (which are not impaired in T1D) can lead to more normal production of blood glucose from glycogen breakdown, leading to a lesser risk of hypoglycemia when active and even potentially for hours after exercise (13, 21). Having activated glucokinase in the alpha cells of the pancreas also blunts most glucose elevations that occur in the morning after an overnight fast in individuals with T1D.



Role of Somatostatin in Glucagon Release

Another possible explanation of this diminished counterregulatory response to hypoglycemia in T1D may be the baseline hypersecretion of another hormone, somatostatin, and/or a greater activity of its receptors (23); such changes in somatostatin may also assist in explaining why even more glucagon is released when blood glucose levels are already elevated. Somatostatin is produced and released by the delta cells of the pancreas (24). Its release blocks insulin and glucagon from being released from their respective nearby pancreatic cells. ATP-sensitive potassium channels in the delta cells open when glucose levels are low and close when elevated (24). In animal models of diabetes, the secretion of somatostatin has been shown to be altered. When glucagon fails to be released by the stimulus of hypoglycemia, this defect may be corrected by activation of somatostatin receptor-2 antagonists. Some researchers are considering the impact of somatostatin antagonists or agents that suppress somatostatin secretion that could be used along with insulin therapy to restore a more appropriate release of glucagon during hypoglycemia and postprandial or fasting conditions (24).




Discussion/Possible Solutions

Given the immediate medical crisis that is created by hypoglycemia, losing the ability to secrete normal amounts of glucagon to counteract it is one of the most critical problems to address in the effective management of T1D (5). Although exogenous insulin for the treatment of T1D has now been possible for over a century (25), achieving normoglycemia remains a challenge that is impacted more directly by the manner in which insulin is replaced than any other factor. The resulting loss of normal glucagon and other counterregulatory hormone release impacts glycemic regulation during rest and especially during physical activity when blood glucose levels decline. Given the current insulin delivery options, the best that most individuals with T1D can hope to achieve is as near to normal glucose levels as possible for a majority of the time (i.e., increased time-in-range). If a treatment for T1D can restore normal insulin release into the portal vein, glucose regulation and hypoglycemia prevention will certainly become easier during rest and activities.

While waiting for a more effective treatment or a diabetes cure, how can individuals with T1D make up for diminished or absent glucagon release during hypoglycemia? In some instances, undertaking a sprint or high-intensity interval during activities may cause a more exaggerated release of glucagon and epinephrine and raise blood glucose during more prolonged activities (26, 27). Also, taking in some amino acids (via a protein source) may improve the release of glucagon and cognition during bouts of hypoglycemia (28). Glucagon pens (which would be like an insulin pen but with glucagon delivered) that would allow mini-dosing with glucagon may soon be possible as well (29). Whatever the method, individuals with T1D need alternate ways to raise glucagon (that have not been impacted by their condition) to better manage hypoglycemia as long as insulin delivery stays the same.

It may also be possible to target hepatic glucokinase with other drugs to manage glucagon release (30). For instance, an investigatory drug labeled TTP399 could be taken orally and would act on the liver to activate glucokinase, thereby potentially lowering postprandial and morning blood glucose levels in individuals with T1D. If approved, it would be the first oral pill to treat T1D. In the SimpliciT1 study that reports on this drug (31), TTP399 use lowered A1C levels, along with overall insulin requirements over 12 weeks. Study participants needed 11 percent less insulin for meals and spent two more hours each day with blood glucose in optimal ranges. A benefit over the use of medications like SGLT-2 inhibitors (used off-label by individuals with T1D to lower postprandial glucose spikes), this investigational medication is much less likely to result in diabetic ketoacidosis, even with less circulating insulin present and a lower risk of hypoglycemia.

Even more recently, researchers have investigated a novel somatostatin receptor-2 antagonist, ZT-01, which they have used to stimulate glucagon release in rats with diabetes. Since it was effective for restoring glucagon release in animals, it has been postulated that ZT-01 may be able to restore the absent or diminished glucagon responses to hypoglycemia in individuals with T1D (5), although this effect has yet to be fully studied in humans. While it would be ideal to fix the problem of altered glucagon release in T1D due to low levels of insulin in the portal circulation with exogenous delivery, any treatment that can potentially make glucagon respond more appropriately all the time in individuals with type 1 diabetes would indeed be welcome.
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