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Abstract

:

Food deprivation can occur for different reasons. Fasting (<24 h duration) occurs to meet religious or well-being goals. Starvation (>1-day duration) occurs when there is intentional (hunger strike or treatment of a medical condition) or unintentional (anorexia nervosa, drought, epidemic famine, war, or natural disaster) food deprivation. A scoping review was undertaken using the PubMed database to explore 1805 abstracts and review 88 eligible full-text articles to explore the adaptive relationships that emerge between cortisol, insulin, glucagon, and thyroid hormones on the metabolic pathways of macronutrients in humans during fasting and starvation. The collected data indicate that fasting and starvation prime the human body to increase cortisol levels and decrease the insulin/glucagon ratio and triiodothyronine (T3) levels. During fasting, increased levels of cortisol and a decreased insulin/glucagon ratio enhance glycogenolysis and reduce the peripheral uptake of glucose and glycogenesis, whereas decreased T3 levels potentially reduce glycogenolysis. During starvation, increased levels of cortisol and a decreased insulin/glucagon ratio enhance lipolysis, proteolysis, fatty acid and amino acid oxidation, ketogenesis, and ureagenesis, and decreased T3 levels reduce thermogenesis. We present a potential crosstalk between T3 and the above hormones, including between T3 and leptin, to extend their adaptive roles in the metabolism of endogenous macronutrients during food deprivation.
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1. Introduction


The central nervous system (CNS) plays a vital role in the regulation of endocrine glands and their hormonal release to maintain energy homeostasis. An interruption in this physiologic role can lead to obesity and metabolic disorders [1]. Both fasting and starvation can affect the brain due to glucose deprivation, resulting in the synthesis and release of cortisol, epinephrine, and growth hormones to promote glucose homeostasis [2]. The effect of fasting and starvation on the CNS followed by the impact on different endocrine glands is inevitable [2]. For instance, the pancreas and its alpha and beta cells are affected during fasting and starvation, and the hormonal release from both types of cells and their effects on the hepatic and extrahepatic tissues are predictable [3]. Good examples of daily fasting are fasting that occurs during the month of Ramadan observed by the Islamic population, when healthy individuals experience abstention from food and drink of any kind including water from dawn to dusk, which can range from 12–22 h [3], or intermittent fasting (IF), which refers to a cycle of eating patterns of little to no caloric intake on a recurring basis that can range from 12 h to several days [3,4].



Anorexia nervosa (AN) is the most ethical representation of starvation. Anorexia nervosa is an eating and psychiatric disorder in which approximately half of the deaths are caused by physical and metabolic complications (malabsorption syndrome, diabetes mellitus, Addison’s disease, thyroid dysfunction, etc.) associated with starvation [5]. This condition is caused by severe and persistent food restriction [6] that leads to serious biochemical and physiological comorbidities and endocrine dysfunctions [7] and is associated with high mortality [8]. Nearly all organs and biochemical processes, including metabolic and electrolyte homeostasis, are affected by starvation as a result of insufficient access to essential molecules. While AN most commonly affects young women, it has been presented in adolescent boys and men as well [9]. Abnormalities in carbohydrate metabolism as a result of AN have been known since 1937, when Sheldon published an article discussing the metabolic consequences of AN [10]. To compensate for these consequences, the human body begins to inherently correlate with endocrine tissues and organs to release a series of hormones, significantly affecting the metabolism of endogenous macronutrients (carbohydrates, lipids, proteins) during fasting and starvation, particularly in the beginning stages [2,3].



As fasting and starvation differ in the duration of food deprivation, it is expected that endocrine hormones execute their stimulatory or inhibitory mechanisms to different extents. It has been reported that stress, fasting, and starvation cause high levels of cortisol release [11,12]. The pancreas is the fastest organ to respond to food deprivation by increasing serum levels of glucagon [13,14,15]. Comparatively, fasting and starvation reduce serum levels of insulin [16,17,18,19], triiodothyronine (T3) [20,21,22,23,24,25,26,27,28], and leptin [29,30].



While different endocrine hormones are affected differently during fasting and starvation, there is a growing body of evidence that when one endocrine gland is affected, other glands are also affected, either directly or indirectly. For instance, an increased level of cortisol can lead to insulin resistance and muscle atrophy [31]. Similarly, cortisol acts as an endogenous antagonist of leptin, and lower levels of leptin may contribute to increased cortisol levels during fasting [32]. Additionally, a reduced level of leptin results in reduced T3 and thyroid-stimulating hormone (TSH) levels [33,34], which is also associated with low levels of insulin and increased levels of cortisol [34]. All three sources of macronutrients—glycogen to release glucose, essential and expandable proteins to release amino acids, and triacylglycerols to release fatty acids and glycerol—play a critical role in fasting and the duration of survival in starvation [2,3].



We have been intrigued by the adaptive roles that endocrine hormones play in metabolism during both fasting and starvation. Endocrine hormones such as cortisol, glucagon, insulin, and T3 affect glucose homeostasis by influencing multiple organs and organ systems such as the liver, gastrointestinal tract, pancreas, adipose tissue, skeletal muscles, and the central nervous system. These hormones metabolize endogenous macronutrients to different extents during fasting and starvation [2,3,11,13,16,28,35]. While these studies have enriched our understanding of how one or more endocrine hormones affect the metabolism of endogenous macronutrients during fasting or starvation, there is no clear explanation for why different hormones produce the same metabolic outcomes within or between the above two food deprivations. In addition, it is not fully understood how these endocrine hormones apply their inhibitory or stimulatory effects to support each other during food deprivation. A parallel review of fasting and starvation that explores why the above endocrine hormones produce similar metabolic outcomes and how they support each other via their inhibitory or stimulatory actions to promote metabolic homeostasis has not been explored extensively. Therefore, the objective of this review study was to explore the available published data on these two nutrition deprivations and to summarize the adaptive and supportive crosstalk roles that the adrenal glands, the pancreas, the thyroid gland, and their hormones play in the major metabolic pathways of endogenous macronutrients. This objective was guided by the following research question: what are the adaptive stimulatory and inhibitory effects that cortisol, glucagon, insulin, and T3 hormones exert to support and/or promote metabolic homeostasis during fasting and starvation? The intention of the results and discussions presented herein is to spark curiosity in the scientific community to further research the impacts of endocrine organs on the metabolism of endogenous macronutrients during different forms of food deprivation.




2. Methods


This review is focused on human fasting and starvation. For the purposes of this review, fasting refers to food deprivation for less than 24 h in healthy individuals. Anorexia nervosa is a human model of chronic starvation and it has been considered as a representation of starvation [36]. Individuals with AN experience food deprivation that extends beyond 24 h. Some major and general similarities and differences between fasting and starvation are presented in Table 1, which will be expanded upon and discussed further in the results and discussions sections.



The scoping review approach was undertaken based on the Joanna Briggs Institute (JBI) methodology [40,41,42], and we searched available evidence to address the above objective and to highlight a few novel areas for further research studies. Our search began on 26 September 2023. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for scoping reviews were used to direct our search strategy and assist us in presenting the results and outcomes of our review study [40]. The following subsections indicate details of the search strategies, selection process, data extraction, and synthesis.



2.1. Search Terms


The PubMed database was searched for eligible studies. The following search strings include the key terms used in the titles of abstracts of relevant published articles. Fasting search terms in the PubMed database were as follows: human fasting AND cortisol AND metabolic homeostasis; human fasting AND glucagon AND metabolic homeostasis; human fasting AND insulin release AND metabolic homeostasis; human fasting AND thyroid hormones AND metabolic homeostasis. Starvation search terms in the PubMed database were as follows: anorexia nervosa AND cortisol AND metabolism; anorexia nervosa AND glucagon AND metabolism; anorexia nervosa AND insulin AND metabolism; anorexia nervosa AND thyroid hormones AND metabolism. The time frame of publication for the abstracts and articles to be reviewed was set to be from 1971 to December 2023. We did not expect to find any starvation studies in humans due to ethical reasons. Much of our understanding of the roles that starvation plays on metabolism and adaptive neuroendocrine responses comes from studying patients with AN, and since 1977, there have been many studies that have included patients with AN as a model of starvation. As a result, we have used AN studies as the closest representation of starvation in humans.



Since fasting blood glucose measurements and the role of insulin have been extensively studied in diabetes, many articles have been produced on that subject (nearly 7000 articles). As a result, the terms for insulin search were slightly changed to “Human fasting AND insulin release AND metabolic homeostasis” in order to focus on the roles of insulin during fasting in healthy individuals.




2.2. Search Strategy


We conducted a literature search and focused on published peer-reviewed studies. While the majority of eligible full-text articles were reviews, we included clinical, interventional, and observational research that matched our inclusion criteria as well. In order to not overlook any pertinent data, each title and abstract were screened by at least two screeners (two authors in this review) to assess their suitability and ensure that the abstract matched the inclusion criteria presented in the following subsection. We removed unrelated publications. While the search produced a publication from a book chapter, the search did not include gray literature.




2.3. Inclusion Criteria


The search engine used was PubMed (text availability: abstract and full text), and three search elements—population, intervention, and outcome measures [41]—were applied to guide the search terms and assist us in answering the study’s objective and question. For instance, to indicate the roles of cortisol in the metabolism of macronutrients, the following terms were used: “human fasting” (or “anorexia nervosa”) to represent population; “cortisol” to represent intervention; and “metabolic homeostasis” to represent outcome measures. In order to narrow the focus of the searches to intervention (hormones that are uniquely associated with adaptive metabolism during food deprivation), the fourth search element, comparison intervention, was not used. Articles with a full text and abstract dating from 1971 to December 2023 that linked fasting and starvation to metabolic roles of cortisol, glucagon, insulin, and thyroid hormones were included. When a full article was not accessible but the abstract indicated data relevant to this review, the university library system was used to order the desired articles.




2.4. Exclusion Criteria


Pathological changes and medications may lead to disturbances in endocrine organs and the release of their hormones. As a result, articles related to the treatment of diseases, including chronic conditions, the use of medication therapies, or the impacts of unrelated hormones and other molecules, were excluded from the review. Based on the exclusion criteria, we identified 57 full-text articles that were not relevant to our review study.




2.5. Selection Process


All four authors of this article participated in the review of abstracts provided in the search to ensure that each published article matched the above inclusion criteria and that the article was relevant to this review. In case of any uncertainties regarding a link between the search words/parameters and the abstract, the full article was retrieved. The PRISMA flow diagram guidelines were followed [42], and an extraction spreadsheet was used to ensure that all necessary data were presented in this scoping review article [40].




2.6. Data Extraction and Synthesis


A structured extraction spreadsheet that included characteristics relevant to the review study was generated. The spreadsheet included information for authors, title of the study, journal name, year, aims/purpose, population and sample size, source of evidence, methodology, and outcomes of the published articles. We used a color code approach to indicate that at least two independent authors agreed that the identified results from abstracts matched the inclusion criteria. While we did not use any statistical software analysis to extract data, the identified data from published literature were manually extracted based on the above characteristics. After the search and extraction of data were complete, duplications and irrelevant extracted data were removed from the spreadsheet. The corresponding author evaluated the suitability of all relevant full-text articles, including reviewing the reference list of each included article, to identify information related to this study. Results were synthesized in a manner that matched the study characteristics, such as the type of publications, the roles of endocrine hormones, and the stimulatory and inhibitory metabolic impacts of endocrine hormones on endogenous macronutrients during different food deprivations in humans. Synthesized results were reviewed and discussed among the four authors to ensure that the results accurately reflected the objective and study question. Based on the identified results, data were summarized in two tables and one figure. We did not assess the risk of bias; however, to prevent any bias, contradicting results that were identified during synthesis are presented in the results section of this review study. For instance, while a vast number of published results indicated that glucagon levels increased during starvation, a few studies indicated that glucagon levels were reduced during starvation. Accordingly, we presented this contradicting finding in our results and referenced the published article(s).





3. Results


3.1. Characteristics of Included Work


In order to gain a better understanding of the impacts that cortisol, glucagon, insulin, and thyroid hormones have on the metabolism of endogenous macronutrients, we focused on two food deprivations, fasting and starvation. It is clear that one cannot draw conclusions about fasting based on starvation data and vice versa. As a result, a parallel search strategy was implemented to produce results from the above two food deprivations. A total of 1805 records were identified in the initial search for both fasting and starvation, and we immediately began reviewing abstracts. Upon reviewing the abstracts, a total of 1661 of the abstracts did not match the inclusion criteria, which resulted in identifying 68 and 76 full-text articles for fasting and starvation, respectively, to be included in the study, equaling 144 articles in total. Of these 144, an additional 57 full-text articles were excluded due to not being related to the objective, as described in the following PRISMA flow diagram (Figure 1). A total of 88 full-text studies remained for this review, with 37 addressing fasting and 50 addressing starvation. In addition, one article addressed both fasting and starvation (Figure 1).



Full-text articles were mapped to the metabolic impacts of each indicated endocrine hormone during fasting and starvation. For fasting, we mapped ten articles to cortisol, ten articles to glucagon, ten articles to insulin, and seven articles to thyroid hormones. For starvation, we mapped fifteen articles to cortisol, five articles to glucagon, eleven articles to insulin, and nineteen articles to thyroid hormones. One article, related to insulin, glucagon, and thyroid hormones, was mapped to both fasting and starvation. Table 2 summarizes the characteristics of the identified full-text scientific literature resources containing data that assisted us in meeting our objective and answering the study question. These characteristics were used during our search strategy as well. As shown in Table 2, the key findings from the reviewed articles indicate that while the serum levels of cortisol and glucagon are increased, the serum levels of insulin and T3 are decreased during both fasting and starvation. The different levels of these four hormones result in producing metabolic impacts to different extents, depending on the duration of food deprivation. More detailed data and results are presented in a supplementary table (Table S1) and in the results and discussions sections. The nature of the eligible studies was one book chapter, forty-two review studies, and forty-five clinical studies, which are indicated in Table S1 as well.




3.2. Release of Cortisol from Adrenal Glands during Fasting and Starvation


Cortisol is classified as a steroid hormone and is a major glucocorticoid hormone that is synthesized by the middle layer, the zona fasciculata, of the adrenal cortex. Cortisol plays an important role in the metabolism of macronutrients to support glucose homeostasis in response to increased energy demands [2]. Therefore, it is reasonable to explore its roles during fasting and starvation.



The circadian rhythm is a 24 h biological cycle that plays an important role on molecular, mental, and behavioral levels [43,108,109,110]. Cortisol is synthesized and released during each circadian rhythm cycle, which is based on the regulation of the HPA axis [111]. The HPA controls the level and magnitude of the corticotropin-releasing hormone (CRH), which is transported to the anterior pituitary via the hypothalamic–pituitary portal system to stimulate the release of adrenocorticotropic hormone (ACTH) [111]. The ACTH acts on the adrenal glands to synthesize and release cortisol into the bloodstream [111]. Of the cortisol released into circulation, about 80–90% are bound to transcortin (known also as corticosteroid-binding globulin (CBG), around 5–15% are bound to albumin, and around 5% are free cortisol (unbound). As a result, the CBG concentration plays an important role in regulating the accessibility of physiologically active cortisol [111].



There are a few stressful conditions in which the HPA axis is altered and cortisol release is enhanced [11]. These stressful conditions include low socioeconomic status, chronic work stress, anxiety, depression [112], and short-term [44] and long term [113] nutrient deprivation. Under healthy conditions and a non-fasting circadian rhythm, the release of cortisol follows the following pattern: a low level in the evening with an increasing level during the night followed by a peak in the early morning [114], in which cortisol reaches acrophase at 7:00–8:00 a.m. and declines until midnight [115,116]. It has been suggested that a nocturnal rise in HPA axis activity is a strategic and adaptive mechanism to prepare the human body for the upcoming daily requirement of energy demands [45,117,118].



The cortisol hormone is known to serve as a classic mediator of stress responses [11,12]. Factors such as fasting, stress, malnutrition, and anorexia increase cortisol levels [36,51,52,119,120]. In contrast to these findings, one study indicated that 48 h of starvation in 20 healthy women stressed steroid precursor production without leading to enhanced mineralocorticoid, glucocorticoid, or androgen production [50]. In a study on 208 healthy undergraduate students, their serum cortisol levels 1–3 h before a major examination indicated significantly high epinephrine, total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and cortisol levels. The authors concluded that stress might have played an important role in the aforementioned cortisol release [121]. Studies on fasting have consistently indicated that cortisol’s circadian rhythm is disrupted during the month of Ramadan (i.e., levels are lower in the morning and higher in the evening compared to pre-Ramadan values) [122,123,124]. Yet, it has been reported that by one month after the end of Ramadan, cortisol levels had returned to normal pre-fasting ranges [125]. The authors concluded that the impact on circadian rhythm has to do with the stress of fasting and sleep deprivation on the body [125].



It has been questioned whether less severe caloric restriction (less than 800 kcal/day), for instance, during weight loss diets, also increases cortisol levels. To answer this question, a meta-analysis review study reported that starvation (2.5 days or longer) showed a very strong effect on the increase in serum cortisol, while less severe caloric restriction did not change the cortisol levels [11]. In another study, where 49 obese patients (body mass index (BMI) 32.2–67.1 kg/m2; 25 women and 24 men) underwent one-day fasting, it was indicated that the cortisol levels were increased [126]. While these results may be different in a daily fasting episode with no calorie intake for less than 24 h, they match the conclusion that no calorie intake, similar to starvation, increases cortisol levels [53,54]. There is an inverse relation between a low BMI, fat mass, and glucose and insulin concentrations and higher levels of cortisol, which is consistent with the finding that the release of cortisol is enhanced as an adaptation response to starvation threats [16]. It is possible that loss of the circadian rhythm causes hypercortisolism and chronic inflammation and increases the risk of chronic cardiometabolic disorders [123,124]. As a result, it has been suggested that there is a need to improve sleeping and feeding patterns during fasting in the month of Ramadan [123,124].



Boyar et al. measured the plasma levels of cortisol in 10 women who were experiencing AN [55]. Their clinical data indicated a normal pattern of the circadian cycle, but their 24 h mean plasma level was twice the upper limit of the normal level [55]. In addition, their data showed that the cortisol half-life was prolonged and the metabolic clearance rate was decreased [55]. The prolonged cortisol half-life parameter has been reported by other studies as well [56,127]. It is suggested that hypercortisolemia is an indicator of anorexia severity [128], and since cholesterol is used in the adrenal glands to produce cortisol, hypercholesterolemia (particularly LDL cholesterol) has been indicated in patients with AN [84]. It has been suggested that CBG levels were similar in the patients with anorexia and the controls [57], and the patients with AN experienced hypercortisolism [58,59]. It has been suggested that the high levels of cortisol are a result of a combination of a relative increase in cortisol secretion and a decrease in cortisol clearance [20]. It is well known that hypercortisolemia can have a severe effect on the body both physically and psychologically [105,129], which is associated with a series of clinical consequences such as low bone mineral density (BMD), depression and anxiety symptoms, and increased adrenal gland volumes [60,61,85,130,131]. While cortisol increases blood pressure and causes dyslipidemia [130], it also provides potent anti-inflammatory activities [132]. It is important to emphasize here that hypercortisolism may not show the same symptoms that Cushing’s syndrome presents since studies on patients with anorexia who experienced hypercortisolism, classic symptoms of Cushing’s syndrome have not been observed [100,133].



Cortisol inhibits the uptake of glucose from the circulation into skeletal muscle, which results in an increased blood glucose level, an effect caused by the decrease in the sensitivity of peripheral tissue to insulin [134]. In addition, cortisol stimulates the gluconeogenesis pathway [62]. Furthermore, cortisol increases the breakdown of skeletal muscle proteins (proteolysis), and released glucogenic and ketogenic amino acids produce glucose (gluconeogenesis) and ketone bodies (ketogenesis), respectively [2,3]. Due to the amino acid oxidation pathway, urea production (ureagenesis) is increased as well [3]. Furthermore, cortisol plays an important role in lipid metabolism by increasing the breakdown of triacylglycerols (lipolysis) into fatty acids and glycerol in adipocytes [2]. Produced fatty acids are used to provide ATP in order to support the energy expenditure of the gluconeogenesis pathway to synthesize glucose [3]. Similarly, released glycerol is utilized to serve as a gluconeogenic precursor [2].



Since glycogen is exhausted within the first 24 h of fasting, cortisol release can help the body have access to glucose beyond 24 h of starvation via gluconeogenic pathways [2,62]. It has been reported that there is a strong inverse relationship between adiposity in patients with AN and the serum concentration of alanine aminotransferase (ALT) [7,135]. ALT’s role in skeletal muscle is to remove the nitrogen group from the amino acid glutamate and add it to pyruvate to synthesize the glucogenic amino acid alanine. Alanine plays a central role in urea formation as it travels to the liver, where it donates its amino group to the hepatic α-ketoglutarate by the hepatic ALT to produce glutamate, which eventually enters the urea cycle to eliminate the toxic ammonium in the form of harmless urea [3]. The above inverse correlation between AN and ALT concentrations suggests an adaptive mechanism to assist the starved individuals in the prevention of the buildup of toxic ammonium, particularly during 2–3 days of starvation.



Because cortisol stimulates gluconeogenesis to maintain euglycemia during starvation, it serves as an endogenous antagonist of insulin [134], and it has been suggested that leptin may act directly on the adrenal gland by inhibiting cortisol secretion [49]. As reported previously, fasting results in reduced insulin secretion and increased glucagon and epinephrine release [3]. The release of the latter two hormones results in an increased level of blood glucose. This is a protective mechanism to maintain a normal blood glucose level by increasing hepatic glucose output during fasting. Therefore, individuals with severe AN may experience hypoinsulinemia [62]. While there are inconsistent reports about leptin levels during fasting [3], the levels of leptin are clearer during starvation. It has been reported that leptin changes in patients with AN partly affect neuroendocrine axes during starvation [136]. For instance, leptin inhibits the HPA axis both at the hypothalamic and possibly directly at the adrenal level, and a lower leptin level is associated with activation of the HPA axis in response to starvation [137]. In other words, leptin concentration is inversely related to ACTH and cortisol levels [138].




3.3. Release of Glucagon and Insulin from Pancreas during Fasting and Starvation


The pancreas has islets of Langerhans that produce a few short-peptide hormones with unique biochemical and/or physiologic actions. Glucagon and insulin are two pancreatic hormones with 29 and 51 amino acid residues, respectively. From the pancreas, both hormones travel to the liver via the portal vein [3]. It has been suggested that glucose, insulin, and glucagon are critical molecules that directly or indirectly influence the enzymes that regulate liver carbohydrate and fatty acid metabolism during the transition between the fed and the fasted state [70]. While glucagon’s release is stimulated by hypoglycemia, starvation, exercise, and protein-rich meals [64], insulin release is stimulated by a hyperglycemic condition [3]. The plasma level of glucagon is increased after 1 h of experiencing a hypoglycemic condition [13]. The concentration of insulin circulating in the blood is increased after a meal, reduced during fasting [2,3], and even further reduced during starvation [84,139]. It is suggested that beta cells adapt by adjusting the transcription of the insulin gene during fasting [73].



There are a few factors, such as circulating amino acids, fatty acids, and glucagon-like peptides, that regulate glucagon secretion [140]. One of the most potent mechanisms to stimulate glucagon secretion is experiencing low plasma glucose concentrations [65,66,67]. In order to support glucose homeostasis, glucagon inhibits glycogenesis and stimulates glycogenolysis and gluconeogenesis [71,72,141,142,143]. Similar to cortisol’s inhibitory effect on lipogenesis in adipocytes, glucagon inhibits lipogenesis as well by inactivating the first step in the fatty acid synthesis from carbohydrates [144]. In order to remedy the hypoglycemic episode, hepatic gluconeogenesis plays a critical role in the synthesis of glucose during a 36 to 48 h period of food deprivation [145]. It has been suggested that glucagon levels in patients with AN are higher compared to the control groups [81], and during fasting, glucagon promotes the transcription of the gluconeogenesis gene [68]. It has been shown that the glucose output via gluconeogenesis accounts for more than 90% of the total glucose production during a 40 h period of starvation in humans [146]. These results suggest that plasma glucagon levels are increased during starvation, particularly during 2–3 days of starvation.



Under fasting conditions, glucagon’s release is increased to activate AMP-dependent protein kinase A (PKA), which in turn triggers transcriptional activity, ultimately leading to an increased expression of gluconeogenic genes such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) to stimulate hepatic gluconeogenesis [46]. It is known that insulin plays an important role in the hormonal control of metabolic adaptation during fasting [90]. Contrary to the increased glucagon levels, insulin levels are lower during fasting [2,3] and in patients with AN [15,16,17,18,19,84,85,86,139], and insulin levels negatively correlate with cortisol levels [86]. It has been suggested that the synthesis of very low-density lipoprotein (VLDL), a triacylglycerol-rich particle, is increased in hepatocytes in response to reduced insulin action under fasting conditions [76]. It is suggested that Ramadan fasting results in a transient reduction in insulin sensitivity, which is compensated by an improved β-cell function with no significant change in glucose concentrations [37]. It has been reported that increased levels of glucagon and low levels of insulin augment lipolysis and ketogenesis [26]. As was previously reported [3], insulin stimulates protein synthetic machinery and inhibits proteolysis, resulting in a reduction in circulating amino acids. As one might expect, reduced insulin levels in patients with AN will result in an increased oxidation of glucose to prevent the storage of glucose [87]. In a study that included 92 patients with AN, serum amino acid levels indicated hyperaminoacidemia [63]. Indeed, it has been suggested that fasting does not decrease plasma amino acid levels, with the exception of the glucogenic amino acid alanine, which is used for gluconeogenesis [77]. In a study where eight healthy individuals underwent food deprivation, blood concentrations of branched chain amino acids (BCAAs, i.e., valine, isoleucine, and leucine) were high between 36 and 60 h of starvation, and glucagon levels were increased within the same timeframe [147]. While it is known that circulating amino acids play a central role during 2–3 days of starvation when the gluconeogenesis pathway is active [2,3], the relationship between BCAAs, glucagon, and fasting or starvation is not fully understood.



It has been reported that patients with AN experience significant changes in the pancreatic secretion of glucagon [82]. In a study, the plasma levels of glucagon and insulin were obtained from 26 patients suffering from AN [15]. The results indicated that while basal plasma glucagon levels were higher in patients with AN compared with the control group, the difference was not statistically significant [15]. Therefore, it has been suggested that, in chronic starvation caused by AN, insulin plays a major role while glucagon has minor importance [15]. In another study, it was suggested that during fasting, glucose levels and insulin concentrations were decreased and the levels of glucagon were increased, which in turn reduced hepatic glucokinase activity to maintain glucose homeostasis [69]. Contrary to the conclusion of many studies that glucagon concentrations are increased in patients with AN, there have been a few other studies that showed a lower glucagon concentration and an increased insulin sensitivity in patients with AN [92,93,148]. Regardless of the glucagon level variations in patients with AN, based on all reported data, it is safe to assume that glucose and insulin levels are reduced in AN patients.



Insulin plays an important role in adipose tissue metabolic pathways. Insulin enhances glucose uptake by adipose tissue and inhibits the activity of hormone-sensitive lipase, an intracellular enzyme that hydrolyzes triacylglycerol into glycerol and fatty acids [3]. A reduced ratio of insulin to glucagon during fasting and starvation enhances cyclic AMP levels in adipose tissue, thereby increasing the activity of the lipase enzyme [3].




3.4. Release of Thyroid Hormones from Thyroid Gland during Fasting and Starvation


Thyroid hormones, triiodothyronine (T3) and thyroxine (T4), are iodinated derivatives of the amino acid tyrosine and are synthesized and released from the thyroid gland [38]. Thyroid hormones’ receptors are found in almost all tissues and regulate a myriad of cellular responses [149]. Thyroid hormones’ production in the thyroid gland is regulated by the hypothalamic–pituitary–thyroid (HPT) axis, in which the hypothalamus secretes thyrotropin-releasing hormone (TRH) in response to a series of signals (cold, severe stress, etc.) [150]. TRH stimulates the anterior pituitary to secrete thyroid-stimulating hormone (TSH). TSH binds to its receptor, leading to thyroid hormone biosynthesis and the release of T4 and T3 from the thyroid follicle cells into the bloodstream. While more T4 than T3 is produced, T4 becomes converted to T3, mostly by peripheral deiodination. Consequently, T4 can be referred to as a prohormone that serves as a reservoir of T3 [151].



Approximately 80% of the thyroid hormones secreted by the thyroid gland are in the form of T4, and about 20% are in the form of T3 [94]. The most active thyroid hormone is T3 because it can bind to thyroid hormone receptors (THRs) to produce genomic effects [152]. Upon synthesis and release, T3 circulates in the blood and binds at the cellular level to THRs that act as transcription factors [153]. While it has not yet been fully understood, T3 produces nongenomic effects as well because, in a few signaling pathways, it does not modify gene transcription [151]. It is well known that T3 plays an important role in cell differentiation and organogenesis during fetal and childhood development, heart rate regulation, gastrointestinal (GI) motility, gluconeogenesis and glycogenolysis, glucose uptake, and maintaining thermogenic and metabolic homeostasis in adult individuals [153] (see Table 3 as well). It has been suggested that fasting [94] and starvation [17,22,23,24,25] reduce T3 levels in the periphery. It has also been reported that fasting downregulates the HPT axis, which represents an energy-saving mechanism during food deprivation [96]. During special conditions such as cold exposure, fasting, and/or infection, there is a need to change the thyroid status for adaptation [97,98]. Therefore, it is relevant to discuss the thyroid gland’s roles during fasting and starvation.



It has been reported that small changes may occur in TSH, free T3 (fT3), and free T4 (fT4) levels in healthy individuals during fasting [153]. For instance, when serum T4 levels increased, there was no significant change in the levels of T3 [154]. In a study on 58 healthy individuals aged 18–45 years who participated in a 24 h fasting period, both plasma fT4 concentrations and concentrations of a T3 metabolite, reverse T3 (rT3), increased on average by 8% and 16%, respectively [155]. In another study on 11 healthy men, a 56 h period of food deprivation resulted in a 40% increase in cortisol levels and a 50% suppression of mean TSH levels, with no clear link to whether the increased cortisol caused the reduction in the TSH levels [156]. It has been suggested that white adipose tissue (WAT) stores energy as triacylglycerols, and in obesity, it becomes dysfunctional and promotes a pro-inflammatory, hyperlipidemic, and insulin-resistant environment [157]. Comparatively, brown adipose tissue (BAT) specializes in heat production by utilizing fatty acid and glucose and in the expression of uncoupling protein 1 (UCP1) to dissipate energy as heat [158]. Both WAT and BAT are affected by T3. In BAT, it stimulates thermogenesis by increasing the UCP1 expression [158]. Comparatively, T3 promotes lipolysis in WAT by increasing the release of fatty acids [159] to meet the energy requirements of gluconeogenesis [3]. It is also known that thyroid hormones stimulate ATPases in skeletal muscle, which ultimately enhances energy expenditure [160]. Additionally, it is reported that, during fasting, fatty acids are partially oxidized by muscle and the liver to produce ketone bodies, which ultimately serve as fuel for the brain [75].



There is growing evidence that T3 levels are reduced in patients with AN [22,23,24,25,26,27,28,100,101,102,103]. While most of the AN studies were conducted in females, one study compared the impact of AN on both males and females and found that changes in the thyroid axis were the same in both genders [161]. In another study, the plasma levels of T3 indicated a small fluctuation within 24 h of fasting; however, they dropped sharply after 24 h of fasting and even more after 48 h of starvation [162]. While there is reduced peripheral deiodination of T4 to T3 [163], there have been suggestions that the conversion of T4 to rT3 is enhanced in fasting and starvation [20,24,26,38,155]. It has been suggested that the T3/T4 ratio is lower in AN compared to the control group [104], and T3 levels were more affected than T4 levels during starvation [101]. Reduced T3 hormone levels trigger symptoms associated with hypothyroidism, including bradycardia, hypothermia, hypotension, dry skin, and a slowed metabolic rate [164]. These symptoms usually resolve when patients with AN gain weight [164].



Decreased T3 levels have been observed during fasting [94,95], and it is suggested that, during the month of Ramadan, serum changes in thyroid hormones and TSH are minimal and do not affect the health of fasting individuals [165]. It has been reported that the normal sensitivity of peripheral tissues and TSH from pituitary thyrotrop in the anterior pituitary to the different circulating thyroid hormones is maintained in patients with AN, and reduced T3 is the only thyroid hormone that affects the metabolic state of AN patients [23]. However, it has been suggested that by refeeding with a mixed diet or predominantly carbohydrates, changes in serum T3 and rT3 caused by fasting are reversed [165].



There is a growing body of evidence that another endocrine hormone, leptin, which is primarily secreted by adipocytes [39,166], stimulates the TRH to enhance the production of thyroid hormones [167]. Patients with a leptin receptor mutation are hypothyroid with a delayed TSH response to TRH stimulation [99]. It has been suggested that leptin levels are linked to body mass, i.e., a lowered body fat mass leads to decreased serum leptin concentrations in AN [30,168], and decreased leptin levels result in reduced T3 levels during fasting and starvation [33,78,169]. It has been demonstrated that a 3-day starvation period results in an 80% reduction in leptin levels [29]. A reduction in leptin results in reduced TRH and TRH levels [167], possibly reducing T3 levels as well. While the exact mechanism remains unclear, the inhibitory impact on TSH was confirmed when an exogenous leptin dose normalized TSH levels in healthy lean men during a 3-day food deprivation period [29]. Additionally, there is no clear mechanism that explains how the reduced T3 results in a slow metabolic rate during starvation, as other metabolic factors, such as reduced lean body mass, a reduction in BAT activity, and reduced expression of UCP3, are involved [170]. Putting all these results together, one can predict that, during starvation, reduced leptin results in reduced T3, which in turn results in a reduced metabolic rate to preserve energy stores when there is food deprivation [171]. Obviously, a slowed metabolic rate benefits a starved individual only if other clinical complications of hypothyroidism do not occur. It is worth mentioning that the reduced T3 hormone levels in AN are suggested to be distinguished from secondary hypothyroidism [20].




3.5. Cortisol’s Roles during Time-Specific Food Deprivation


3.5.1. Fasting: Food Deprivation within 24 h


As described earlier, both starvation and fasting affect and change the circadian rhythm of cortisol. It has been consistently shown that cortisol’s circadian rhythm is disrupted during fasting in the month of Ramadan, i.e., levels are lower in the morning and higher in the evening compared to the pre-Ramadan values [123,124]. However, it has also been reported that by one month after the end of Ramadan, cortisol levels had returned to their normal pre-fasting ranges [125]. Cortisol does not play a critical role in an acute hypoglycemic episode (because it does not produce an immediate response), and the stored glycogen in the liver and muscle will suffice to produce glucose during fasting [2,3,47]. An increase in cortisol levels inhibits the uptake of glucose from the circulation into peripheral tissues (skeletal muscle and adipose tissue), resulting in an increase in blood glucose level [2], an effect that is caused by the decrease in the sensitivity of peripheral tissue to insulin [135]. Since the insulin effect on peripheral tissues is compromised and the depletion of stored glycogen is underway, perhaps the most important role of cortisol during fasting is to promote glycogenolysis to maintain glucose homeostasis.




3.5.2. Starvation: Food Deprivation beyond One Day


During day 2 of food deprivation, the stored glycogen is depleted [2,3,47]. Since the brain, erythrocytes, kidney medulla, lens and cornea, and testes are heavily dependent on having continuous access to glucose as an energy source [2], the high plasma level of cortisol plays an important adaptive role in promoting glucose homeostasis by providing sufficient glucose concentrations. Skeletal muscle is the primary reservoir for expendable proteins to not only release amino acids to feed protein synthetic machinery but also to support hepatic gluconeogenesis during starvation [172]. It has been reported that more than 80% of glucose comes from gluconeogenesis after 42 h of starvation [173], and fasting causes the activation of gluconeogenesis [47,48]. Cortisol and glucagon both promote gluconeogenesis to provide a minimum plasma level of glucose [83]. This adaptive process is carried out by breaking down expendable proteins in skeletal muscle to release glucogenic and ketogenic amino acids [3]. As a result, patients with AN may experience hyperaminoacidemia [63]. Glucogenic amino acids are used via gluconeogenesis to synthesize glucose [2,3]. Ketogenic amino acids are used to produce acetyl-CoA and ketone bodies in the liver that ultimately produce NADH to undergo oxidative phosphorylation in order to produce ATP for the brain [3]. Due to the oxidation of amino acids, one should expect a higher nitrogen excretion, which ultimately leads to a higher production of urea via the urea cycle in the liver [3]. It has been suggested that overnight fasting results in an increased activity of hormone-sensitive lipase in adipose tissue [174], which provides glycerol and free fatty acids to the circulation [79,175]. Hormone-sensitive lipase is highly expressed in adipose tissue and, to a lesser extent, in skeletal muscle [176]. It has been suggested that cortisol in physiological concentrations strongly stimulates lipolysis [177]. Since during food deprivation, insulin release is inhibited and cortisol release is stimulated, one might expect to see higher hormone-sensitive lipase activity during 2–3 days of starvation in order to support the energy expenditure of the gluconeogenesis pathway.



As mentioned earlier, ALT concentration is higher in patients with AN [178], and its role in skeletal muscle is to synthesize the glucogenic amino acid alanine, which ultimately will play a central role in ureagenesis [3], an adaptive mechanism to prevent the buildup of toxic ammonium, particularly during the early stage of starvation.



As the number of days of food deprivation increases, the physical and metabolic impacts of starvation become more visible. Skeletal muscle serves as a storage unit for expendable proteins that are utilized during starvation [3]. These non-essential proteins, however, will be depleted within a few days of starvation [3]. As a result, the transition from glucose metabolism to lipid metabolism is an important adaptive process to extend survival time [2]. The plasma level of free fatty acids is increased to twice the normal value in patients with AN [83]. In order to preserve and protect essential proteins from degradation and provide energy for vital functions, cortisol plays an important role in lipid metabolism. At this point, the brain gives up its addiction to glucose and adapts to use other molecules that ultimately can produce ATP molecules for the brain. It is believed that cortisol increases the breakdown of triacylglycerols (lipolysis) into fatty acids and glycerol [177], of which the latter molecule directly supports glucose output, whereas fatty acids’ oxidation serves as an alternative endogenous energy source [2].



Because cortisol stimulates gluconeogenesis to maintain euglycemia during starvation, it serves as an endogenous antagonist of leptin and insulin [62]. Therefore, individuals with severe AN experience hypoinsulinemia [85,179], and a low level of insulin augments lipolysis and ketogenesis [180]. In a large epidemiological study, the Epidemiology of Diabetes and Ramadan study, the authors demonstrated that daily fasting during the month of Ramadan increases the risk of severe hypoglycemia by 4.7-fold and 7.5-fold in patients with type 1 and type 2 diabetes mellitus, respectively, and even when they were treated with their antidiabetic agents [181], severe hypoglycemic episodes were reported [181,182]. However, other studies have shown that patients who used their antidiabetic agents did not experience hypoglycemic episodes during the month of Ramadan [183]. On the other hand, in a study conducted on women with both type 1 diabetes mellitus and AN, the mortality rate was 34.8%, i.e., at least a five-fold increase, compared with having diabetes type 1 or AN alone [184]. As a result, it is prudent to pay closer attention to diabetes complications whenever there is a warning sign of AN. It is worth mentioning that in a study conducted in Sweden by Ji et al. that focused on severe caloric restriction in individuals with AN, cortisol proved to be protective against the development of type 2 diabetes [185].



The above cortisol’s adaptive mechanisms will continue as long as the starved individual has fat mass to produce ketone bodies. It was shown that the expression of hypothalamic orexigenic neuropeptides was increased when mice received an infusion of ketone body (β-hydroxybutyrate) for 24 h, which resulted in an increased food intake [186]. This study was in mice and indicated the signaling role of the ketone body that can trigger hunger for exogenous macronutrients to supply the brain with glucose (as opposed to using the endogenous ketone body as an energy source) [186]. However, the ketone body’s orexigenic role in humans, particularly during fasting and starvation, remains unclear. It is important to emphasize here that pharmacologic treatment of AN to reduce cortisol levels is not recommended because it may result in further weight loss or promote adrenal insufficiency [187]. Table 2 summarizes the effects cortisol produces during fasting and starvation, and Table S1 provides more detailed information about cortisol’s specific effects.





3.6. Glucagon and Insulin’s Roles during Time-Specific Food Deprivation


3.6.1. Fasting: Food Deprivation within 24 h


When blood glucose levels are low, glucagon is released to stimulate hunger [153,188]. On the other hand, insulin is released to suppress the feeling of hunger [188]. The role of insulin is to reduce excess glucose by promoting glycogen synthesis and lipogenesis in the liver [74] and to enhance the uptake of glucose by skeletal muscle and adipose tissue to synthesize glycogen and triacylglycerols, respectively [3].



In order to produce ATP molecules as an energy source and promote glucose homeostasis, one has to initiate the glycogenolysis pathway to release and supply glucose to the blood and tissues during fasting and starvation [2,75,134]. Both insulin and glucagon hormones play essential roles in glycogenolysis during the first day of food deprivation. Since insulin inhibits glycogenolysis in the liver and skeletal muscle [189], a reduced insulin level will support glucagon in stimulating glycogenolysis [2,3].



As was reported previously [3], plasma levels of glucagon and insulin are increased and reduced, respectively, during fasting. Glucagon inhibits glycogen synthase, the rate-limiting enzyme of glycogen metabolism, and activates glycogen phosphorylase a in the liver, triggering glycogenolysis [190]. As a result, glucose molecules are not stored or concentrated in the form of glycogen but are rather released from the tissues they originate from to supply energy. Because the liver plays a central role in maintaining a constant blood glucose level, glucose is used for hepatic glycolysis or transported to extrahepatic tissues by circulation [3].



Insulin levels begin to decrease during the early stages of food deprivation [3,19,35,38,50,73]. Since the body has enough glycogen during the first 24 h of food deprivation, perhaps the most profound impact of reduced insulin levels is to lower the cellular uptake of glucose by skeletal muscle and adipose tissue. It has been suggested that there are no correlations between a single day of fasting and the proteolysis of muscle proteins [191].




3.6.2. Starvation: Food Deprivation beyond One Day


As was discussed earlier, between days 1 and 3 of starvation, expendable proteins in skeletal muscle become a major source of glucose. Reduced levels of insulin continue to favor the proteolysis of expendable proteins in skeletal muscle, producing glucogenic amino acids to support gluconeogenesis, a pathway that is also stimulated by glucagon [2,3]. It has been suggested that lipolysis, proteolysis, and protein oxidation increase significantly during a 60 h fasting period [80]. One can, however, predict that urea production will be enhanced here as well (similar to the effect of cortisol) as a result of amino acid oxidation that produces ammonia, which is further metabolized to urea through the urea cycle in the liver. In individuals who experience starvation, lower insulin sensitivity is associated with higher cholesterol levels [192]. Since glucagon and insulin counteract each other’s metabolic effects, it is suggested that this ratio determines their metabolic effects rather than their absolute plasma concentrations [193]. The reduced ratio of insulin to glucagon enhances PKA, which in turn activates adipose lipase by translocating hormone-sensitive lipase from the cytosol to lipid droplets to hydrolyze triacylglycerols into glycerol and fatty acids [3]. This enzymatic hydrolysis is imperative here for two reasons: (i) the gluconeogenesis pathway is expensive (requires four ATP molecules to produce one glucose molecule), and as a result, fatty acid β oxidation concurrently occurs to support the energy expenditure of gluconeogenesis; and (ii) glycerol release from triacylglycerols serves as a gluconeogenic substrate for the gluconeogenesis pathway [2].



During the second and third days of food deprivation, glucogenic substrates (glucogenic amino acids and any available glycerol from triacylglycerols) are utilized to provide intermediate substrates (α-ketoglutarate, succinyl-CoA, fumarate) for the citric acid cycle, with the goal to produce oxaloacetate, which ultimately, by the gluconeogenesis pathway, is converted into glucose [2,3]. The citric acid cycle becomes slower and slower as more and more oxaloacetate molecules are taken off the citric acid cycle to undergo the gluconeogenesis pathway [3]. This process saturates the entry of acetyl-CoA into the citric acid cycle, and the accumulated acetyl-CoA favors the synthesis of ketone bodies, which are mostly used by the brain as an alternative energy source [2,3]. Ketogenic amino acids are utilized to produce ketone bodies as well [3]. Putting all these metabolic outcomes together, one can predict that the fatty acid β oxidation, gluconeogenesis, and ketogenesis pathways are promoted during the early stages of starvation (two–three days) to promote metabolic homeostasis.



Similar to the effects of cortisol, when the number of days with food deprivation continues to extend, a reduced insulin/glucagon ratio promotes ketogenesis here as well. The plasma levels of glucagon and insulin were determined in a study on 26 patients who suffered from AN. The results indicated that while basal plasma glucagon levels were higher in patients with AN compared to the control group, the difference was not statistically significant [15]. On the other hand, the above study indicated that insulin levels were reduced. The authors suggested that in chronic starvation caused by AN, insulin has a major role, while glucagon’s role is minor [15]. The reduced ratio of insulin to glucagon continues to enhance the activity of hormone-sensitive lipase to hydrolyze triacylglycerols into glycerol and fatty acids [3]. This mechanism promotes fatty acid β oxidation in the hepatic mitochondria and generates acetyl-CoA [3]. As explained above, the excess of acetyl-CoA saturates the citric acid cycle, resulting in increased ketogenesis [2,3], which is utilized as an energy source for the brain. Table 2 summarizes the effects glucagon and insulin produce during fasting and starvation, and Table S1 provides more detailed information about the specific effects of these two hormones.





3.7. Thyroid Hormones’ Roles during Time-Specific Food Deprivation


3.7.1. Fasting: Food Deprivation within 24 h


The most active thyroid hormone is T3, which is produced by the deiodination of T4 [152]. Basolo et al. demonstrated that after a 24 h fasting period in 58 euthyroid healthy individuals with normal glucose regulation, the plasma levels of both T4 and rT3 increased [155]. There are reports, however, that the changes in serum T3 and rT3 caused by fasting are reversed by refeeding with a mixed diet or predominantly carbohydrates in both fasting [165] and starvation conditions [194,195]. While during a one-day fasting period, refeeding takes place at the end of the daily fasting period, no refeeding takes place during starvation as the lack of access to food continues.



It is known that T3 stimulates hormone-sensitive lipase activity in adipose tissue and regulates triacylglycerol and cholesterol metabolism and lipoprotein homeostasis in the liver [114,153]. T3 has also been reported to increase hepatic glycogenolysis [153]. Since glycogenolysis is an important step during the first 24 h of food deprivation, one can expect to link reduced T3 levels to a reduced level of glycogenolysis.




3.7.2. Starvation: Food Deprivation beyond One Day


Similar to the above fasting impacts, the plasma levels of T3 [22,23,24,25,26,27,28] and TSH concentrations decrease in patients with AN [26,106]. As mentioned earlier, the most important impact on starvation in this time frame is stimulation of fatty acid oxidation and gluconeogenesis. Both glucagon and cortisol stimulate gluconeogenesis from skeletal muscle’s expendable proteins and utilize fatty acid β oxidation to meet the energy expenditure of gluconeogenesis [2,3]. The release of leptin and T3’s stimulatory effect on thermogenesis in BAT and skeletal muscle by stimulating the expression of UCP1 and UCP3, respectively, is important to emphasize here as well. While lower insulin levels have not been linked to a lower fat or fat-free mass, leptin levels have been linked to fat mass [196]. In patients with AN and a reduced fat mass, the secretion of leptin was found to be reduced [197] and adiponectin levels were shown to be increased [88]. It has been demonstrated that patients with AN have significantly decreased plasma leptin and markedly increased plasma adiponectin levels [89], and the increased adiponectin levels may serve as a compensatory mechanism for insulin resistance in patients with AN [107]. It has been suggested that a 3-day food deprivation period significantly reduces leptin levels [29]. There is a growing body of evidence demonstrating decreased leptin levels result in reduced T3 levels during starvation [167] and fasting [99]. When levels of UCP1 and UCP3 are increased, a high amount of free fatty acids is oxidized to produce heat as opposed to producing ATP. Reduced levels of T3 and leptin during starvation reduce both UCP1 and UCP3 expressions [198]. Therefore, one might predict that lower T3 levels during starvation assist the body in preserving resources for cortisol and glucagon to produce ATP as opposed to producing heat by T3. One might, however, expect hypothermic episodes in the starved individuals during this time frame.



It has been reported that the level of T3 is reduced and the level of rT3 is increased during starvation in humans [28,38]. In addition, both DI activity and THR availability are reduced during starvation [199]. Perhaps most metabolic impacts from reduced T3 during starvation can be linked to the reduced activities that are mentioned in Table 3 [153]. Among those activities, reduced thermogenesis and lipolysis are effective in conserving fatty acid oxidation for ATP production and sparing any synthesized glucose for glucose-dependent tissues (brain, erythrocytes, testis, kidney medulla, lens and cornea, testes, skeletal muscles during exercise). Until recently, rT3 has been identified as an inactive metabolite of thyroid hormone metabolism [200]. There have been reports indicating that rT3 may produce unfavorable outcomes, including end-stage chronic kidney disease, acute myocardial infarction, hepatic diseases, and increased intensive care unit (ICU) mortality [201].



Since ketone bodies are an alternative energy source for the brain [2,3], the above hormonal release and adaptive mechanisms will continue during starvation as long as the starved individual has fats to produce ketone bodies [2,3]. Since the synthesis of glucose reduces by day 4 of starvation, the brain begins to use ketones from day 4 until all fatty acids have been oxidized [2]. Table 2 summarizes the effects thyroid hormones produce during fasting and starvation, and Table S1 provides more detailed information about their specific effects.






4. Discussions


4.1. Interpretation of Findings and Identified Areas for Future Research Studies


Fasting and starvation are two food deprivation conditions that affect the metabolism of endogenous macronutrients. While in some aspects they act similarly, in other facets they extend their impacts differently. The findings from the literature search indicated that endocrine hormones such as cortisol, glucagon, insulin, and T3 play key, yet different, roles when a human body encounters food deprivation. The question that guided the objective of this review study was the following: what are the adaptive stimulatory and inhibitory effects that cortisol, glucagon, insulin, and T3 hormones exert to support and/or promote metabolic homeostasis during fasting and starvation? In order to answer this question, we looked at the adaptive roles that the above hormones played in the metabolism of endogenous macronutrients.



Under healthy conditions and when there is no shortage of food, the circadian rhythms of cortisol, insulin, glucagon, and T3 are regulated to release these hormones at specific times within a 24 h cycle. For instance, the serum level of cortisol reaches its highest level by early morning (7 a.m.) to stimulate wakefulness and prepare the human body for the energy demands that humans encounter during the day [45,115,116,117,118]. Similarly, the serum level of insulin reaches its highest level at 5 PM to promote nutrient storage during the fed state and prepare the human body for subsequent energy production during sleep, which represents a fasting period [43].



It has been reported that during fasting and starvation, the circadian rhythm is shifted to the extent that the serum levels of cortisol are increased during the day and decreased during the night [122,123,124], which could be associated with a prolonged half-life and decreased metabolic clearance of cortisol [55]. To what extent a prolonged shift in cortisol’s circadian rhythm during food deprivation causes physiological consequences is unclear. What is clear is that the release of cortisol during food deprivation promotes metabolic homeostasis by reducing peripheral glucose uptake [2,134] and increasing glycogenolysis in both muscle and liver [2]. The impact of the high cortisol levels during starvation is even more profound when the glycogen is exhausted after 24 h of food deprivation. In other words, the increased cortisol levels stimulate proteolysis to produce glucogenic amino acids and promote gluconeogenesis to synthesize glucose [2] to support glucose homeostasis, at least during the early stages of starvation. It is possible that, as a result of amino acid oxidation during gluconeogenesis and an increased ALT concentration, ureagenesis increases during the early stages of starvation.



Under healthy conditions and when there is no food deprivation, the release of insulin and glucagon changes depending on a few conditions. For instance, glucagon release is stimulated by hypoglycemia, starvation, exercise, and protein-rich meals [64], and insulin release is stimulated by a hyperglycemic condition [3]. During fasting and starvation, when the blood glucose levels drop, both insulin and glucagon play critical roles in maintaining glucose homeostasis [2,3,134]. As indicated in Table 2, the reduced ratio of insulin to glucagon during fasting and starvation has multiple effects on the metabolism of macronutrients to promote glucose homeostasis. A few of these pancreatic effects were also seen when the cortisol levels were increased during food deprivation, i.e., a reduced insulin/glucagon ratio enhances glycogenolysis [2,3,134] and reduces the peripheral uptake of glucose [2,3] during fasting and enhances gluconeogenesis, proteolysis, lipolysis, ureagenesis, and ketogenesis during starvation (Table 2 and Table S1) [2,3,13,16,83,90]. In other words, increased cortisol levels and a reduced insulin/glucagon ratio produce similar metabolic outcomes. This raises the question of why the levels of three hormones, albeit from two different endocrine organs, are changed to produce similar metabolic outcomes during fasting and starvation. One answer is that cortisol’s synthesis and release do not occur fast enough to swiftly respond to a drop in blood glucose levels, and rather, its role is to reduce the insulin sensitivity of peripheral tissue to insulin [134], which will ultimately support glucose homeostasis. Another answer may be linked to cholesterol levels. Cholesterol synthesis is reduced during fasting but is increased during starvation [3,84]. During starvation, continuous lipolysis produces glycerol and fatty acid molecules. While glycerol, as a glucogenic molecule, supports gluconeogenesis during the first few days of starvation, the continuous fatty acid oxidation produces acetyl-CoA, which is used to support ketogenesis and cholesterol synthesis. Ketogenesis is a critical mechanism to supply ATP for the brain, and cholesterol is an essential molecule used in the biosynthesis of cortisol. Putting these biomolecular changes together, the increased cortisol levels seem to create an adaptation mechanism to assist individuals in surviving long-term food deprivation during starvation. It is, however, important to emphasize that hypercortisolemia can have a series of clinical consequences, such as low bone mineral density (BMD), depression and anxiety symptoms, and increased adrenal gland volumes [60,61,85,130,131]. Nevertheless, more studies are needed to understand the role of cholesterol during starvation in order to shed light on an adaptation mechanism that links cortisol, glucagon, insulin, and cholesterol with the metabolism of endogenous macronutrients.



As presented in Table 3, the most active thyroid hormone, T3, binds to its receptors to produce multiple cellular responses [153]. Similar to the HPA axis that regulates cortisol’s synthesis and release from adrenal glands, thyroid hormones’ production in the thyroid gland is regulated by the HPT axis [150]. It has been suggested that fasting and starvation reduce T3 levels in the periphery [2,28,94,155], which, for fasting, is a result of reduced TSH, deiodinase activity, or receptor availability [2,95,165].



One of the T3 roles during non-fasting conditions is to enhance glycogenolysis. As one might expect, reduced T3 during fasting may reduce glycogenolysis, which is in sharp contrast to what cortisol and glucagon hormones do during fasting. However, this mechanism represents an intriguing energy-saving mechanism during food deprivation by affecting thermogenesis. As mentioned earlier, T3 affects both WAT and BAT. In BAT, it stimulates thermogenesis by increasing UCP1 expression [158], and in WAT, it promotes lipolysis [159] to meet the energy requirement of gluconeogenesis [3]. The thermogenesis role of T3 may explain why glycogenolysis is prone to being reduced by T3 but is increased by cortisol and glucagon during fasting. In other words, a reduced level of T3 reduces glycogenolysis to avoid wasting energy as heat and instead leaves glycogen to undergo glycogenolysis by cortisol and glucagon during fasting, i.e., a classic crosstalk between these three hormones. Additionally, the fact that glycogenolysis is stimulated during the first day of food deprivation indicates that cortisol’s and glucagon’s stimulatory effects on glycogenolysis are higher than the inhibitory effect of T3 during food deprivation. This is an intriguing area that one needs to explore and study further in order to elucidate the impact of T3 on glycogenolysis during fasting.



It has been suggested that rT3 levels are increased when there is food deprivation [38,105,155], and rT3 may produce unfavorable clinical outcomes [201]. It is, however, unclear whether increased rT3 levels during fasting or starvation are linked to unfavorable clinical outcomes. This area warrants further studies to understand the role of rT3 during fasting and starvation. It is important to mention here that it is suggested that changes in thyroid hormone levels are a response to food deprivation and are not identified as secondary hypothyroidism [20]. Consequently, it may not be appropriate to treat AN patients with thyroid hormones.



It has been suggested that starvation results in a significant reduction in leptin levels, which results in reduced TSH and TRH [167,171], a pathway that was confirmed when the administration of an exogenous leptin normalized TSH levels during the food deprivation period [29,171]. These results indicate that suppressed TSH levels during food deprivation are mediated by leptin [171], and patients with AN show low levels of leptin, T3, and T4 [30]. The relationship between insulin and T3 is an intriguing observation as well. It is known that leptin and TSH have similar circadian rhythms (peak release around 1 a.m.) [43,171], and it is possible that both leptin and T3 affect thermogenesis through the same mechanism [167]. It has been reported that T3 increases β cell development to produce insulin and amylin hormones. These biochemical and molecular changes raise the critical question of whether reduced T3 levels during fasting and starvation play direct (or indirect) roles in reducing insulin levels. In other words, the fact that a reduced level of insulin is experienced during food deprivation is an outcome of a reduced T3 level, which in turn is a result of a reduced leptin level, with the ultimate goal of preserving energy stores when there is food deprivation. While it has been suggested that leptin does not affect the expression and/or activity of deiodinases (the enzymes that metabolize T4 and T3) or the levels of thyroxine-binding globulin (TBG, the protein that reduces free thyroid hormones) [29], there needs to be more research studies to illustrate a direct link between insulin, T3, and leptin.




4.2. Food Deprivation beyond 60 Days


An average body mass should provide fats for up to approximately two months to assist the starved individual in surviving the threat of starvation [202]. As a result, individuals who are trapped in a confined area with food deprivation will survive for up to 60 days, depending on access to water and their body mass. There have been many cases where individuals have survived food deprivation for a prolonged time frame. One clear example was when, in the summer of 2018, a 25-year-old assistant coach and 12 young soccer players, aged 11–16, were trapped in a cave in northern Thailand for nearly 18 days [203]. Upon rescue, none of the 13 individuals had any serious medical conditions. In other words, most metabolic complications and changes in neuroendocrine and neuropeptide levels normalize after recovery [204] and upon access to food and weight restoration. It is important, however, to clinically observe rescued individuals following the rescue process to ensure that their hormonal levels reverse to normal ranges after receiving adequate nutrients and care.



Simply put, during days 2 and 3 of starvation, the proteolysis of expandable muscle proteins and gluconeogenesis pathways are critical to promoting glucose homeostasis, and by the fourth day of starvation, fatty acids are the major source of energy via the β oxidation pathway in the hepatic mitochondria [2]. The end result of this oxidative pathway is to produce many acetyl-CoA molecules [2,3,4]. The acetyl-CoA enters the citric acid cycle to interact with citrate and produce isocitrate, which, through a series of reactions, generates GTP, electron carrier NADH, and oxaloacetate [3,205]. The generation of too many acetyl-CoA molecules from the β oxidation of fatty acids saturates the citric acid cycle, resulting in the formation of ketone bodies (ketogenesis). As a result, in prolonged starvation (≥4 days) cases, ketone bodies [180,192,205], particularly acetoacetate and β-hydroxybutyrate, become a preferred and significant energy resource for the brain by producing NADH [2,3]. NADH is a valuable electron carrier molecule that, during oxidative phosphorylation, produces ATP molecules. This form of fatty acid oxidation and ketogenesis continues until the starved individual exhausts all of their fatty acids [2]. The fatty acid exhaustion, however, does not stop the body from producing the energy source molecule, ATP. At this late stage of starvation, which corresponds to approximately 2 months, the only source of ATP is proteins [2]. The degradation of these structural and functional proteins causes severe metabolic and enzymatic consequences, resulting in the loss of function of vital organs, leading to a fatal outcome. The brain constitutes only 2% of the total body mass but requires 20% of the body’s total energy expenditure at rest [2]. As a result, the brain continuously safeguards its own energy supply at the expense of all other organs, and thus has been referred to as “the selfish brain” [91,206]. However, from an evolutionary point of view, the brain serves the starved individual by extending survival time and maintaining its functional integrity, which assists in finding a way to survive. The adaptive stimulatory and inhibitory effects that cortisol, glucagon, insulin, and T3 hormones exert to promote metabolic homeostasis during fasting and starvation, respectively, are summarized in Figure 2.




4.3. Strengths and Limitations


This review study has several strengths. One overarching strength of this review study is that our literature search brings together findings that compare and contrast the metabolic impacts and outcomes during two different food deprivations, fasting and starvation. Another strength is that we have included a large number of studies and mapped the adaptive roles endocrine hormones play to assist humans in meeting daily energy demands during fasting and starvation. The review study has mapped the existing literature and identified a missing link between T3 and three other hormones, cortisol, glucagon, and insulin. Our findings depict relationships between different hormones and provide a rationale for the stimulatory and inhibitory mechanisms that endocrine hormones extend and exert to metabolize macronutrients during food deprivation. Lastly, our findings can serve as an educational resource to educate students from different health professions to maximize their understanding of the adaptive roles that endocrine hormones play during different forms of food deprivation.



This review study, however, has a few limitations. While the month of Ramadan represents a consistent fasting time to study (i.e., less than 24 h for healthy individuals), the studies were sparse, which resulted in reviewing eligible full texts, which used inconsistent fasting time frames in their studies. Additionally, the month of Ramadan is highly regarded and practiced around the world, particularly in the Middle East, and it is possible that there are studies in languages other than English that are missing from our study. We did not expect to find any starvation studies in humans (due to ethical reasons), and we used AN studies as the closest representation of starvation in humans. Similar to the above time frame inconsistency in fasting articles, AN studies also showed a variation regarding the time frame of starvation. Another limitation is that most patients with AN are adolescents or young women. Whether the metabolic outcomes would be different among men and women and whether a broader range of ages produces different metabolic outcomes remain to be seen in future research studies. Moreover, most of the included clinical studies were cross-sectional studies in which hormonal changes were measured at one point in time with limited follow-up procedures and impacts. Lastly, a short number of search terms and only one database (PubMed) were used, and we did not assess the risk of selection bias in our study, which may have led to a narrowed selection process of published data.





5. Conclusions


While two different food deprivations, fasting < 24 h and starvation > 1 day, produce a few similar metabolic outcomes, there are differences in how each of these two forms of food deprivation primes the human body to adapt and promote glucose and metabolic homeostasis. During both fasting and starvation, the serum levels of cortisol, glucagon, and rT3 are increased and the serum levels of insulin and T3 are reduced. The adaptive crosstalk between these endocrine hormones triggers metabolic homeostasis by inhibiting the peripheral uptake of glucose and glycogenesis and stimulating glycogenolysis, proteolysis, gluconeogenesis, lipolysis, fatty acid oxidation, ketogenesis, and ureagenesis pathways. Reduced T3 levels reduce glycogenolysis during fasting and decrease thermogenesis during starvation, which ultimately serves as an adaptive energy-saving mechanism during food deprivation. These inhibitory effects of T3 preserve macronutrient energy content, which, with support from the stimulatory effects of cortisol and glucagon on glycogenolysis, lipolysis, and ketogenesis, assist starved individuals in resisting the starvation threat and extending their survival time. Our findings indicate that the inhibitory roles of the T3 hormone during starvation play a major role in preserving energy by allowing cortisol and glucagon to utilize their metabolic effects to their full extent to metabolize endogenous macronutrients. Additionally, our findings depict a potential link between leptin and T3 in affecting the release of insulin during food deprivation. These findings indicate that endocrine hormones are subject to influencing each other at several metabolic pathways during fasting and starvation, and the integral and adaptive effects of endocrine hormones are an inherent survival mechanism during food deprivation, particularly during starvation.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram used to indicate the number of reports that were searched and identified from the PubMed database for the scoping review process [42]. 
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Figure 2. Effects of endocrine hormones on metabolism of endogenous macronutrients during fasting (<24 h) and starvation (>1 day). TRH: thyrotropin-releasing hormone; T3: triiodothyronine; rT3: reverse T3; TSH: thyroid-stimulating hormone; upward arrow (↑) indicates “increase” and downward arrow (↓) indicates “reduction” for a metabolic reaction during the indicated food deprivation. The data presented in this figure are extracted from eligible full-texts and also from other records through reference checking of the eligible full-texts. 
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Table 1. Summary of physiological and biochemical similarities and differences between fasting and starvation.
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Fasting (Food Deprivation for <24 h)

	
Starvation (Food Deprivation for >1 Day)






	
Characteristics

	
Often follows a cyclic feeding/fasting pattern

	
Usually does not follow any pattern




	
Temporary, usually short-term, partial or complete abstinence from food

	
Long-term or persistent food deprivation




	
Exemplified by a religious commitment or a cultural belief; can be utilized for diagnostic and treatment purposes of various disease states

	
Exemplified by a hunger strike, drought, war, famine, natural disaster, and anorexia nervosa




	
Metabolic Effects on Humans [2,3,4,37,38,39]

	
Triggers a short-term metabolic adaptation

	
Challenges metabolic homeostasis




	
Reduces peripheral glucose

uptake/usage

	
Reduces peripheral glucose

uptake/usage




	
Triggers glycogenolysis

	
Triggers proteolysis and gluconeogenesis




	
Spares essential proteins

	
Proteolysis of essential and expendable proteins




	
Causes negligible ketogenesis

	
Triggers significant ketogenesis




	
May provide health benefits

	
Leads to exhaustion of endogenous energy reserves











 





Table 2. A summary of identified scientific literature resources containing pertinent information on adaptive effects of endocrine hormones on human metabolism of endogenous macronutrients during fasting and starvation. More specific and detailed information is provided in a supplementary table (Table S1).
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Endocrine Organ (Hormone)

	
Fasting

or Starvation

	
Key Findings That Relate to the Study Question

	
Reference






	
Adrenal glands (cortisol)

	
Fasting

	
↑Cortisol

	
[29,32,43,44,45]




	
↑Gluconeogenesis

	
[46]




	
↓Peripheral tissue glucose uptake and utilization

	
[47]




	
↑Glycogenolysis

	
[48]




	
↓Leptin leading to ↑Cortisol

	
[49]




	
↓Cortisol

	
[50]




	
Starvation

	
↑Cortisol

	
[20,36,51,52,53,54,55,56,57,58,59,60,61]




	
↑Gluconeogenesis

	
[62]




	
↑Amino acids

	
[63] *




	
Pancreas (glucagon and insulin)

	
Fasting

	
↑Glucagon

	
[64,65,66,67,68,69]




	
Fasting benefits

	
[37]




	
↑Glycogenolysis

	
[70,71,72]




	
↓Glycogenesis

	
[35]




	
↓Insulin

	
[73,74]




	
↑Glucagon

↓Insulin

↑Glycogenolysis

↑Lipolysis

↑Ketogenesis

	
[75]




	
↑Gluconeogenesis

↑Amino acids oxidation

↑Ureagenesis

	
[76,77]




	
↓Insulin

↑Cortisol

↓Leptin

	
[34,78]




	
↑Lipolysis

	
[79]




	
↑Proteolysis

	
[80]




	
Starvation

	
↑Glucagon

	
[15,81,82]




	
↑Lipolysis

↑Ketogenesis

	
[83]




	
↓Insulin

	
[19,84,85,86,87,88,89]




	
↑Fatty acid oxidation

↑Ketogenesis

	
[90]




	
↑Lipolysis

↑Gluconeogenesis

	
[16]




	
↑Competition for energy resources

	
[91]




	
↓Glucagon

	
[92]




	
↑Insulin sensitivity

	
[93]




	
Fasting and Starvation

	
↑Glucagon

↓Insulin

↓T3

	
[38]




	
Thyroid gland (thyroid hormones)

	
Fasting

	
↓T3

↓TSH

↓TRH

	
[94,95]




	
↓TSH

	
[96]




	
↓TRH

	
[97,98]




	
Fasting’s benefits

	
[39]




	
↓Leptin leading to ↓T3

	
[99]




	
Starvation

	
↓T3

	
[17,22,23,24,25,27,28,100,101,102,103,104]




	
↑rT3

	
[18,21,105]




	
↓TSH

	
[33,106]




	
↓TBG

	
[26]




	
↓Leptin

	
[107]








* While no direct measurement of cortisol was undertaken, authors claim cortisol might support the metabolic basis for high plasma amino acids in patients with AN. Text in italics represents contradicting results. Upward arrow (↑) indicates “increase” and downward arrow (↓) indicates “reduction” in a hormone level or metabolic reaction during the indicated food deprivation. TRH: thyrotropin-releasing hormone; T3: triiodothyronine; rT3: reverse T3; TSH: thyroid-stimulating hormone; TBG: thyroxine-binding globulin.













 





Table 3. The effects of T3 hormone on different tissues and organs in healthy non-fasting/non-starving individuals.
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	Tissue/Organ
	T3 Effect





	GI
	↑ gastric motility, which results in enhanced glucose absorption



	Pancreas
	↑ β cell development to produce insulin and amylin



	Liver
	↑ gluconeogenesis and glycogenolysis



	WAT
	↑ lipolysis by increasing the release of fatty acids to support gluconeogenesis.



	BAT
	↑ thermogenesis by increasing the UCP1 expression



	Skeletal muscle
	↑ glucose uptake; ↑ thermogenesis by increasing the UCP3 expression







Upward arrow (↑) indicates “increase”; BAT: brown adipose tissue; GI: gastrointestinal; WAT: white adipose tissue; UCP: uncoupling protein.
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