
*Corresponding author email: ibrahimamin23@yahoo.comSymbiosis Group

Symbiosis www.symbiosisonlinepublishing.com
                      ISSN Online: 2374-6890

Molecular Physiology of Insulin Function
Amin Ibrahim*

 Medical officer, Ayodele medical center, Iju, Lagos State, Nigeria.

Journal of Endocrinology and Diabetes Open AccessResearch Article

Abstract
 Insulin is a peptide hormone that is secreted by the pancreatic β-cells and it plays a pivotal role in a number of cellular metabolic processes. 

Structurally, it consists of two chains that are connected by disulphide bonds. It is secreted from the β-cells upon membrane depolarization and 
opening of potassium sensitive ATP channels. This process can be initiated by several stimuli especially glucose entry into the cell. Insulin signal 
transduction starts with binding of the receptor which belongs to the tyrosine kinase family and phosphorylation of Insulin Receptor Substrates. 
Consequently, two well defined pathways i.e. the phosphoinositide-3-kinase which is involved in carbohydrate, lipid and protein metabolism as 
well as the MAP-kinase pathway which mediates mitogenesis are established. Insulin enhances glycolysis and glycogenesis while inhibiting 
gluconeogenesis and glycogenolysis. It also promotes lipogenesis and inhibit lipolysis. These effects are possible because of its ability to activate and 
deactivate several enzymes and other substrates via phosphorylation. It is also involved in the induction of genes coding for important enzymes in 
these pathways. The effects of insulin extend to the regulation of vascular structure and function partly through its ability to stimulate nitric oxide 
production. The aim of this article is to summarize the molecular mechanisms behind the most important insulin functions. 
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Introduction
The isolation of insulin in 1922 by Fredrick Banting and 

Charles Best marked the beginning of a new era in the treatment 
of diabetes. Before then patients with diabetes were given weeks, 
months or a year to live after diagnosis but the work of these two 
men revolutionized diabetes treatment and significantly extended 
the lifespan of those treated with the new therapy. The decades 
that followed saw massive research towards the development of 
insulin from animal to human insulin and analogs. Today, insulin 
is central to the management of both type 1 and type 2 diabetes.  
425 million people had diabetes in 2017 and 5-10% of these 
have T1DM requiring insulin for life. There is thus a need for 
the better understanding of insulin science with the intention of 
translating this knowledge into the development of biomarkers 
and therapeutic agents. The study of the actions of insulin at the 
molecular level is undoubtedly an essential requirement for the 
progressive realization of this research objective. 

Structure

The insulin molecule is a peptide with 51 Amino Acid (AA) 
residues [1]. It consists of two chains, the A and B chains linked 
by two disulphide bonds. The A chain has 21 AA residues while 
the B chain has 30. A third disulphide bond connects the 7th 
and 11th residues of the A chain [1]. Insulin exists as monomer, 
dimer and hexamer [2]. At neutral pH it exists as a monomer in 
low concentration and as a dimer in higher concentration [3]. 
The monomer is the active form which binds to the receptor. 
In the presence of zinc ions, it aggregates to form hexamers 
[4].  The structural configuration of hexameric insulin has been 

a subject of extensive research. In 1969 Dorothy C. Hodgkin’s 
and co-workers determined the two zinc ions stabilized Porcine 
hexameric insulin structure [5] using X-ray crystallography. This 
well recognized model is designated as T6 [4].  A second crystal 
form (4 Zn-insulin) observed in the presence of increased NaCl 
concentration [6] is labelled T3R3f while the third family is 
known as R6 [7]. These three families represent the transitional 
phases of insulin hexamer. The understanding of this structural 
heterogeneity has greatly been exploited for therapeutic gains in 
production of several insulin analogs that suit different needs in 
the treatment of diabetes.  

Insulin Secretion

Beta cells secretion of insulin is initiated in the presence of 
several stimuli, the most potent of which is glucose [8]. Several 
events occur in the β-cells which culminates in the exocytosis 
of insulin containing vesicles. The glucose transporter GLUT 2 
carries glucose into the cell [9] and it is metabolized to glucose-
6-phosphate (G-6-P) by hexokinase/glucokinase. G-6-P enters 
the glycolytic pathway where it is further metabolized yielding 
ATP. This increases the ATP/ADP ratio within the cell leading 
to closure of ATP sensitive potassium (KATP) channels and 
depolarization of the β-cell membrane [10]. The KATP channel has 
two subunits, an inward rectifying/pore forming subunit, Kir6.x 
and the sulfonylurea receptor (SUR) [11]. Binding of substrates 
to any of these can trigger the inhibition of KATP channel [12]. 
Sulfonylureas and related drugs generally bind to the SUR1[13] 
while others e.g. antimalarials (e.g. mefloquine) and phentolamine 
bind to Kir6.2 [14,15]. The incretin hormones GLP 1 and GIP are 
capable of inhibiting these channels through a cAMP dependent 
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mechanism and stimulate insulin release [16]. Membrane 
depolarization opens voltage dependent calcium channels 
(VDCC) with ensuing Ca2+ influx and increased intracellular 
concentration [10,16,17].  VDCCs (a.k.a. Voltage Gated Calcium 
Channels) are present in several cells particularly excitable cells 
[18]. They are so named because of their permeability to Ca2+ and 
they open in response to depolarized membrane potentials. Since 
Ca2+ concentration is higher extracellularly, the opening of these 
channels is mandatory for certain calcium dependent physiologic 
actions e.g. muscle contractions, neurone excitation or hormone 
release [18].  Although, several types of VDCCs (L-type, N-type, 
P/Q-type, R-type) have been identified, the L-type appears to 
be the most important in the process of β-cells insulin secretion 
[19]. The Ca2+ influx drives the momentum for insulin vesicle 
exocytosis. Insulin is stored in large vesicles which will have to 
fuse with the membrane in order to empty their content into 
the extracellular space. Besides the cellular process of insulin 
secretion described above, other pathways have equally been 
identified that could be independent or augment the glucose 
stimulated/KATP channel pathway [16]. The incretin hormones 
GLP-1(Glucagon-like Peptide) and GIP (Glucose dependent 
Insulinotropic Peptide) are potent stimulators of insulin 
secretion above a critical glycaemic threshold. These hormones 
bind G-protein coupled receptor and activate adenylate cyclase 
[20,21] leading to cAMP formation which in turn activates protein 
kinase A (PKA). PKA is capable of inhibiting KATP channels possibly 
through the phosphorylation of residues in the SUR 1 receptor 
and induce insulin secretion [22]. The enzyme phospholipase C 
catalyzes the hydrolysis of phosphatidyl inositol 4,5 biphosphate 
to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) in 
the presence of Ca2+. DAG activates protein kinase C while IP3 
mediates Ca2+ release from the endoplasmic reticulum. Again, 
this increased Ca2+ concentration drives insulin vesicle exocytosis 
[16]. 

Glucose stimulated insulin secretion is typically a biphasic 
phenomenon [8]. The initial phase occurs rapidly upon meal 
ingestion and last for some minutes while the later phase is much 
more prolonged. The insulin secreted in the first phase is from the 
readily releasable pool (RRP) and newly synthesized molecules 
mostly account for the second phase secretion. Defective first 
phase [23,24] and altered second phase insulin secretion is 
characteristic of T2DM [24]. 

Signal Transduction

Insulin signal transduction is a complex process that involves 
phosphorylation of several proteins which in turn activate 
other molecules until the desired cellular action is produced. 
A detailed explanation of the process is clearly beyond the 
scope of this article hence only the important points will be 
highlighted. The insulin receptor is a tetrameric protein with α 
and β subunits joined by disulphide bonds [25]. The α subunit 
is extracellularly located while the β subunit is transmembrane 
and possess intrinsic tyrosine kinase activity [25,26] which gives 
insulin a broad involvement in cellular processes. The α subunit 
contains the hormone binding site and hormone binding triggers 
a conformational change and activation of tyrosine kinase 

activity leading to autophosphorylation of the tyrosine residues 
in the subunit which in turn phosphorylates insulin receptor 
substrates [IRS)[27]. IRSs are docking proteins i.e. they possess 
a N-terminal binding region for pleckstrin homology (PH) and 
phosphotyrosine-binding domain (PTB) [28] as well as multiple 
tyrosine phosphorylation sites for the binding of proteins with 
Src homology 2 (SH2) domain [29]. The IRS family consists of 
six members [1-6]. Only IRS 1&2 are known to mediate most 
actions in the insulin signal transduction pathway [30]. Receptor 
activation causes IRS 1 to be phosphorylated at potentially more 
than 20 sites [31] hence, the impetus to interact with several 
downstream effectors. The two major pathways resulting from 
this interaction are the phosphoinositide 3-kinase (PI-3K) which 
effects metabolic actions and mitogen activated protein kinase 
(MAP-kinase) which undertakes cell growth and differentiation. 

PI-3 kinase pathway

 PI3K has a regulatory (p85) and catalytic (p110) subunits 
[32]. It is activated when p85 binds to IRS 1 through the 
recognition of its SH2 domain [33]. p110 is then able to catalyse 
the formation of phosphatidylinositol 3,4,5 triphosphate from 
Phosphatidylinositol 4,5 biphosphate [25]. PIP3 phosphorylates 
phosphoinositide dependent protein kinase (PDK 1&2) which 
activates Akt/PKB [34], a critical signalling molecule. Akt has 
over a hundred documented substrates [35] and knockout mice 
for Akt develop diabetes and insulin resistance [36]. Although, 
a definitive functional relationship has not been confirmed for 
all suggested substrates, its extensive cellular network includes 
phosphorylation of lipid and protein kinases, transcription 
factors, cell cycle regulators and metabolic enzymes [35]. 
Glycogen synthase kinase 3 (GSK 3), forkhead box O(Fox O) family 
of transcription factors, mammalian target of rapamycin (mTOR) 
and AS 160 are well known examples. GSK 3 is a serine/threonine 
protein kinase [37] that inhibits the enzyme glycogen synthase. 
It has two isoforms GSK3α and GSK3β. Both are inactivated by 
Akt mediated phosphorylation [35] thereby enhancing glycogen 
synthase activity and glycogen formation. mTOR is involved in 
protein synthesis [38] and AS 160 mediates glucose transport 
across the membrane [39]. FOXO upregulates  the transcription of 
lipogenic and gluconeogenic genes [25]. In the fed state however, 
akt signalling phosphorylates FOXO and inhibits its transcription 
by translocating the protein from the nucleus [40].  

 MAP-kinase pathway

 This pathway is more concerned with cell proliferation, 
differentiation and growth [41]. It involves Grb2 which is an 
adapter protein with SH2 domain [41]. As explained earlier, IRS 
binds to such molecules. Grb2 then binds to Son of Sevenless 
(Sos), a guanine nucleotide exchange factor which catalyzes the 
activation of Ras to the active form GTP-Ras. GTP-Ras triggers 
downstream cascade leading to activation of MAP kinases 
ERK1&2 which are involved in genes expression and mitogenesis 
[25]. 

Transcriptional Regulation Of Insulin

Pancreatic duodenal Homeobox 1 (PDX 1) is an essential 
transcription factor in the regulation of both pancreatic 
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development and glucose dependent insulin gene expression. 
Pancreatic agenesis results from homozygous deletion of PDX1 
gene [42] and heterozygous mutation is associated with maturity 
onset diabetes of the young (MODY) type 4 [43] and other insulin 
resistant states. PDX 1 binds to critical regions of the insulin 
promoter e.g. A1 and A3 [44] to upregulate transcription and 
also interacts with co-activators e.g. histone acetylase p300 that 
promote epigenetic modifications. mafA and Beta2/NeuroD1 
are transcriptional regulators that bind to C1 and E1 regions 
of the insulin promoter respectively [44]. Like PDX1 they are 
stimulated by the presence of glucose. They also interact with 
PDX1 via network involving other proteins to enhance insulin 
gene expression.  

Glut 4 Translocation

GLUT 4 is the major glucose transporter in the skeletal 
muscle and adipose tissue [45]. It transports glucose into the cell 
upon translocation from the cytosol to the cell membrane. This 
process is induced by both insulin and physical activity [45,46]. 
Although the pathways are different, they do converge at some 
point [46]. The insulin mediated pathway is a complex process 
involving akt substrate (AS) of 160 kDa (TBC1D4), Rab proteins 
and SNARE proteins. Akt phosphorylation of TBC1D4 inactivates 
its GTPase activating protein (GAP) activity. The GAP activity is 
associated with inhibition of Rab GTPase proteins [45]. When 
activated, Rab GTPase are in the GTP-bound state and are able to 
regulate vesicular budding, motility, tethering e.t.c[47]. Different 
members of the Rab GTPase family work in concert with effector 
molecules to enhance GLUT 4 translocation in the muscles and 
adipose tissue. In adipocytes, Rab 10 interacts with Sec 16A to 
mobilize GLUT 4 to the membrane [48]. Rab 2A, 8A, 11 and 14 
have also been detected in GLUT 4 vesicles in adipocytes [49]. In 
myocytes, Rab 8A associates with myosin Va for GLUT 4 migration 
along actin filaments towards the cell surface [50]. Other Rab 
proteins e.g. 4, 5, 11, 13, 14 e.t.c. also have specified roles in 
GLUT 4 translocation [45]. The SNARE proteins e.g. VAMP2 
(synaptobrevin), syntaxin 4, SNAP 23 along with Munc18C and 
synip regulate the events e.g. fusion at the membrane. SNARE 
proteins are classified as vesicle (-v) SNARE located within the 
vesicle and target (t) SNAREs located in the cell membrane [46]. 
The interaction between both leads to the formation of a complex 
(SNARE pin complex) which catalyzes the fusion of vesicles to 
specific membrane target [51]. 

Carbohydrate Metabolism

Insulin acts to clear glucose from the blood and promotes 
its storage as glycogen. This is achieved by enhancing glycolysis 
and glycogenesis while inhibiting gluconeogenesis (GNG) and 
glycogenolysis.

Glycolysis

glucose is broken down in a series of enzyme catalysed 
reaction into pyruvate which enters the kreb’s cycle [52]. 
Several enzymes are involved in the glycolytic pathway among 
which are glucokinase/hexokinase, phosphosphofructokinase, 
phosphoglycerate kinase and pyruvate kinase [52]. 

Insulin is an important regulator of hepatic glucokinase [53]. 
Glucokinase catalyzes the initial rate limiting step in glycolysis 
i.e. it converts glucose to glucose-6-phosphate thereby acting 
as a glucose sensor which determines the rate at which glucose 
metabolism can proceed [54]. Heterozygous mutation of the 
glucokinase gene is associated with MODY type 2 [53] and 
homozygous deletion causes permanent neonatal diabetes [55]. 
Transcriptional upregulation of the enzyme correlates positively 
with levels of insulin [56]. Hence, glucokinase mRNA activity 
is increased in the feed state and depressed during prolonged 
fasting or starvation. This insulin mediated transcription is 
regulated by sterol regulatory element binding protein 1c (SREBP 
1c) [57]. Experiment with cultured rat hepatocytes demonstrated 
a significant decrease in insulin induced glucokinase expression 
when SREBP 1c activity was inhibited [57]. Also, inhibitors of 
PI3-kinase e.g. wortmannin suppressed GCK expression [53]. 
An indication of the role of Akt dependent signalling. Another 
enzyme activated by insulin is phosphofructokinase 2 (PFK-2)
[58] which catalyzes the formation of fructose 2,6 biphosphate 
(F-2,6-BP) from fructose-6-phosphate. F-2,6-BP in turn activate 
phosphofructokinase 1 (PFK-1) which converts F-6-P to F-1,6-BP 
in a committed step. Also, insulin stimulates pyruvate kinase [59] 
which converts phosphoenol pyruvate to pyruvate in the final 
reaction. 

Gluconeogenesis

Insulin regulates hepatic glucose output by exerting a 
dominant control on GNG. Non carbohydrate substrates are 
metabolized into glucose during gluconeogenesis and this 
pathway is essential during fasting, starvation, high intensity 
exercise e.t.c. Insulin regulates GNG through direct and indirect 
mechanisms.

Indirect

Insulin inhibits glucagon production from the α-cells [60]. 
Glucagon promotes GNG by activating PKA [61]. Insulin also 
inhibits lipolysis and proteolysis thus depriving the liver of GNG 
substrates [62]. A novel concept of insulin acting on the brain to 
inhibit hepatic glucose output has equally been advanced [62]. It 
has been hypothesized that insulin acts on the hypothalamus to 
alter vagal input to the liver which causes reduced gluconeogenic 
mRNA expression [63]. 

Direct

Transcriptional regulation appears to be the most important 
manner in which insulin exerts control on GNG. An extensive 
list of transcription factors has been documented to mediate 
insulin effect on GNG. In fasting state Fox O1 is activated and 
it upregulates the transcriptional induction of glucose-6-
phosphatase (G6Pase) and phosphoenol pyruvate carboxyl 
kinase (PEPCK) which increases hepatic glucose output. However, 
akt is able to inactivate FoxO1 through phosphorylation causing 
suppression of GNG [64]. cAMP response binding (CREB) protein 
is a progluconeogenic transcription factor. cAMP activates PKA 
with subsequent phosphorylation of CREB at ser. 133 after which 
it interacts with co-activator CBP/p300 and CRTC2 to mediate 
transcription of key genes e.g. PEPCK, G6Pase and FBPase [65]. 
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Insulin is thought to alter the interaction between CREB and 
its co-activator CBP/p300 thereby reducing GNG [60]. The 
peroxisome proliferator activated receptor gamma (PPAR γ) co-
activator 1α (PGC 1α) is a transcriptional co-activator which has 
been shown to interact with several transcription factors e.g. 
FoxO1, SREBP, CBP/p300, HNF 4α e.t.c [66]. It is believed that 
PGC 1α promotes transcriptional activity of gluconeogenic genes. 
Akt induced phosphorylation inhibits interaction of PGC 1α with 
transcription factors [67]. 

Glycogenesis/Glycogenolysis

Hormonal regulation of glycogen metabolism occurs 
through modulating the activity of two important enzymes 
i.e. glycogen phosphorylase and glycogen synthase. Glycogen 
synthase synthesizes glycogen from glucose [68] units while 
glycogen phosphorylase catalyzes the breakdown of glycogen 
into glucose [69]. Glycogen phosphorylase is activated by protein 
phosphorylase kinase which itself is phosphorylated by protein 
kinase A (PKA). Counter regulatory hormones e.g. glucagon and 
epinephrine activate adenylate cyclase with consequent activation 
of PKA thereby favouring the persistence of its activation and 
promoting glycogenolysis [69]. Conversely, insulin inhibits 
glycogenolysis through activation of protein phosphatase 1 (PP1)
[70] and phosphodiesterase enzyme. Activated PP1 deactivates 
glycogen phosphorylase converting it to the inactive form while 
phosphodiesterase converts cAMP to AMP thus inactivating 
PKA. Glycogen synthase enzyme is activated by insulin through 
inactivation of GSK3 as earlier stated. 

Lipid Metabolism

Lipogenesis

 The increased glucose uptake and glycolysis enhanced 
by insulin provides substrate for the synthesis of fatty acids 
(FA) [69]. Pyruvate dehydrogenase (PD) converts pyruvate to 
acetyl CoA [71] which is the starting material for FA synthesis. 
Insulin activates pyruvate dehydrogenase phosphatase which 
dephosphorylates PD [72]. It also activates acetyl CoA carboxylase 
which converts acetyl CoA into malonyl CoA [73] in the committed 
step of FA synthesis. By promoting the induction of genes coding 
for the enzyme, the expression of fatty acid synthase (a complex 
of enzymes that catalyse multiple steps in FA biosynthesis) is 
increased by the activation of the sterol-regulatory-element-
binding-protein 1c (SREBP 1c) [74,75]. In addition, the activity 
of lipoprotein lipase which hydrolyzes triglycerides in the 
chylomicrons and VLDL into free FA (FFA) and monoacylglycerol 
that are taken up by tissues for storage is stimulated by insulin 
[76].

Lipolysis

 It is the process of hydrolysing triglycerides into FA and 
glycerol which requires the enzyme hormone sensitive lipase 
(DAGL) which is inhibited by insulin [77]. Other enzymes 
involved in lipolysis are adipose triglyceride lipase (ATGL) 
and the recently discovered monoacylglycerol lipase (MAGL). 
Lipolysis is promoted by glucagon and catecholamines through 
PKA dependent phosphorylation [78] which is opposed by akt 

Protein

Insulin stimulates the cellular uptake of AA that are required 
for protein synthesis. In the skeletal muscles it facilitates the 
uptake of branched chain AA and prevents protein catabolism 
[79]. Hepatic albumin synthesis could be reduced in patients 
with diabetes because of the role insulin plays in the expression 
of albumin gene. Insulin receptor knockout mice exhibited 
reduced serum albumin levels and Akt 1,2 knockout resulted in 
severe hypoalbuminemia [80] which underscores the necessity 
for insulin signalling pathway. mTOR, a serine/threonine 
kinase which exist in two complexes i.e. mTORC1 and mTORC2 
plays an indispensable role in protein synthesis. Knockout 
mice for mTOR die in-utero [81]. It regulates the translation of 
mRNA into proteins through substrate phosphorylation e.g. 
eukaryotic initiation factor 4E (eIF-4E) binding protein 1 (4E-
BP1) and p70 ribosomal protein S6 kinase (S6KI) [82]. 4E-BP1 
inhibits translation initiation by binding eIF4E which enhances 
ribosomes mobilization to the 5!  end of mRNA. S6K1 is involved 
in translation regulation through the phosphorylation of PDCD4 
(a negative regulator of eIF4A) and inactivation of eukaryotic 
elongation factor 2 (EEF 2) kinase which inhibits EEF 2 thus 
promoting the elongation phase of translation [83].  

Vasculature

The role of insulin in the maintenance of vascular integrity 
is well documented. Insulin resistant or deficiency states are 
characterized by endothelial dysfunction induced vasculopathy 
[84]. The synthesis of nitric oxide (NO) by the endothelial cells is 
enhanced by insulin and NO is involved in a vast array of biologic 
functions like regulation of blood flow, systemic inflammation, 
angiogenesis and smooth muscle proliferation. It is also involved 
in synaptic transmission, inhibition of platelets aggregation, 
maintenance of endothelial structural integrity and regulation of 
apoptosis [84]. 

Insulin stimulates endothelin-1 production by the endothelial 
cells [85,86]. It has equally been linked to sympathetic nervous 
system activation [87] and renal sodium retention [88]; actions 
that have been suggested to increase blood pressure in insulin 
resistant state. Endothelin is a potent vasoconstrictor and its 
production is enhanced by the MAPK pathway [89]. Insulin acts on 
specific targets in the nephron to increase tubular reabsorption 
of Na+ as observed from multiple studies. In the proximal tubules 
it increases the activity of Na+H+ exchanger type III (NHE III) and 
Na+/K+-ATPase [90]. 70% of Na+ reabsorption occurs in the PCT. 
In the loop of Henle, it acts on both Na+-K+-ATPase and Na+-K+-
2Cl transporter  [91]. In rats, C-peptide was reported to stimulate 
Loop of Henle Na+/K+-ATPase activity [92]. Current evidence 
suggests that insulin stimulates SNS particularly in obese and 
insulin resistant individuals. A possible explanation is that this 
occurs as an attempt by the body to increase metabolic rate and 
restore energy balance [87]. Unfortunately, this inadvertently 
contribute to increased blood pressure. 
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Cell Growth

Insulin is involved in foetal and post-natal growth partly as a 
result of its anabolic effects. Foetal insulin deficiency is associated 
with intrauterine growth restriction and increased risk of 
developing T2DM later in life [93]. Hence, insulin deficiency 
is associated with reduced growth in children. The cell growth 
effects of insulin are mediated by binding to both IR and insulin 
like growth factor (IGF) receptor [94]. IGF-1 shares structural 
similarity with insulin and its receptor also possess tyrosine 
kinase activity [94,95]. 

Insulin enhances and modulates the activity of several growth 
factors e.g. platelet derived growth factor (PDGF), epidermal 
growth factor (EGF), vascular endothelial growth factor (VEGF) 
and others [94,96]. It is capable of stimulating the Ras-Raf-MAPK 
pathway which is involved in a multitude of mitogenic processes 
including cell division, differentiation, proliferation and growth 
[97]. 

Insulin enhances wound healing partly through its stimulatory 
effect on protein anabolism. It has been shown to exert a 
modulating influence on matrix metalloproteinase at wound 
site [98]. During angiogenesis it undertakes multiple actions 
including pericyte mobilization and proliferation, proliferation of 
smooth muscles, fibroblasts and epithelial cells [99]. Indeed, local 
injection of insulin into diabetic foot ulcer improved the growth of 
granulation tissue and topical insulin accelerated wound healing 
in chronic ulcers [100, 101].  

Chronic Inflammation

Transcriptional factor NF-kb promotes the expression of 
pro-inflammatory genes for several molecules e.g. cytokines, 
chemokines and adhesion molecules [102]. IL-1, IL-6 and TNF-α 
are involved in chronic inflammatory conditions e.g. obesity, DM 
and atherosclerosis [102], and the production of these cytokines 
is induced by NF-kb. Studies in obese subjects have revealed that 
insulin significantly reduced the expression of this transcription 
factor and this result has been replicated in studies using human 
aortic endothelial cells [103]. Specifically, the expression of 
TNF-α, which is capable of stimulating the production of other 
cytokines is suppressed by insulin. Also, the Akt-eNOs-NO 
pathway is involved in the inhibition of intracellular adhesion 
molecule 1 (ICAM 1), monocyte chemoattractant protein 1 (MCP 
1) and p-selectin [104]. Morever, insulin supresses Toll-like-
receptors (TLRs) which have been documented to be involved 
in myocardial inflammation and damage, inhibits plasminogen 
activator inhibitor 1 (PAI 1), reduces reactive oxygen species 
(ROS) generation and C-reactive protein (CRP) levels [104, 105]. 

Other Effects

Insulin promotes the influx of potassium into the cells by 
increasing the activity of Na+/k+-ATPase pump which found 
in essentially every cell and exchanges Na+ for K+ [106]. This 
underlies its use in the treatment of acute hyperkalaemia.  It 
was previously suggested that exogenous insulin is associated 
with increased gastric acid secretion but this has been shown to 
occur mostly in hypoglycaemia induced vagal stimulation [107]. 

Insulin is involved in the central regulation of appetite and energy 
expenditure by reducing the expression of neuropeptide Y and 
stimulating pro opiomelanocortin [108]. It has recently been 
reported that insulin could improve memory and intelligence 
[109]. 

Conclusion
The study of the physiological actions of insulin and its 

signal transduction pathway has led to important discoveries 
in the management of diabetes. Despite the success achieved 
so far multiple potential targets still await exploration through 
molecular and translational research. GLUT 4 appears to be the 
quintessential insulin sensitivity molecule based on the crucial 
job it does of transporting glucose into myocytes and adipocytes. 
Furthermore, its expression is upregulated by both insulin and 
physical exercise which speaks volume of its indispensable role in 
insulin actions. Research focused around this molecule may hold 
some promise in the treatment of prediabetes and diabetes.   
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