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Summary
The discovery and administration of exogenous insulin
has revolutionised diabetes treatment and continues, almost 100 years on, to be the basis for the management
of insulin deficiency. However, insulin therapy still has
potentially life-threatening side effects such as hypoglycaemia and increased risk of cardiovascular disease. So
far, improvements in insulin therapy have focused mainly
on modulating its pharmacokinetic and pharmacodynamic
properties and improving delivery methods, while variations in the insulin sensitivity of peripheral tissues has received relatively little attention. Notably, tissue insulin sensitivity has been shown to vary considerably around the
clock, which could contribute greatly to the effect (and risk
of side effects) of a given dose of insulin. Recent evidence suggests that photic inputs regulate diurnal variations in the insulin sensitivity of metabolically relevant tissues via a previously unrecognised mechanism involving
the ventromedial hypothalamic nucleus. Therefore, understanding the mechanisms underlying photic control of insulin action is of paramount medical importance. In addition, considering “when” (i.e., the time of day) could assist
in deciding “how much” insulin should be administered and
hence could aid the fine-tuning of insulin dosage, lowering
the risk of side effects, and improving the quality of life of
patients with insulin deficiencs.
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Insulin is a hormone produced by the β-cells of the pancreatic islets [1]. Its secretion is induced when blood glucose
levels increase, and is reduced when circulating glucose
content decreases. This finely tuned insulin secretion is
achieved through a mechanism that starts with glucose entry into the pancreatic β-cells via the low-affinity glucose
transporter GLUT2 [2]. Glucose then undergoes glycolysis
to produce ATP, which drives a change in membrane potential, triggering calcium influx and insulin release. This
mechanism, which couples changes in extracellular glucose content with cellular activity, is also observed in neurons [3]. Furthermore, β-cells are arranged within the islet
so that they are in contact with other β-cells [4–6]. Membrane areas of β-cell to β-cell contact also contain gap
junctions that allow communication between β-cells, thus
enabling the coordination of electrical activity across the
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islet and the tight regulation of insulin output [4–6]. While
the majority of studies have looked at insulin secretion in
response to a systemic glucose load, it is important to note
that insulin secretion also occurs during fasting [7].
Once secreted into the bloodstream, insulin binds to and
activates the insulin receptor (a tyrosine kinase receptor),
which is expressed in myocytes, hepatocytes, adipocytes,
neurons, and virtually all other cell types [8–13]. Insulininduced activation of the insulin receptor triggers its autophosphorylation and the activation of several phosphorylation signalling cascades, including the phosphoinositide
3-kinase (PI3K) and the mitogen-activated protein kinase
(MAPK) pathways that underlie most of the metabolic and
anabolic actions of the hormone [14]. The insulin-induced
activation of its receptor causes a plethora of downstream
effects leading to coordinated glucose and lipid metabolism. This is achieved through insulin-induced changes in
the expression and phosphorylation status of key regulatory enzymes, and also through changes in the activity of
these enzymes caused by indirectly regulated changes in
the amounts of their allosteric modulators (e.g., citrate,
ATP, fructose 2,6-bisphosphate) [15, 16]. In hypothalamic
neurons, insulin-induced activation of its receptor also
leads to changes in membrane potential and firing rates
[17, 18].
Insulin plays an important role in carbohydrate metabolism. In the healthy state, insulin-induced activation of its
receptor on hepatocytes leads to (i) suppression of the expression and/or activity of gluconeogenic enzymes (e.g.,
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase), (ii) stimulation of glycolytic enzymes (e.g., glucokinase, phosphofructokinase 1 and pyruvate kinase), and
(iii) enhancement of glycogen synthesis (e.g., inhibition of
glycogen synthase kinase 3). Hence, in hepatocytes insulin
reduces gluconeogenesis and stimulates glucose stocking
in the form of glycogen (fig. 1) [12, 14, 20–25]. In myocytes and adipocytes, insulin-induced activation of its receptor causes the specific glucose transporter GLUT4 (a
high-affinity glucose transporter) to translocate at the plasma membrane, hence enabling these cells to take up more
glucose from the bloodstream. In myocytes, insulin action stimulates the uptake of glucose for glycogen synthesis, while in adipocytes insulin-induced glucose uptake and
enhanced glycolysis increase the production of dihydroxyacetone phosphate, a key substrate for the synthesis of
triglycerides (TG) (fig. 1) [10, 13, 19, 26, 27]. Overall,
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the concerted action of insulin on its cognate receptor in
adipocytes, myocytes and hepatocytes reduces endogenous
glucose production, enhances glucose uptake/storage and
lowers glucose concentration in the bloodstream [28]. It
is important to note that insulin-independent mechanisms
contributing to glucose uptake and homeostasis also exist [29]. For example, glucose entry into myocytes and
adipocytes is not limited to the insulin-dependent GLUT4,
but can also be mediated by insulin-independent glucose
transporters such as GLUT1 [29, 30].
Insulin also effects lipid metabolism. In the healthy state,
insulin-induced activation of its receptor on hepatocytes
boosts lipogenesis via increased expression of the transcription factor sterol regulatory element-binding transcription factor-1c (SREBP-1c) [31]. Indeed, SREBP-1c
promotes the expression of genes involved in fatty acid
synthesis and TG production [32]. Insulin action in hepatocytes also reduces the oxidation of fatty acids, hence increasing their availability for TG synthesis (fig. 1) [14]. In
adipocytes, insulin reduces the action of hormone-sensitive
lipase, an intracellular enzyme that is also activated by, for
example, norepinephrine, and that induces the breakdown
of TG into fatty acids and glycerol [33]. Also, in fat depots
insulin is known to activate lipoprotein lipase, which facilitates lipid and fatty acids uptake (from circulating chylomicrons and lipoproteins) into adipocytes [34]. Thus, via
(i) inhibition of hormone-sensitive lipase, (ii) activation of
lipoprotein lipase, and (iii) enhanced glycolysis and hence
production of dihydroxyacetone phosphate, insulin strongly stimulates the accumulation of TG in adipocytes (fig. 1)
[10, 13, 19, 26, 27].
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Altered actions of insulin in diabetes mellitus
Diabetes mellitus is a group of metabolic disorders that occur when insulin is either significantly reduced (or lacking) or unable to exert its biological functions, resulting
in chronic hyperglycaemia and other serious metabolic defects [35–37]. It is currently one of the most prevalent
diseases worldwide and is responsible for an estimated
1.5–2 million deaths per year [38]. There are multiple diabetes subtypes, but these can be broadly classified into
two aetiopathogenic categories: type 1 and type 2 diabetes
mellitus (T1DM and T2DM, respectively) [39]. T1DM is
thought to be caused by the immune-mediated destruction
of insulin-producing β-cells, resulting in a rapid and almost
complete loss of insulin and the acute onset of symptoms
[40]. Conversely, T2DM occurs more gradually, as chronic metabolic pressure associated with obesity [41, 42] and
ageing [43, 44] begins to prevent peripheral tissues from
responding effectively to insulin. For example, in T2DM
the effect of insulin on the hepatic carbohydrate metabolism is reduced, while its effect on lipid metabolism seems
to remain intact, a defect termed “selective insulin resistance” [45, 46]. This defect causes uncontrolled and increased hepatic glucose output [47, 48]. It is therefore important to carefully establish what we refer to when we
mention insulin resistance. General wisdom is that T2DM
is underpinned by insulin resistance. However, as introduced above, the evidence indicates that in T2DM there
is not generalised insulin resistance. Indeed, if hepatocytes
were to become resistant to insulin, then in the context of
T2DM hepatic lipid synthesis should be reduced. However, in T2DM insulin can still promote lipogenesis, and lipid
synthesis is increased in line with increased insulin contents [46, 48–51]. Hence, while the ability of insulin to reg-

Figure 1: Insulin action in liver and fat tissue. The insulin receptor is a tyrosine kinase that undergoes autophosphorylation and catalyses
the phosphorylation of cellular proteins such as Shc and Cbl, members of the IRS family. Upon tyrosine phosphorylation, these proteins interact with signalling molecules through their SH2 domains, resulting in a diverse series of signalling pathways, including activation of PI(3)K and
downstream PtdIns(3,4,5)P3-dependent protein kinases, Ras and the MAP kinase cascade, and Cbl/CAP and the activation of TC10. These
pathways act in a concerted fashion to coordinate the regulation of vesicle trafficking, protein synthesis, enzyme activation and inactivation,
and gene expression, resulting in the regulation of glucose, lipid and protein metabolism [19]. The illustration on the left side of the figure
shows the insulin-induced activation of the insulin receptor in hepatocytes. Here, it stimulates glycolysis and therefore the formation of glycolytic intermediates such as dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3 phosphate (G3P), which can be used for triglyceride
synthesis. It also suppresses gluconeogenesis and at the same time stimulates cholesterol synthesis and the formation of fatty acids, which
can also be used for the synthesis of triglycerides. The illustration on the right side of the figure shows the insulin-induced activation of the insulin receptor in adipocytes. Here, it stimulates glycolysis and the formation of glycolytic intermediates such as DHAP and G3P. However,
adipocytes lack glycerol kinase and therefore use DHAP (as they cannot use G3P) as a precursor for triglyceride synthesis. Furthermore, it
stimulates fatty acid uptake, hence stimulating the synthesis of triglycerides. Drawings by Vincenzo Antonio Vianna Coppari.
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ulate carbohydrate metabolism is impaired in T2DM, its
ability to control lipid metabolism is not weakened. This
“selective insulin resistance” in hepatocytes contributes to
the increased hepatic glucose and lipid output and hence to
the hyperglycaemia and hypertriglyceridaemia that (with
hyperinsulinaemia) characterise T2DM [46]. Moreover, if
insulin’s action on lipid metabolism in adipocytes were to
be reduced, then T2DM should be associated with reduced
adipose mass [10]. Contrariwise, T2DM is very often associated with increased body fat mass. This apparent conundrum can also be explained by a selective insulin resistance in adipose tissue. In this context, while the ability of
insulin to induce GLUT4 translocation and glucose uptake
is impaired, its ability to inhibit hormone-sensitive lipase
[52] and to stimulate TG accumulation in adipocytes is not
(fig. 1).
In addition, as T2DM progresses, this peculiar defect in
insulin action is followed by a reduction in insulin secretion and the loss and/or dedifferentiation of β-cells [53].
Eventually, all T1DM and late-stage T2DM patients (estimated to be 100 million people worldwide) develop an absolute or relative insulin deficiency [54]. This defect leads
to an inability to regulate blood glucose and lipid levels,
with life-threatening short- and long-term metabolic consequences [55]. Without the coordinated actions of insulin
in metabolically relevant tissues, glucose and lipid control is severely compromised, leading to hyperglycaemia
and dyslipidaemia. For example, following a reduction in
the level of circulating insulin and thus of its action in
adipocytes and hepatocytes, the body begins to break down
TG in adipose tissue, overwhelming the blood with secretions of free fatty acids and glycerol. These free fatty acids
and glycerol are then used as substrates for ketogenesis
and gluconeogenesis respectively in hepatocytes [56]. Indeed, in addition to the well-known hyperglycaemia, another outcome of untreated/uncontrolled insulin deficiency
is hyperketonaemia, which can cause a drop in blood pH,
known as ketoacidosis, that often requires hospitalisation
and can be fatal [57]. Eventually, chronic hyperglycaemia
can also lead to the damage, dysfunction and eventual failure of the retina, kidney, nervous system, heart and blood
vessels. This causes several acute and long-term complications such as diabetic retinopathy, cardiovascular disease,
foot ulcers, peripheral nerve damage and a host of cutaneous complications [58].

Discovery and development of insulin
Before the discovery of insulin, attempts to normalise
blood glucose in patients with insulin deficiency were limited to fasting and calorie restriction [59]. This approach
did little to improve glycosuria and ketoacidosis, and patient prognosis remained very poor, with most affected individuals not living beyond a year [60]. Although it was
long hypothesised that the pancreas secretes a substance
that controls carbohydrate metabolism, attempts to use
pancreatic extracts to lower blood glucose were unsuccessful due to impurities and toxicities [61, 62]. This was until
Banting et al. successfully isolated islets from canine pancreas to produce a more purified insulin extract that was
able to reduce blood glucose, glycosuria and ketonuria, enabling patients with insulin deficiency to live a pseudonormal life for the first time [63, 64]. This remarkable dis-
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covery prompted the isolation and purification of insulin
from animal pancreas after the development of an isoelectric precipitation method that led to a purer and more potent animal insulin and decreased the variation between
lots [63]. By 1923 and 1924, pharmaceutical laboratories
in Germany, Denmark, Austria, and later Hungary, had already begun purifying insulin on a commercial scale [65].
This was followed by attempts by investigators to prolong
the duration of insulin action, thus reducing the need for
multiple daily injections. This began with the addition of
protamine and zinc to insulin preparations to sequester insulin in its hexameric conformation and delay its solubility
in the bloodstream and subsequent receptor binding [66].
These efforts led to the commercialisation of both Neutral
Protamine Hagedorn (NPH) insulin and the “lente” insulin
series, consisting of semilente, lente and ultralente insulin,
which had increasing lengths of duration depending on the
proportion of zinc added [67].
The ability to administer exogenous insulin has greatly
extended the lifespan of patients with insulin deficiency.
However, once patients with diabetes started to live longer,
the complications of prolonged insulin therapy became
prevalent [60]. Specifically, episodes of life-threatening
hypoglycaemia brought on by excessive amounts of circulating exogenous insulin and/or diurnal changes in insulin sensitivity emerged as a major limiting factor for successful glucose control in patients with insulin deficiency
[68]. Indeed, studies such as the 1993 Diabetes Control and
Complications Trial showed a direct relationship between
the degree of glycaemic control and the incidence of longterm complications of insulin therapy [69]. These complications shifted the focus to developing insulin analogues
that matched the endogenous pattern of insulin secretion
as closely as possible, leading to the creation of many
classes of modified insulins, each with different pharmacokinetic/pharmacodynamic profiles and durations of action. For instance, long-acting “basal” insulins with very
long durations of action (on average 24 hours), such as insulin glargine, insulin detemir and insulin degludec, started
to reach the market [7]. Insulin glargine (approved in the
USA in 2000) has glycine instead of asparagine at position
A21, an extra two arginine molecules at position B30 and
a pH of 4.0 [70, 71]. These changes cause it to form micro
precipitates at the site of injection, resulting in a prolonged
absorption with little peak activity [72]. Similarly, insulin
detemir has a 14-carbon fatty acid chain attached to the lysine at position B29 [73]. The fatty acid side chain increases the self-association of the insulin into hexamers and dihexamers and allows reversible binding to albumin, all of
which contribute to its prolonged action [7, 74]. Later, insulin degludec, an even longer-acting insulin (24-48 hours)
was developed by Novo Nordisk and approved by the US
Food and Drug Administration in 2015 [75]. It is used as a
“once daily basal insulin” and has a deletion of the threonine at B30 and a glutamic acid spacer that links a 16-carbon fatty di-acid chain to the B29 amino acid residue [76,
77]. These changes allow it to form a slowly soluble multihexameric chain after subcutaneous injection [77].
In addition to basal insulins, fast-acting insulin analogues
were also developed to improve post-prandial glycaemic
control in patients with insulin deficiency. These are characterised by their ability to dissolve rapidly in the blood
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stream and reach target tissues promptly [78]. Fast-acting
insulins such as lispro, aspart and glulisine contain amino
acid modifications that instead cause charge repulsion at
the sites where insulin monomers would normally associate to form dimers [79]. This weakens the propensity
for the insulin to self-associate, favouring rapid absorption
from the subcutaneous tissue [80]. Insulin lispro is formed
by switching the lysine and proline amino acids at positions B28 and B29, and insulin aspart by substituting proline with a negatively charged aspartic acid in position B28
[74, 80]. Insulin glulisine differs from human insulin in
that it has aspargine substituted for lysine at position B3
and lysine substituted for glutamic acid at position B29,
but unlike the other two rapid-acting analogues, it does not
contain zinc [81].
The development of new insulin delivery methods such as
insulin pens and pumps has also enabled patients to more
conveniently and accurately fine-tune their glucose levels
[82]. Insulin pens are safer, easier to use and more accurate compared to traditional syringe injections [83]. Newer
smart pens can also help guide patient dosage, remember
the amounts and timings of insulin doses, and transmit this
information to mobile logbooks using Bluetooth technology [84, 85].
Continuous subcutaneous insulin infusion (CSII) (also
known as the insulin pump) enables a continuous and more
physiologic delivery of insulin. The first pumps were developed in the 1980s and replaced the need for multiple
daily injections [86]. Since then, sensor augmented insulin
pumps have been developed which combine the technology of an insulin pump with a continuous glucose monitoring (CGM) sensor that transmits glucose readings to
the person wearing the device. This allows the user to
have real-time glucose readings that enhance their ability
to monitor blood glucose levels and reduce the risk of hypoglycaemic episodes [87]. Recent advances in CSII devices, CGM and insulin delivery algorithms have resulted
in the development of the artificial pancreas or closedloop system of insulin administration. This combines a real-time glucose sensing component, an insulin delivery de-

vice (pump) and a computer that calculates the amount of
insulin needed in response to the blood glucose concentration [88]. Closed-loop systems were found to be safe,
as well as effective at improving both glycaemic control
and the proportion of time spent within the target glucose
concentration range [89]. However, despite these advancements in CSII technology, they remain costly and invasive,
and no significant improvements in mean glucose concentration or in the frequency of hypoglycaemic events were
found compared with multi-dose insulin regimens [90].
More recently, combinatorial approaches, whereby insulin
is administered alongside other adjuvants that improve insulin sensitivity, lower blood sugar or fine-tune insulin secretion, such as metformin, sodium-glucose transport protein (SGLT) inhibitors and glucagon-like peptide 1
(GLP-1) receptor agonists, have been considered (table 1)
[91]. Metformin and GLP-1 receptor agonists are currently
approved in the USA and Europe. SGLT2 inhibitors are approved in the USA for treatment of T2DM but not T1DM,
but a dual SGLT1 and SGLT2 inhibitor has recently been
approved in Europe for treatment of T1DM (with restrictions) [92]. Although not devoid of side effects, the use of
these pharmacotherapies alongside insulin can contribute
to improving glycaemic control and reducing insulin requirements in patients with insulin deficiency [93, 94]. In
most studies, the use of these adjuvants has improved glycaemic control more than using insulin alone. Although
not effective in correcting the harmful circulating lipid and
lipoprotein profiles commonly seen in patients with insulin deficiency (such as increased triglycerides, HDL and
LDL cholesterol and ketones), recent large-scale clinical
trials have revealed that these medications have the potential to prevent very serious diabetic complications such
as adverse cardiovascular outcomes (e.g. heart failure) and
nephropathy [95, 96].
Today, the global human insulin market is estimated at
100 million people, comprising all T1DM and 10–25% of
T2DM sufferers [97]. Currently, Eli Lilly, Novo Nordisk
and Sanofi control over 90% of the world’s insulin production [98]. In 2018, the insulin market was valued at al-

Table 1: Pharmacological adjuvants for glycaemic control.
Class of antidiabetic

Representative
agents

Mechanism of action

Risk of hypoglycaemia

Metabolic alterations Cardiovascular bene- Other adverse effects
fit and risk

Biguanide

Metformin

Insulin sensitizer
Numerous effects on
inhibition of hepatic
glucose production

None

Lactic acidosis (very
rare)
May cause nausea/
vomiting or diarrhoea
after introduction,
which may result in
electrolyte or pH alterations

Reduce MI by 39%
and coronary deaths
by 50%

Vitamin B12 deficiency,
which may cause anaemia
and neuropathy (risk in elderly)

Sodium-glucose cotransporter (SGLT1/2)
inhibitor

Canagliflozin
Dapagliflozin
Empagliflozin

Glucosuria due to
blocking (90%) of glucose reabsorption in
renal proximal tubules
Insulin-independent
mechanism of action

Low

N/A

Positive CV effect due
to reduction of sodium
and uric acid absorption and reduction of
BP

Ketoacidosis (rare)
Genital mycosis
May increase LDLc
Bone fractures

GLP-1 agonists

Liraglutide
Exenatide
Dulaglutide

Activate GLP1 recep- No (risk if used in com- N/A
tor
bination with sulphonyIncreased insulin selureas)
cretion
Decreased glucagon
Delayed gastric emptying
Increased satiety

Reduce CV risk

Nausea,
vomiting,
Pancreatitis
C cell tumour of thyroid
(contraindicated in MEN
type 2)

CV = cardiovascular; GLP-1 = glucagon-like peptide 1; ; LDLc = low density lipoprotein cholesterol; MEN = multiple endocrine neoplasia; MI = myocardial infarction; N/A = not
applicable
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most 26 billion Swiss francs. Furthermore, it is growing
rapidly and is expected to reach 48 billion Swiss francs by
2020 [99]. This is due to a number of factors, including
an increase in the prevalence of diabetes, an increase in
the size of the geriatric population, rising awareness of diabetes and rising prevalence of obesity (a huge risk factor
for developing T2DM) [97].

Challenges of insulin therapy
It is clear that significant advances in insulin therapy have
been made over the last century. Nevertheless, continual
challenges associated with its long-term use remain. Patient- and clinician-related challenges still present numerous obstacles to optimal insulin deficiency management.
There is a greater need for clinicians to remain informed
about new therapies and emerging technologies [100, 101].
Patients’ understanding of the importance and rationale of
insulin therapy should also be improved, so that they can
monitor their blood glucose better and self-manage their
diabetes more effectively [102]. Another problem is patient non-compliance due to psychological factors such as
insulin distress (apprehension and dejection due to a perceived inability to cope with the requirements of insulin
therapy [103]), which causes significant lack of motivation
[104]. There remains a need for clinicians to use tools such
as counselling and motivational interviewing to collaborate with and empower their patients and to improve noncompliance [103]. Indeed, a study of 116 T2DM patients
who were initially non-adherent to therapy found that after
one month of counselling, 90% of them began adhering to
treatment [105].
Additionally, and of greater concern, insulin therapy is still
unable to restore metabolic homeostasis in patients with insulin deficiency, and many still experience wide fluctuations in their blood glucose levels. In the USA alone, almost 40% of patients diagnosed with diabetes did not reach
accepted glycaemic targets in 2008 [106]. Current studies
in the Czech Republic and Slovakia also indicate that as
few as 29.9% and 33.4% of T1DM and T2DM patients respectively achieve their recommended blood sugar targets
with insulin therapy [107]. Although the relative contributions of patient non-adherence to insulin therapy to these
results cannot be determined, statistics such as these suggest that there is an urgent need to improve insulin deficiency treatments, as this inability to control blood glucose
is putting these patients at risk of hyperglycaemia/hypoglycaemia and several other comorbidities [108].
Hypoglycaemia in particular is one of the most common
serious adverse effects of insulin therapy and remains a
major limiting factor in diabetes treatment. Hypoglycaemia can trigger symptoms such as sweating, confusion
and palpitations, and may require hospitalisation. Between
the late 90s and 2013, hospital admission rates for hypoglycaemia rose by 11.7% and 8.6% in the USA and England, respectively [109, 110]. In the last two years, hypoglycaemia has accounted for as many as 4,804 emergency
hospital visits in the USA alone [111]. Severe hypoglycaemia (glucose ≤50mg/dl) can also result in seizures and
ventricular tachycardia, and is often fatal [112]. Specifically, hypoglycaemia has been shown to be responsible
for approximately 5% of deaths in childhood onset T1DM
patients [113]. Patients with insulin deficiency also ex-
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perience frequent episodes of hypoglycaemia outside of
hospital settings. Studies by Karter et al. revealed that although hypoglycaemia related hospitalisations amount to
on average only 0.8% of total hospital visits, 95% of severe hypoglycaemic events reported do not result in hospitalisation, indicating that current surveillance grossly underestimates the overall burden of severe hypoglycaemia
[107]. In fact, it is estimated that T1DM patients may
spend as much as 10% of their time in a state of hypoglycaemia, although this is usually asymptomatic [114]. This
pathological outcome is underpinned by hypoglycaemiaassociated autonomic failure, which contributes to hypoglycaemia unawareness (e.g. impaired hypoglycaemia-mediated stimulation of food-seeking behaviour) and reduced
hormonal-mediated glucose counterregulation (e.g. dampened hypoglycaemia-induced epinephrine and glucagon
secretion), hence leading to impaired homeostatic defences
against hypoglycaemia [115, 116].
Besides hypoglycaemia, patients with insulin deficiency
are at greater risk of developing other serious complications such as kidney failure, weight gain, blindness, nerve
damage and cardiovascular disease (CVD). It is not too farfetched to suggest that some of these conditions, such as
weight gain and CVD, may be promoted by insulin therapy itself, as insulin is known to exert anabolic actions on
adipocytes and have lipogenic effects on hepatocytes [10,
46, 48–51]. Due to its stimulatory actions on lipid and cholesterol synthesis, it is not surprising that insulin therapy
promotes weight gain in almost all patients with insulin deficiency [117, 118]. Chronic insulin therapy could also increase lipid deposition in tissues other than adipose tissue,
and this is a major contributing factor to CVD. The majority of large observational studies show strong dose-dependent associations between injected insulin and increased
risk of CVD complications such as coronary artery disease
(CAD) in T2DM patients [119]. CAD is also extremely elevated in T1DM patients [120, 121].
Over time, the lipogenic actions of insulin can also lead
to the development of lipid-induced insulin resistance,
whereby the ability of peripheral tissues to respond effectively to insulin decreases. This effect promotes a vicious cycle in which continuously increasing insulin requirements are necessary in long-term diabetes care [122].
The development of insulin resistance is also a major risk
factor for the development of CVD due to its effects on
endothelial cells [123]. Ten-year follow-up data from the
Pittsburgh Epidemiology of Diabetes Complications Study
demonstrated that insulin resistance-related factors (rather
than glycaemia) were predictive of CAD in patients with
insulin deficiency [124]. Insulin resistance decreases the
production of nitric oxide from endothelial cells and increases the release of pro-coagulant factors, leading to
platelet aggregation [125]. In addition, studies have shown
that in an insulin-resistant state, the PI3K pathway (responsible for modulating glucose uptake) is defective, while the
MAPK pathway remains intact [126]. MAPK signalling
in endothelial cells promotes their growth and activation,
which accelerates the atherosclerotic process [127]. Therefore, the imbalance in these two pathways can lead to increased CVD risk for patients with insulin deficiency.

Page 5 of 11

Review article: Biomedical intelligence

Insulin sensitivity in insulin therapy
The fact that the responsiveness of peripheral tissues to insulin (and the consequent risk of hypoglycaemia) depends
also on insulin sensitivity and that cardiovascular complications of insulin therapy are associated with insulin resistance underscores the need to understand more about the
factors regulating the responsiveness of insulin target tissues to insulin (i.e. insulin sensitivity). Insulin sensitivity is
known to be affected by diet, smoking, body weight (particularly abdominal adiposity) and exercise [128]. However, numerous other factors can also have profound effects
on the responsiveness of tissues to insulin. The circadian
rhythm, for example, is emerging as an important and previously overlooked factor affecting insulin resistance. Circadian rhythms are 24-hour rhythms entrained to the local environment by external cues, called zeitgebers (ZT)
or “time-givers”, such as light, temperature or feeding inputs [129]. In mammals, they are regulated by the cyclical
oscillations of transcription factors such as CLOCK and
BMAL1, which regulate the transcription of other circadian genes that control the sleep/wake cycle and various
physiological and biochemical processes [130–132].
Human studies from as early as the 1970s suggest the importance of the time of day in regulating how the body responds to a glucose overload or an insulin injection. Indeed, both Gibson et al. (1972) and Carroll et al. (1973)
observed that the rates of change in blood glucose levels
after an intravenous glucose or insulin administration vary
between injections done in the morning and in the afternoon [133, 134]. Remarkably, the authors stated that
“judged by normally accepted criteria for diagnosis of diabetes mellitus based on glucose disposal rates in the early
part of the day, the normal subjects reacted in the evening
as mild diabetics” [133]. This clearly indicates that wholebody responsiveness to insulin varies during the circadian
period. More recent studies have also suggested circadian
involvement in the insulin sensitivity of mouse skeletal
muscle, as well as of human and murine adipose tissue
[135–138]. However, because these studies did not directly
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test whether the tissues’ insulin sensitivities oscillated in a
diurnal fashion in vivo, the mechanism underlying the phenomenon they observed remained elusive.
The first study to provide direct experimental evidence
supporting the notion that insulin sensitivity varies around
the clock was conducted by Aras et al. They provided data
indicating that the insulin sensitivity of several metabolically relevant tissues (gastrocnemius and soleus skeletal
muscle, liver and perigonadal white adipose tissue; pWAT)
fluctuates substantially over a 24-hour period in vivo in
mice (fig. 2) [139]. Moreover, by performing challenging
gain- and loss-of-light-action experiments in mice with the
NAD+-dependent deacetylase SIRT1 [140] either intact or
lacking only in steroidogenic factor 1 (SF1) neurons of the
ventromedial hypothalamic nucleus, they unveiled key elements of the neuronal mechanism underlying this important phenomenon. These key elements are (i) photic inputs,
(ii) SIRT1 in SF1 neurons, and (iii) insulin action in gastrocnemius skeletal muscle [139]. Aras et al. revealed that
SIRT1 in SF1 neurons conveys photic inputs to entrain the
action of insulin at this peripheral site. This light-driven effect on insulin-induced glucose uptake in skeletal muscle
via SIRT1 in ventromedial hypothalamic nucleus SF1 neurons represents a previously unrecognised neuronal mechanism which enables changes in light inputs to govern
circadian insulin sensitivity in skeletal muscle [139] (fig.
3). Notably, this mechanism is of pathophysiological relevance as it is required for normal insulin and glucose
homeostasis in vivo [139, 141]. This finding of Aras et al.
agrees well with, and provides a potential neuronal and
molecular explanation for, recent studies showing that altered core clock gene expression (in either a whole-body or
in a tissue-specific manner) and exposure to photic inputs
at the wrong time cause insulin resistance and negatively
affect glucose metabolism [142–147].
The discovery that tissue insulin sensitivity varies around
the clock brings to light a major, previously neglected factor to be considered when administering insulin. In practice, the amount of insulin administered is a strict function
of blood glucose and carbohydrate intake, but the impor-

Figure 2: Tissue insulin sensitivity varies around the clock in vivo. Illustrations representing diurnal fluctuations in the insulin sensitivity of
liver, adipose tissue and gastrocnemius skeletal muscle, as indicated by Aras et al. [139]. Drawings by Vincenzo Antonio Vianna Coppari.
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tance of the time of day at which insulin is given may
be under-appreciated [148]. However, if insulin sensitivity
varies around the clock, considering the time of day would
be a simple, non-pharmacological method of fine-tuning
insulin dosage and reducing the deleterious side effects of
insulin therapy. Furthermore, the finding that photic inputs can regulate the insulin sensitivity of myocytes in
mice raises the possibility that light could also entrain insulin sensitivity in other cells such as hepatocytes and
adipocytes. Indeed, murine liver and pWAT display daily
fluctuations in insulin sensitivity in vivo [139, 141], with
liver in particular showing great variation, up to 15-fold
changes in sensitivity at different times of day (fig. 2)
[139]. There is also strong evidence that liver insulin sensitivity is directly influenced by the circadian rhythm, as
lesions of the superchiasmatic nucleus (SCN) reduce insulin’s ability to inhibit endogenous glucose production
and therefore cause severe hepatic insulin resistance in
mice [149]. Other studies by Zhou et al. have shown that
SIRT1 in hepatocytes regulates their responsiveness to insulin and that SIRT1 transcription in hepatocytes is regulated by CLOCK/BMAL1 [150]. This indicates that
SIRT1, and possibly other proteins, can modulate hepatic
insulin sensitivity in a diurnal fashion. Notably, while
SIRT1 in SF1 neurons does not seem to be directly involved in the link between changes in photic inputs and
changes in hepatic responsiveness to insulin [139], it is
possible that SIRT1 in other hypothalamic neurons [9, 151]
controls insulin action in hepatocytes via direct and/or indirect mechanisms.
Another important mediator of hepatic insulin sensitivity
is protein tyrosine phosphatase receptor gamma (PTPRγ)
[152]. PTPRs regulate a variety of cellular processes, including cell growth, cell differentiation, the mitotic cycle
and oncogenic transformation [153]. Hepatic PTPRγ expression, however, is induced by inflammatory signalling
and is increased in the context of obesity. Experiments by
Brenachot et al. also identified PTPRγ as a powerful negative regulator of hepatic insulin sensitivity [152]. Loss of
PTPRγ increases insulin sensitivity in liver (as well as in
Figure 3: Schematic representation of the photic-induced and
hypothalamic-mediated control of skeletal muscle insulin sensitivity. Illustration taken from Aras et al. [139].

Swiss Med Wkly. 2020;150:w20273

muscle) tissue and protects mice from developing insulin
resistance when placed on a high calorie diet [152]. Hepatic-specific overexpression of PTPRγ at levels similar
to those associated with obesity is sufficient to cause systemic insulin resistance [152]. Hepatic PTPRγ expression
also fluctuates around the clock, and importantly, there is
an inverse relationship between its expression and hepatic
insulin sensitivity (G.U. and R.C. unpublished data). This
raises the possibility that PTPRγ could be a potential molecular link between changes in photic inputs and changes
in hepatic insulin sensitivity. Experiments involving gainand loss-of-light-action to assess the effects of changes in
photic inputs on hepatic PTPRγ expression, and to monitor circadian changes in hepatic insulin sensitivity in genetically engineered mice overexpressing or lacking hepatic PTPRγ, will be important in determining the relevance
of this receptor. Similarly, discovering the factors regulating diurnal changes in insulin sensitivity in adipose tissues
would be useful. For instance, ChIP sequencing has shown
cross-talk between hypoxia-inducible factor 1α (HIF1α)
and circadian core clock proteins such as BMAL1, and upregulation of HIF1α increases inflammation, induces fibrosis and reduces insulin sensitivity in white adipose tissue
[154, 155]. Future experiments aimed at assessing the relevance of HIF1α to the photic-mediated control of insulin
action in adipose tissue [139] are warranted.

Outlook and conclusions
Many advancements have been made in insulin therapy
since its discovery, yet we still have to acknowledge that it
is unsatisfactory, and research aimed at improving insulin
deficiency treatment is urgently needed. The prevalence of
side effects and complications associated with the longterm use of insulin therapy continues to place a burden on
the health system and greatly compromises the quality of
life of patients with insulin deficiency. The discovery that
insulin sensitivity fluctuates around the clock suggests that
considering the time of day of administration could be a
simple method to fine-tune insulin dosage and reduce the
incidence of undesirable side effects. Also, given the major
effect that photic inputs have on insulin action in metabolically relevant tissues [139], understanding the mechanisms
underlying this phenomenon may be of medical importance and could help provide patients with insulin deficiency with better-tailored insulin therapy. We believe that the
time of day and exposure to photic inputs should be considered when determining the amount of insulin administered.
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