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ANIMAL HUSBANDRY & VETERINARY SCIENCE | REVIEW ARTICLE

Role of insulin and other related hormones in 
energy metabolism—A review
Mohammed M. Qaid1* and Mutassim M. Abdelrahman1

Abstract: This review aims to review hormones mechanisms that affect fuel metab-
olism and are involved in regulation of blood glucose, dealing insulin and glucagon 
hormones, and includes other related hormones, which increase the blood glucose 
level: growth hormone, thyroxine, cortisol and adrenaline. However, this review fo-
cuses on insulin and glucagon hormones as widely, and on other related hormones 
as briefly. Insulin plays an important role in a decrease blood glucose concentra-
tion in hyperglycemic response to emergencies or stress by an increasing rate of 
glucose transport into the muscle cell of animals and facilitating glucose utilization 
and by maintaining normal blood glucose concentrations. Insulin is a hypoglycemic 
hormone, promoting the storage of metabolites in peripheral stores. While, gluca-
gon is a hyperglycemic hormone, stimulates gluconeogenesis—at the expense of 
peripheral stores by enhancing the hepatic removal of certain glucose precursors 
and stimulates lipolysis; however, it has not influence on peripheral protein stores 
directly. Insulin, glucagon and other related hormones regulate blood glucose con-
centrations and act on movement of glucose, amino acids and possibly volatile fatty 
acids between the liver and peripheral tissues directly. In another way, glucagon 
may be considered catabolic and insulin anabolic. In conclusion, insulin promotes 
body gain by stimulating protein and fat synthesis, growth hormone increases pro-
tein retention and decrease fat deposition. Growth hormone can alter the sensitivity 
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of tissues to insulin. In contrast, catabolic hormones such as glucagon, epinephrine 
and glucocorticoids are provided for mobilization of energy reserves to allow the 
animal to deal with adverse situations.

Subjects: Agriculture & Environmental Sciences; Biochemistry; Nutrition

Keywords: metabolic energy; insulin; glucagon; glucose; synthesis; degradation

1. Introduction and background
The stimulation of metabolic enzymes partially relies on hormonal balance. Thus, a comprehension 
of the roles of hormones in metabolic regulation is essential to evaluate of any metabolic action or 
disorders. Metabolism in all living organisms includes anabolic and catabolic processes. Glycolysis, 
glycogenesis, glycogenolysis gluconeogenesis, lipolysis, lipogenesis, protein synthesis, proteolysis 
are important metabolic processes in the body of living organisms. In addition, there are some re-
lated hormones that play an important role in these metabolic processes. Glycogenesis is the pro-
cess of glycogen synthesis. Glycogenolysis is the process of glycogen degradation. Glycolysis is a 
cytoplasmic non-oxidative reaction for glucose degradation Gluconeogenesis is the process in which 
non-carbohydrate molecules such as pyruvate, lactate, glycerol, alanine and glutamine are con-
verted to glucose in the tissues of liver, kidneys, brain, testes and in the erythrocytes (Dashty, 2013).

In the ruminant, as a result of microbial activity (chiefly bacteria) in the rumen most of the dietary 
carbohydrate is fermented to volatile fatty acids (VFAs) (Annison & Armstrong, 1970). As little die-
tary carbohydrate is absorbed as glucose (by pass starch), its needs must be met by glucose synthe-
sis from non-carbohydrate sources, that is, gluconeogenesis (Bergman, 1973; Leng, 1970). In 
ruminant animals hepatic glucose output (primarily gluconeogenesis) is greatest in the recently fed 
(post-absorptive) animal (Bergman, Katz, & Kaufman, 1970), whereas in nonruminants gluconeo-
genesis is greatest during starvation (Shoemaker, Yanof, Turk, & Wilson, 1963). Acetate is the major 
substrate for lipogenesis in ruminants (Ballard, Hanson, & Kronfeld, 1969; Hanson & Ballard, 1967). 
In ruminant gluconeogenesis and lipogenesis are maximal at the same time, while in non-rumi-
nants gluconeogenesis is greatest when lipolysis is greatest. Major substrates for gluconeogenesis 
and lipogenesis are absorbed from the intestinal tract, substrate supply may play an important role 
in the regulation of these processes. In ruminants, the major glucogenic precursors are propionate, 
lactate/pyruvate, amino acids and glycerol (Bergman, 1973). In the absence of insulin, proteolysis 
and lipolysis is promoted, thus providing substrate for gluconeogenesis and energy production. 
Insulin’s direct effect on the liver, particularly glucose production, appears to be marginal in rumi-
nants. Insulin’s inhibition of gluconeogenesis appears to depend upon substrate availability (Bloom, 
Edwards, Hardy, Malinowska, & Silver, 1975; Brockman, 1977). The major glucose precursors are 
absorbed propionate and amino acids during the fed animal. However, during starvation, the major 
substrates for gluconeogenesis are small amount of glycerol from lipid stores (glucose derived from 
glycerol is about 15%) (Bergman, Starr, & Reulein, 1968), amino acids and, hence peripheral protein. 

Figure 1. Histological structure 
of pancreas (Longnecker, 2014).
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Therefore, a balance must be maintained in order to avoid excessive gluconeogenesis at the ex-
pense of peripheral protein by sparing glucose utilization. The lipid stores as an energy source uti-
lized instead of glucose as part of this utilization (Jarrett, Filsell, & Ballard, 1976). The secretion of 
glucagon and insulin can be influenced by blood glucose, amino acids, VFAs, nervous stimulation, 
adrenal medullary hormones and gastrointestinal hormones, additionally, by stress and other physi-
ological disorders (Bassett, 1972). Thus, this paper reviews the role of insulin and other related hor-
mones in energy metabolism. In addition, it’s concerned with role of insulin and other related 
hormones in maintaining constant levels of glucose in the blood.

2. Secretion, regulation and metabolic effects of insulin and glucagon
The pancreas contains two major tissue types and is a dual-function gland, endocrine and exocrine 
(Figure 1). As exocrine gland, the acini secrets pancreatic juice including digestive enzymes to facili-
tate absorption and digestion of nutrient molecules in the duodenum. As an endocrine gland, the 
islets of Langerhans of pancreas secrete insulin and glucagon into the bloodstream directly involved 
in metabolism (Suckale & Solimena, 2008). The islets contain many of cells: alpha (α), beta (β) and 
delta (δ) cells; the α cells secrete glucagon hormone (increase glucose in blood), the β cells, constitut-
ing about 60% of all cells of the islets, secrete insulin (decrease glucose in blood- inhibits glucagon 
secretion) and δ cells secrete somatostatin (regulates/stops α and β cells; inhibits the secretion of 
both insulin and glucagon). The gamma (γ) cells; secrete pancreatic juice (Suckale & Solimena, 2008). 
In ruminants, glucagon secretion is more sensitive than is insulin secretion to inhibitory influences 
of somatostatin (Brockman, 1979). Mechanism of insulin and glucagon on carbohydrate metabolism 
occurs as glucose concentration is high, such as after eating, insulin secreted by β cells into the blood 
stream to promote glycolysis to lower glucose levels by increasing removal of glucose from blood 
stream to most body cells. As same taken, when glucose concentration drops, such as during exer-
cise, glucagon released by α cells promotes gluconeogenesis to raise the blood glucose levels by in-
creasing breakdown of glycogen and release of glucose by the liver (Figure 2). Insulin activates β 
cells and inhibits α cells, while glucagon activates α cell. Glucagon promotes amino acids absorption 
from the blood by the liver, and converts them to glucose. Rising blood glucose levels inhibit gluca-
gon via a negative feedback mechanism. Thus, insulin and glucagon make together to maintain ho-
meostasis of glucose. In the starvation or fasted state, secretion of insulin is reduced and glucagon 
secretion is enhanced, that leading to stimulation of catabolic processes and mobilization of glucose 
and free fatty acids (FFA) (Frayn, 2009).

3. Insulin as hypoglycemic, storage and anabolic hormone
Insulin is; a polypeptide hormone, composed of two amino acid chains (A chain: 21 amino acids; B 
chain 30 amino acids). The chains are connected to each other by disulfide linkage; those chains 
contain 51 amino acids with a molecular weight of 6,000. It is secreted by the β cells of the pancreas 
when blood glucose levels rise. As insulin binds to insulin receptors of the target cell and signal 
transduction, it stimulates the cell to combine glucose transport proteins into its membrane, lead to 
fall blood glucose levels, hypoglycemic, or “low sugar”, which inhibits β cells to release further insu-
lin through a negative feedback mechanism. It can be caused by low levels of insulin, or by reduced 
sensitivity of tissue cells to insulin. Insulin stops the use of fat by inhibiting the release of glucagon. 
Consequently, insulin is used medically to treat some diabetes mellitus forms. Insulin may be con-
sidered a storage hormone by promoting movement of glucose and participates in directing ab-
sorbed acetate and amino acids into peripheral tissues. These insulin effects serve to promote body 
gain by encouraging stimulating synthesis of carbohydrate, protein and fat (lipogenesis); in the long 
run is an anabolic hormone. Insulin is the primary hormonal regulator of metabolism in the resting 
animal (Brockman & Laarveld, 1986; Squires, 2011). In absence of insulin, glucose uptake decreases 
in the tissues and increases mobilization of lipids in adipocytes. In presence of insulin, glucose up-
take increases in the tissues and decreases mobilization of lipids in adipocytes (Frayn, 2009).
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Insulin inhibits gluconeogenesis and glycogenolysis, stimulates glycolysis and glycogenesis, stim-
ulates uptake and incorporation of amino acids into protein, inhibits protein degradation, stimulates 
lipogenesis, and suppress lipolysis (Bassett, 1975). Immediately after a high-carbohydrate meal, the 
absorbed glucose into the blood stream causes rapid secretion of insulin. The insulin causes rapid 

Table 1. Metabolic effects of hormones (Marilou, 2004)

Note: (+) stimulated, (−) inhibited.

Pathway Insulin Glucagon Epinepherin T3, T4 Cortisol Growth 
hormone 

Glycolysis (+) (−) (+) (+) (−) (−)

Glycogenesis (+) (−) (−) (−) (+) (+)

Glycogenolysis (−) (+) “Liver” (+) “L&M” (+) (−) (+)

Gluconeogenesis (−) (+) (+) (+) (+) (+)

Lipogenesis (+) (−) (−) (−) (+) “central” (−)

Lipolysis (−) (+) (+) (+) (+) “peripheral” (+)

Protein synthesis (+) (−) (−) (+) (+) (++)

Proteolysis (−) (+)

Table 2. Mechanism of action of key metabolic regulators (Shrayyef & Gerich, 2010)
Hormones Glucose production Glucose utilization Lipolysis
Insulin Decrease Increase Decrease

Gucagon Increase – –

Epinepherine Increase Decrease Increase

Cortisol Increase Decrease Increase

Growth hormone Increase Decrease Increase

Free fatty acids Increase Decrease –

Figure 2. Blood sugar insulin 
cycle graphic (Winter, 2013).
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Figure 4. Utilization of glucose 
in metabolic specialization 
organs and cells (McKee & 
McKee, 2012b).

Figure 3. Actions of insulin 
(Martin, 1983).

Figure 5. Role of insulin and 
glucagon in glucose regulation 
(Rajendran, Pharm, & Santhi, 
1979).
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uptake, storage, and use of blood glucose by almost all tissues of the body directly (e.g. brain, intes-
tine), or indirectly by affecting the mobilization of fuels from adipose tissue (Dimitriadis, Mitrou, 
Lambadiari, Maratou, & Raptis, 2011). Insulin increases glucose usage by most other cells of the 
body -except brain- and effects on glucose transport and usage in the muscle cells. Glucose trans-
portation into adipose cells provides glycerol for fat molecule. Thus, insulin promotes deposition of 
fat in these cells. Insulin promotes storage of metabolic fuels within cells. Insulin increases the 
movement of glucose into many peripheral tissues (West & Passey, 1967) including both muscle 
(Jarrett, Filsell, & Ballard, 1974) and fat (Khachadurian, Adrouni, & Yacoubian, 1966) (Tables 1 and 2; 
and Figures 3–6).

4. Glucagon as hyperglycemic, catabolic or energy mobilizing hormone
Glucagon is a pancreatic polypeptide hormone composed of 29 amino acids with molecular weight 
of 3,500 and is secreted from the α-cells of pancreas. Glucagon acts in regulating metabolism and 
stimulating glucose output, which is achieved by acceleration of hepatic glucose output by glycog-
enolysis and gluconeogenesis. Glucagon stimulates the uptake of amino acids and the rate of pro-
tein catabolism by the liver (Bassett, 1975; Squires, 2011) to prevent insulin hypoglycemia (Bloom et 
al., 1975; Brockman, 1977). It decrease in plasma amino acid concentrations and may impair protein 
synthesis in muscle (Trenkle, 1981). Glucagon activates phosphofructokinase-2 (PFK-2), which re-
duces the level of fructose-2,-6-bisphosphate in the cell. For that, phosphofructokinase-1 (PFK-1) 
activity and flux through glycolysis are decreased. In liver, glucagon also inactivates pyruvate kinase 
(McKee & McKee, 2012a). Glucagon, as a counter regulatory hormone for insulin, stimulates glucose 
release by the liver where it binds to specific glucagon binding sites and maintains glucose 
homeostasis.

Glucagon stimulates the production of ketone bodies from amino acids (AA) and fatty acids (FAs). 
When blood glucose levels return to normal, secretion of glucagon stops through negative feedback 
mechanism. Glucagon is energy mobilizing, and increases hepatic glucose output and lipolysis. 
When amino acids are utilized in gluconeogenesis, glucagon enhances hepatic uptake of amino ac-
ids for non-hepatic tissues. In the long term, then, it is catabolic (Brockman, 1978). Glucagon is a 
potent hyperglycemic hormone. It stimulates both glycogenolysis and gluconeogenesis in sheep. 
Reduction of 15–20% glucagon concentration in sheep leads to reduction of glucose production 
(Brockman & Johnson, 1977). Glucagon enhanced gluconeogenesis is associated with increased ac-
tivity of hepatic pyruvate carboxylase (Brockman & Manns, 1974), a key gluconeogenic enzyme, as 
well as augmented hepatic extraction of gluconeogenic substrates, such as alanine, pyruvate/lac-
tate and glutamine, but not glycerol. Glucagon may enhance the conversion of propionate to glu-
cose (Clark, Filsell, & Jarrett, 1976; Savan, Jeacock, & Shepherd, 1976).

5. The hormonal regulation of carbohydrate metabolism
Insulin, glucagon and GH (somatotropin) are the most important hormones that affect carbohy-
drate, protein, and lipid metabolism (Tables 1 and 5). The effects of insulin, glucagon, epinephrine, 
T3, T4 and growth hormones on carbohydrate, lipid and protein metabolism are shown in Figures 3, 
5 and 6.

5.1. Glucose transport and glycolysis
Glycolysis is a cytoplasmic non-oxidative reaction for glucose degradation and is regulated by the 
glucagon and insulin hormones (Dashty, 2013). Glucose transport controls the rate of glucose utili-
zation. In skeletal muscles and adipose tissues there are three glucose transporters: Glucose trans-
porter 1, 3 and 4 (GLUT1, GLUT3 and GLUT4). Insulin increases uptake rate of glucose mainly by 
stimulating the translocation of the GLUT4 isoforms from intracellular pools to the surface cell mem-
brane ( Dimitriadis et al., 1988; Epstein, Shepherd, & Kahn, 1999) by increasing rate of glucose trans-
port (Epstein et al., 1999) and the activities of hexokinase and 6-phosphofructokinase which 



Page 7 of 18

Qaid & Abdelrahman, Cogent Food & Agriculture (2016), 2: 1267691
http://dx.doi.org/10.1080/23311932.2016.1267691

increases the level of glucose-6-phosphate and fructose 2,6-bisphosphate in the cell, respectively 
(Dimitriadis et al., 1997, 1992; Mandarino et al., 1995). The stimulation of these two enzymes by in-
sulin in muscle, which leads to enhanced glycolysis (Dimitriadis & Newsholme, 2004; Hawthorne, 
1984), is of fundamental metabolic importance for the following reasons: (1) when glycogen store in 
muscle is replete, the glucose is converted to lactate, to maintain enhanced glucose utilization 
(Dimitriadis & Newsholme, 2004; Hawthorne, 1984; Shulman, Rossetti, Rothman, Blair, & Smith, 
1987), and (2) lactate produced and released by muscle (and adipose tissue) is taken up by liver and 
converted to glycogen (known as the “indirect pathway” of glycogen synthesis) (Consoli, Nurjahan, 
Gerich, & Mandarino, 1992; Dimitriadis & Newsholme, 2004).

5.2. Glycogenesis
Glycogenesis is the process of glycogen synthesis (Dashty, 2013; Marilou, 2004). Increased ingestion 
of carbohydrate lead to increased glycogen storage in the liver and muscles. All excess carbohydrate 
cannot be stored as glycogen and is converted under the stimulus of insulin into fats and stored in 
the adipose tissue. The liver and muscle are essential tissues in intermediary metabolism of glyco-
gen in ruminants. The liver glycogen depot plays a central role in intermediary metabolism, storing 
and mobilizing glycogen during the fed and fasted metabolic states, with these responses modu-
lated during pregnancy, lactation, and exercise (Gardner, McGilchrist, & Pethick, 2014). Glycogenesis 
is stimulated by insulin and growth hormone in muscle, adipose and liver tissues, and inhibited by 
glucagon, epinephrine and T3 and T4 (Table 1). Glycogenesis is the key-regulating enzyme for glyco-
gen synthesis and it is activated by a direct effect of insulin and correlated to level of glucose 6-phos-
phate (Dimitriadis et al., 1997; Dimitriadis & Newsholme, 2004; Hawthorne, 1984; Mandarino, 1989; 
Rossetti & Giaccari, 1990).

5.3. Glycogenolysis
Glycogenolysis is the process of glycogen degradation or breakdown (Dashty, 2013). Glucagon stim-
ulates glycogenolysis in the liver. Insulin decreases the rate of glycogen breakdown in muscle and 
liver. Both of these effects greatly enhance the availability of glucose to the other organs of the body. 
Increase in glucagon enhances the strength of the heart, increases blood flow in some tissue espe-
cially in the kidneys, enhances bile secretion, and inhibits gastric acid secretion. Increased blood 
glucose inhibits glucagon secretion. Conversely, increase in blood amino acids stimulates both insu-
lin and glucagon secretion. Thus, in this instance the glucagon and insulin responses are not oppo-
site (Dashty, 2013; Marilou, 2004).

5.4. Gluconeogenesis
Gluconeogenesis is a vital process for maintaining a supply of glucose for various metabolic needs in 
which non-carbohydrate molecules (pyruvate, lactate, glycerol, alanine and glutamine) are convert-
ed to glucose in the liver, kidneys, brain, testes and erythrocytes (Dashty, 2013). Insulin also inhibits 
gluconeogenesis. Mainly, glucagon increases gluconeogenesis in the liver by decreasing the quanti-
ties and activities of the liver enzyme required for gluconeogenesis. Amino acids released from mus-
cles and other extra-hepatic tissues by an action of insulin are necessary precursors required for 
gluconeogenesis (McKee & McKee, 2012b). When muscle glycogen store is replete, this allows glu-
cose to be converted to a glyconeogenic precursor, and makes as a “temporal buffer” for glucose. 
Thus conversion to lactate, circulation in the blood and then uptake and conversion to glycogen in 
liver could “smooth-out” the increase in the blood glucose level. This would help to maintain a con-
stant blood glucose level after ingestion of carbohydrate. This is consistent with the idea that main-
tenance of the blood glucose level provides the condition for anabolism (Dimitriadis & Newsholme, 
2004).

6. The Cori cycle
As shown in Figure 7, the Cori cycle, defined as conversion of glucose to lactate in muscle and adi-
pose tissue and the conversion to glucose in the liver, represents a cyclic flow of carbon (Dimitriadis 
& Newsholme, 2004; Newsholme & Crabtree, 1975). By maintaining a continuous flux, the Cori cycle 
provides a dynamic “buffer” of lactate to remains concentration constant in both tissues and 
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bloodstream (Dimitriadis & Newsholme, 2004; Newsholme & Dimitriadis, 1996). The benefit of this 
mechanism can be used by tissues whenever required for anabolic purposes. Lactate is converted to 
pyruvate, which is a precursor for acetyl-CoA. The latter has many important anabolic functions in 
the body. Thus, maintenance of a normal blood glucose level via the Cori cycle is essential for ana-
bolic processes as increases Cori cycle flux during sepsis and hyperthyroidism conditions (Dimitriadis 
et al., 1988, 1997; Dimitriadis & Raptis, 2000; Leighton et al., 1989).

7. The hormonal regulation of protein metabolism
The normal protein level in cells is maintained as a balance between synthesis and degradation. 
Contrary to that, in the muscle insulin increases the synthesis and decreases degradation of protein 
to favor anabolic process by increasing incorporation between amino acid into protein to maintain 
anabolic conditions in the body (Dimitriadis & Newsholme, 2004; Hawthorne, 1984; Liu & Barrett, 
2002).

7.1. Protein synthesis
Protein synthesis is one of nature’s essential processes of transcription and translation of gene ex-
pression to convert amino acids to protein. An increases in proteins ingesting leads to increased in-
sulin secretion to enhance amino acid uptake by cells, consequently converting them into protein. 
Then, it inhibits breakdown of proteins in the cells. Insulin, GH, cortisol, T3 and T4 and IGF-I play a 
key role in stimulating protein synthesis. The glucagon and epinephrine inhibit protein synthesis 
(Umpleby & Russell-Jones, 1996).

7.2. Proteolysis (protein degradation)
Proteolysis is the process of protein degradation to amino acids and peptides. Decreased insulin 
decreases protein synthesis and consequently increases proteins catabolism, and so large amount 
of amino acids are dumped into the plasma, and most of the excess of amino acids are used either 
as directly for energy supply or as precursor for gluconeogenesis. This degradation of amino acid 
resulting protein wasting as urea exertion in the urine, which is one of the most serious of all effects 
of severe diabetes mellitus. Insulin, GH, cortisol, T3 and T4 and IGF-I play a dominant role in inhibit 
proteolysis. The glucagon and epinephrine stimulate protein proteolysis (Umpleby & Russell-Jones, 
1996).

Figure 6. Role of insulin 
and glucagon in metabolic 
processes of carbohydrates 
(Dashty, 2013; McKee & McKee, 
2012b).
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8. The hormonal regulation of lipid metabolism
Lipid metabolism (lipogenesis and lipolysis) is influenced by Insulin and other related hormones 
(Table 1 and Figure 3). All aspects of lipid breakdown and use for providing energy are enhanced in 
the absence of insulin or minimum secretion, for instance diabetes mellitus when secretion of insulin 
is almost zero. Lipolysis of storage fat occurs during insulin deficiency and release of free fat acids, 
increase plasma cholesterol and phospholipids levels. Thus, excess usage of fats during insulin lack 
causes ketosis and acidosis (McKee & McKee, 2012c).

8.1. Lipogenesis
Lipogenesis is a process of fat synthesis from fatty acid and triacylglycerol. Insulin promotes lipo-
genesis, and increases the uptake of triglycerides from blood stream into adipose tissue and muscle. 
Leptin hormone and β-adrenergic agonists (β-AA) reduce lipogenesis (Figures 15 and 18).

8.2. Lipolysis
Lipolysis is a process of degradation fat to fatty acid and triacylglycerol. Insulin decreases the rate 
of lipolysis and leads to fat storage in adipose tissue and hence lowers the plasma fatty acid level 
and decreases the utilization of fat. It decreases the rate of fatty acid oxidation in muscle and liver 
(Figure 8). Insulin inhibits the action of hormone-sensitive lipase and promotes glucose transport 
thought the cell membrane into the fat cells. Some of this glucose is then used to synthesize minute 
amounts of fatty acids, it also forms large quantity of α-glycerol phosphate. In diabetes or prolonged 

Figure 8. Regulation of fatty 
acid synthesis (McKee & McKee, 
2012c).

Figure 7. Cori cycle (Dashty, 
2013).
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starvation its lead to insulin deficiency, results an increased lipolysis and increases FFAs, which fi-
nally increases formation of ketone bodies (ketonemia, ketonuria and ketosis) (Dimitriadis et al., 
2011). Also, β-AA (Figure 15) and leptin (Figure 18) increases lipolysis and fatty acid oxidation.

9. Randle cycle (The glucose/fatty acid cycle)
The major store of triacylglycerol in the body is present in adipose tissue and it is mobilized in the 
form of long chain fatty acids, which are carried to other tissues via the blood stream. Muscle oxi-
dizes non-esterified fatty acids (NEFA) derived from adipose tissue and obtains energy. However, 
NEFA oxidation not only provides energy, but also regulatory mechanism by which some hormones 
can decrease the rates of glucose utilization and oxidation. In addition, glucose decreases the rate 
of NEFA oxidation, so that there is a reciprocal relationship between the oxidation of these two fuels; 
this control mechanism is known as the glucose/fatty acid cycle (Randle, 1998) (Figure 9). This cycle 
enables a different way as insulin regulates the blood glucose concentration. Insulin has two effects 
in the glucose fatty acid cycle, both of these effects leading to the same result in a marked increase 
in the rate of glucose utilization in muscle: (1) a decrease in the plasma level of NEFA via the effect 
on adipose tissue lipolysis when an increased concentration of insulin, because insulin is a potent 
antilipolytic hormone; and (2) a specific decrease in the rate of NEFA oxidation via an increase in 
malonyl-CoA content within the muscle (Kelley & Mandarino, 2000; Ruderman, Saha, Vavvas, & 
Witters, 1999). These and other observations have led to the concept of “lipotoxicity” in the patho-
genesis of hyperglycemia in type 2 diabetes (Kraegen, Cooney, Ye, Thompson, & Furler, 2000).

Figure 9. Overview of the randle 
cycle (the glucose/fatty acid 
cycle) (Dimitriadis et al., 2011).

Table 3. Factors and conditions increased and decreased insulin and glucagon secretion 
(Bassett, 1972, 1974; Evans, Buchanan-Smith, & Macleod, 1975; Ross & Kitts, 1973)

 Notes: AA: amino acids; FA: fatty acids; FFA: free fatty acids; CCK: Cholecystokinin; VVA: volatile fatty acids; GH: growth 
hormone; GIH: gastrointestinal hormones.

Insulin secretion Glucagon Secretion
Increase Decrease Increase Decrease
Postprandial Blood glucose Exercise and stress Somatostatin

Blood glucose, FFA & AAs Fasting Gastrin & CCK Insulin

GIH (gastrin, choleccystokinin, 
secretin, gastric inhibitory 
peptide)

Somatostatin Cortisol FFA

Glucagon, GH, cortisol α–adrenergic activity Epinephrine Ketones

Parasympathetic stimulation Epinephrine Increase blood AA & VFA Postprandial

Insulin resistance; obesity and 
VFAs

Increased blood glucose 
Atropine
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10. Factors affecting insulin and glucagon secretion
The secretion of insulin and glucagon is explained in Table 3. These hormones are influenced by 
many things such as postprandial (after eating) periods, VFAs levels, nervous system and gastroin-
testinal hormones (Brockman, 1978).

11. Diabetes mellitus
It is a syndrome of impaired carbohydrate, fat, and protein metabolism caused by either lack of in-
sulin secretion or decreased sensitivity of the tissue to insulin. It has two forms: Type 1 (insulin de-
pendent diabetes mellitus, IDDM) is caused by lack of insulin secretion. Type 2 (Non-insulin dependent 
diabetes mellitus, NIDDM, or also called insulin resistance) is caused by decrease sensitivity of target 

Table 4. Summary of metabolic effects of somatotrophin (Squires, 2011)

Notes: AA: amino acids; FA: fatty acids; FFAs: free fatty acids.

Tissue type Metabolic effect
Skeletal muscle Increased protein synthesis/accretion

Adipose tissue Increased lipolysis, decreased glucose uptake and lipid synthesis

Liver Increased glucose output

Intestine Increased calcium and phosphorus uptake

Mammary gland Increased milk synthesis by increased uptake of nutrients and increased blood flow

Various tissues Decreased AA* and glucose oxidation; increased oxidation of FFAs acids; decreased effects of 
insulin

Table 5. Hormones involved in regulation of blood glucose and their metabolic effect & actions (Rajendran et al., 1979)
Hormone Action Tissue of Origin Metabolic effect Effect on blood 

glucose
Insulin It regulates the metabolism of carbohy-

drates and fats by promoting the absorption 
of glucose from the blood to skeletal mus-
cles and fat tissue and by causing fat to be 
stored rather than used for energy

Pancreatic β cells Enhances entry of glucose into cells; 
Enhances storage of glucose as 
glycogen, or conversion to FA; 
Enhances synthesis of FA and 
proteins; Suppresses breakdown of 
proteins into AA, of adipose 
tissue into FFA

Lowers

Glucagon It produced when the glucose levels falls which 
raises glucose level in the bloodstream. Its 
effect is opposite that of insulin, which lowers 
the glucose concentration. Glucagon causes 
the liver to convert stored glycogen into 
glucose, which is released into the bloodstream

Pancreatic α cells Enhances release of glucose from 
glycogen; Enhances synthesis of 
glucose from amino acids or fatty 
acids

Raises

Somatostatin Inhibition of the release of numerous secondary 
hormones. It’s inhibits insulin and glucagon 
secretion

Pancreatic δ cells Suppresses glucagon release from α 
cells (acts locally); suppresses 
release of Insulin, PTH, gastrin 
& secretin

Lowers

Epinephrine It plays an important role in the fight-or-flight 
response by increasing blood flow to muscles, 
output of the heart, pupil dilation, and blood 
sugar

Adrenal medulla 
& neurons

Enhances release of glucose from 
glycogen; Enhances release of FA 
from adipose tissue

Raises

Cortisol  It is released in response to stress and 
low blood-glucose concentration

Adrenal cortex Enhances gluconeogenesis; 
Antagonizes insulin

Raises

ACTH ACTH acts on the adrenal cortex to promote 
glucocorticoid secretion (cortisol in humans). 
Hyperglycemic hormones such as glucagon

Anterior pituitary Enhances release of cortisol; 
Enhances release of FAs from 
adipose tissue

Raises

Growth hormone 
(Somatotrophs)

Reduction in the blood glucose level and pro-
motes secretion of GH from the pituitary 
gland through the hypothalamus

Anterior pituitary Antagonizes insulin and somatosta-
tin

Raises

Thyroxin Act on metabolism, growth and development Thyroid Enhances release of glucose from 
glycogen; enhances absorption of 
sugars from intestine

Raises
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tissue to the metabolic effects of insulin lead to may suffer from a “relative” insulin deficiency. Over 
40% of patients with Type 2 diabetes require insulin as part of their diabetes management plan 
(American Diabetes Association, 2014).

12. Somatostatin, growth hormone-inhibiting hormone (GHIH or SRIF)
Somatostatin inhibits glucagon and insulin secretion. Definition, action, origin, metabolic effect and 
effect on blood glucose of somatostatin are shown in Tables 1, 4 and 5 and Figures 10 and 16. 
Somatostatin secretion is increased by increased blood glucose, AA, FA and several of the gastroin-
testinal hormone concentrations released from the upper gastrointestinal tract in response to food 
uptake. This hormone has multiple inhibitory effects as: acts locally within the islets of langerhans 

Figure 10. Action and metabolic 
effect of somatostatin 
on insulin and glucagon 
(Rajendran et al., 1979).

Figure 11. Regulation of blood 
glucose level by insulin and 
glucagon and other related 
hormones (Rajendran et al., 
1979).
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themselves to depress the secretion of both insulin and glucagon (Hsu, Xiang, Rajan, Kunze, & Boyd, 
1991; Strowski, Parmar, Blake, & Schaeffer, 2000).

13. Role of other hormones in the maintenance of blood glucose level
In addition to insulin, glucagon, growth hormone and several hormones including cortisol and cat-
echolamines contribute to the regulation of glucose metabolism by the liver (Cotrozzi, Casini, Relli, & 

Figure 12. Role of cortisol in 
converted protein and fat to 
glucose blood glucose in stress 
(Rajendran et al., 1979).

Figure 13. Metabolic disorder 
during stress (Marilou, 2004).
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Figure 14. Glucose counter-
regulatory hormones: effect on 
liver (Rajendran et al., 1979).

Figure 15. Metabolic effects of 
β-adrenergic agonists (Squires, 
2011).

Figure 16. Regulation of growth 
hormone release (Squires, 
2011).
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Figure 17. Effects of thyroid 
hormones on metabolism, 
growth and development. BMR, 
basal metabolic rate (Squires, 
2011).

Figure 18. Metabolic effects of 
leptin (Squires, 2011).

Buzzelli, 1996). Other hormones which increase the blood glucose level are: growth hormone, thy-
roxine, cortisol and adrenaline. These hormones are explained in Table 5 and Figures 11–18.

14. Conclusion
Insulin and glucagon play important roles in regulating metabolism, including glycolysis, glycogen-
esis, glycogenolysis, gluconeogenesis, lipogenesis, lipolysis, and protein synthesis. Insulin appears to 
be primarily involved in regulation at peripheral sites, specifically muscle and adipose tissue.

Glucagon and other related hormones appears to direct its action primarily in the liver to increase 
glucose production. In ruminants, fermentation of carbohydrates to VFAs in the rumen limits the 
amount of glucose that reaches the small intestine. The resulting hypoglycemia initiates numerous 
hormonal changes. These hormonal changes are intended to stimulate glucose synthesis from pro-
tein and to spare glucose utilization by providing alternate energy sources from adipose tissue. The 
provision of alternate energy sources, such as FFA, can exceed the availability of gluconeogenic 
precursors, causes impaired oxidation of FFA and results in hyperketonemia, and hypoglycemia that 
can lead to development of lactation ketosis. Changes in the hormones, especially glucagon, control 
carbohydrate, protein, and lipid metabolism. β-cells are essentially “fuel sensors” that monitor and 
react to elevated nutrient load by releasing insulin. Thus, any failure in pancreatic β-cell function 
may lead to the development of type 2 diabetes mellitus. An increasing blood glucose, FFA and AA, 
gastrointestinal hormones and glucagon, growth hormone, cortisol, parasympathetic stimulation, 
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insulin resistance and obesity are factors or conditions that increase insulin secretion. In contrary, 
hypoglycemia, fasting, somatostatin and α-adrenergic activity are factors decreasing insulin 
secretion.
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