
The insulin receptor family in the heart: 
new light on old insights 
Article 

Published Version 

Creative Commons: Attribution 4.0 (CC-BY) 

Open access 

Clerk, A. ORCID: https://orcid.org/0000-0002-5658-0708 and 
Sugden, P. H. (2022) The insulin receptor family in the heart: 
new light on old insights. Bioscience reports, 42 (7). 
BSR20221212. ISSN 1573-4935 doi: 
https://doi.org/10.1042/BSR20221212 Available at 
https://centaur.reading.ac.uk/106012/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1042/BSR20221212 

Publisher: Portland Press 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

www.reading.ac.uk/centaur   

CentAUR 

Central Archive at the University of Reading 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence


Reading’s research outputs online



Bioscience Reports (2022) 42 BSR20221212
https://doi.org/10.1042/BSR20221212

Received: 29 May 2022
Revised: 20 June 2022
Accepted: 29 June 2022

Accepted Manuscript online:
29 June 2022
Version of Record published:
18 July 2022

Review Article

The insulin receptor family in the heart: new light on
old insights

Angela Clerk and Peter H. Sugden
School of Biological Sciences, University of Reading, Reading, U.K.

Correspondence: Angela Clerk (a.clerk@reading.ac.uk)

Insulin was discovered over 100 years ago. Whilst the first half century defined many of the
physiological effects of insulin, the second emphasised the mechanisms by which it elicits
these effects, implicating a vast array of G proteins and their regulators, lipid and protein ki-
nases and counteracting phosphatases, and more. Potential growth-promoting and protec-
tive effects of insulin on the heart emerged from studies of carbohydrate metabolism in the
1960s, but the insulin receptors (and the related receptor for insulin-like growth factors 1 and
2) were not defined until the 1980s. A related third receptor, the insulin receptor-related re-
ceptor remained an orphan receptor for many years until it was identified as an alkali-sensor.
The mechanisms by which these receptors and the plethora of downstream signalling
molecules confer cardioprotection remain elusive. Here, we review important aspects of
the effects of the three insulin receptor family members in the heart. Metabolic studies are
set in the context of what is now known of insulin receptor family signalling and the role of
protein kinase B (PKB or Akt), and the relationship between this and cardiomyocyte survival
versus death is discussed. PKB/Akt phosphorylates numerous substrates with potential for
cardioprotection in the contractile cardiomyocytes and cardiac non-myocytes. Our overall
conclusion is that the effects of insulin on glucose metabolism that were initially identified
remain highly pertinent in managing cardiomyocyte energetics and preservation of func-
tion. This alone provides a high level of cardioprotection in the face of pathophysiological
stressors such as ischaemia and myocardial infarction.

The heart is a sophisticated pump essential for delivery of oxygenated blood and nutrients to the body.
It relies on contractile cardiomyocytes, acting in synchrony, to pump blood around the body but, in adult
mammals, there is negligible capacity for regeneration or replacement of these cells. Pathophysiological
stresses imposed on cardiomyocytes can compromise their contractile ability or cause them to die. This
reduces the ability of the heart to function properly and can result in heart failure, an increasing prob-
lem in society. Urgent remedies are needed to prevent cardiomyocyte dysfunction and death. Insulin has
potent cardioprotective effects, particularly in the context of ischaemia with or without reperfusion, as
occurs with myocardial infarction. Insulin acts via its cognate receptor, but there are two related recep-
tors that activate similar signalling pathways. Here, we first provide an overview of the context of cardiac
hypertrophy and heart failure, outlining the response of the heart to pathophysiological stresses. We then
discuss the effects of insulin and the insulin family of receptors, describing key signalling elements and
how these may affect cell survival. Finally, we discuss how insulin receptor family signalling may elicit
cardioprotection.

Cardiomyocyte growth and cardiac hypertrophy
Architecturally, the heart is fully formed at birth, but continues to grow through postnatal life, match-
ing the increase in body size through to adulthood. In the embryo/foetus, cardiomyocytes proliferate to

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

1

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/42/7/BSR
20221212/935160/bsr-2022-1212c.pdf by U

K user on 02 August 2022

https://orcid.org/0000-0002-5658-0708
mailto:a.clerk@reading.ac.uk
https://crossmark.crossref.org/dialog/?doi=10.1042/BSR20221212&domain=pdf&date_stamp=2022-07-18


Bioscience Reports (2022) 42 BSR20221212
https://doi.org/10.1042/BSR20221212

generate sufficient cells for the heart to form, but they become terminally differentiated in the perinatal/postnatal
period [1,2]. Subsequent maturational growth of the heart to the adult size requires an increase in size and myofibril-
lar content of individual cardiomyocytes (maturational growth or eutrophy). The adult heart experiences numerous
pathophysiological stresses that may demand an increase in cardiomyocyte contractile function. This is accommo-
dated by cardiomyocyte hypertrophy (i.e. an increase in cell size) with associated cardiac hypertrophy (enlargement
of the heart) [3]. Physiological hypertrophy (e.g. as occurs in pregnancy or with endurance exercise) is clearly benefi-
cial, necessary and largely reversible on cessation of the stress [4]. Pathological hypertrophy may develop in diseases
such as hypertension which increase cardiac workload, or following myocardial infarction where loss of blood supply
to part of the myocardium causes cardiomyocytes to die [5,6]. The resulting deposition of inelastic fibrotic scar tissue
increases the workload of surviving cardiomyocytes and these hypertrophy. Such “compensated” cardiac hypertrophy
initially facilitates survival, but may decompensate, leading to heart failure. Decompensated hypertrophy is associated
with further cardiomyocyte death, with loss of capillaries, inflammation and fibrosis.

Cardiomyocyte growth, whether maturational, physiological or pathological is an anabolic process and, although
associated with changes in gene expression, it requires an underpinning increase in protein accretion [7]. Insulin
and insulin-like growth factors (IGFs) act through related receptor tyrosine kinases (RTKs), namely insulin receptors
(INSRs) and Type 1 IGF1 receptors (IGF1Rs) [8]. As we describe below, both promote protein accumulation in the
heart and are implicated in cytoprotection. The role of the third related receptor, the insulin receptor-related receptor
(INSRR), identified in 1989 [9], is only now being revealed.

Regulation of cardiac metabolism by insulin and IGFs: impact
on protein synthesis
One of the earliest effects of insulin to be established (and possibly the best characterised) was the stimulation of
glucose uptake by insulin-sensitive tissues such as the heart [10]. In addition, insulin has a range of other effects on
carbohydrate, lipid and protein metabolism: it increases the rate of glycolysis whilst promoting glycogen accumula-
tion, it reduces the rate of lipolysis promoting fatty acid synthesis and decreasing fatty acid oxidation, it increases the
rate of protein synthesis and it decreases the rate of protein degradation [11]. In the heart, there has been a focus on
the effects of insulin to increase protein synthesis because it is a key feature of cardiac hypertrophy [7]. Thus, pro-
tein synthesis (measured by incorporation of the non-metabolised amino-acid phenylalanine) in ribosomes from rat
hearts is stimulated by insulin and inhibited by diabetes [12], and cardiac protein synthesis is increased by perfusion
of rat hearts with insulin (see, for example, [13,14]). Conversely, cardiac protein synthesis is inhibited by hypoinsuli-
naemia (diabetes, starvation) both in vitro and in vivo with loss of cardiac protein mass (see, for example, [14–17]).
Analogous results are obtained in perfused hearts or isolated cardiomyocytes treated with IGF1 or IGF2 [18]. Insulin,
IGF1 or IGF2 each increase the rate of protein synthesis to the maximimum limit of up to ∼80%, and the point of
action is largely at the level of translational initiation [19]. In concert with its effects to increase the rate of protein
synthesis, insulin inhibits global protein degradation [20,21], although the point of action remains ill-defined. Inter-
estingly, degradation of the myofibrillar protein actin is increased by starvation in a manner which is unaffected by
insulin [22]. This contrasts with phenylalanine release in the presence of cycloheximide (to inhibit protein synthesis)
as a measure of global protein degradation, suggesting that insulin is selective in its effect on protein degradation. In
conclusion, in the heart (as in other insulin-responsive tissues), insulin and IGFs act as ‘anabolic’ hormones.

Stimuli other than insulin increase the rate of protein synthesis in the heart and are overtly pro-hypertrophic caus-
ing an increase in cardiomyocyte size. These include α1-adrenergic receptor (α1-AR) agonists, but maximal stimu-
lation of protein synthesis by, for example, the synthetic agonist phenylephrine, is less than that obtained by insulin
[23]. Indeed, the only intervention capable of increasing cardiac protein synthesis to a similar degree as insulin or
IGFs has so far proved to be exposure to pHo above the ‘physiological’ value of 7.4, as shown with perfused rat hearts
[24]. In contrast with insulin (which does not affect cardiac ‘contractility’), increased pHo is positively inotropic, sug-
gesting some mechanistic differences. This positive inotropic effect of increased pHo could involve an effect on pHi
(pHi is linearly coupled to pHo with �pHi/�pHo ∼ 0.4–0.5), since increased pHi (by increasing the ionisation of the
acidic amino acid Ca2+-binding residues) increases Ca2+-binding to troponin C, a key regulator of contraction. These
studies were conducted in the 1980s prior to the identification of any of the downstream signalling events associated
with insulin receptor signalling. The hypothesis at the time was that understanding the mechanism of action of the
effect of increased pHo on cardiac protein synthesis may assist in understanding the signalling pathways utilised by
the insulin receptor, but it took over 20 years to revisit this question.
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Insulin and IGF signalling in the heart
INSRs and IGF1Rs: receptors for insulin, IGF1 and IGF2
The general structure of insulin receptor (INSR) was established in 1980 [25,26], with subsequent studies of this and
the related Type 1 IGF1 receptor (IGF1R) providing insight into how insulin and IGFs bind to these receptors [27,28].
Important progress has been made in recent years in elucidating the atomic detail of the insulin and IGF1 receptors,
along with ligand interactions as reviewed in, for example, [29,30]. Since the molecular detail of the receptors or
receptor–ligand interactions is not the focus of this review, we will only present an overview of receptor structure and,
to avoid confusion, we will use Online Mendelian Inheritance in Man (OMIM®) terminology for the genes/proteins
as far as possible. INSRs and IGF1Rs are heterotetrameric receptors, preformed prior to insertion in the plasma mem-
brane (Figure 1A). Each half of the receptor (hemi-receptor) is derived from a single polypeptide. Proteolytic cleavage
of an internal cleavage site generates α- and β-subunits held together by a disulphide bridge. Additional proteolysis
removes the N-terminal signal peptide. The two extracellular α-subunits are also linked via disulphide bridges to
form a stable heterotetrameric α2β2 structure. The β-subunits each contain a single transmembrane domain and an
intracellular protein tyrosine kinase. Insulin or IGFs interact with the α-subunits of INSRs or IGF1Rs, causing a con-
formational change that is transmitted through the transmembrane β-subunits to activate the innate protein tyrosine
kinase. The β-chains transphosphorylate Tyr residues in the intracellular kinase domains to activate the kinase fully.
Further phosphorylation of additional Tyr residues occurs, and other proteins are recruited to these sites, binding
through SH2 or PTB domains (that recognise phospho-Tyr residues with C-terminal or N-terminal specificity deter-
minants, respectively) [31]. Some are adapter proteins that become Tyr-phosphorylated by the receptor. This allows
recruitment of further proteins to form a signalling complex or ‘signalosome’.

INSR and IGF1R have high sequence homology in the cytoplasmic tyrosine kinase domain, with greater diver-
gence in the extracellular ligand-binding α-subunits [27,28]. Insulin and IGF1 can each bind to INSRs and IGF1Rs
but, at physiological concentrations of circulating hormone, each receptor should only bind its cognate ligand. The
mode of ligand binding to each receptor differs. A single molecule of insulin engages with both α-subunits of the
INSR heterotetramer, and negative co-operativity between the hemi-receptors appears to reduce affinity for a second
molecule [32]. In contrast, there is no co-operativity between IGF1R hemi-receptors, and IGF1R heterotetramers may
bind one or two molecules of IGF1 [33,34]. This is important to consider since INSRs and IGF1Rs form hybrid re-
ceptors (Figure 1A), potentially a consequence of mass action during the process of receptor assembly [35–37]. These
INSR/IGF1R hybrid receptors have similar affinity for IGF1 as IGF1R heterotetramers, and low affinity for insulin
[38]. Since the hybrid receptors operate largely as IGF1Rs with respect to ligand binding, this increases the number of
available receptors for IGF1 in the heart by almost 2-fold, most likely increasing sensitivity. A question remains as to
whether signalling from INSR/IGF1R hybrid receptors is similar to IGF1R heterotetramers, given that downstream
engagement of signalling intermediates to INSRs and IGF1Rs may differ, along with activation of protein kinases and
effects on cell function [39,40]. Notably, approximately 90% of IGF1Rs in the heart form hybrid receptors with INSRs
[41].

IGF2 is often considered to bind simply to the IGF2 receptor (IGF2R) [42]. This is the cation-independent man-
nose 6-phosphate receptor (CI-M6PR), a large glycoprotein that serves as a clearance receptor for IGF2 and other
molecules, targeting them to the lysosome for degradation [43]. However, IGF2 binds with approximately equal affin-
ity as IGF1 to IGF1Rs [44]. Apart from this, there are two isoforms of the INSR (INSR-A and INSR-B) generated by
alternative splicing [45]. INSR-B contains an additional 12 residues derived from exon 11, towards the C-terminus
of the α subunit and these receptors have high affinity for insulin whilst INSR-A receptors (lacking exon 11) have
high affinity for IGF2 [46]. The ratio of INSR-A:INSR-B isoforms in the heart is approximately 1:2 in young, healthy
rat hearts, but the proportion of INSR-A isoforms is higher in older animals and in diabetes [47]. Overall, there is
potential for adult cardiac cells to respond to IGF2 via INSR-A receptors, IGF1Rs or hybrid INSR/IGF1Rs (Figure
1A). This potentially accounts for the similar effects of IGF1 and IGF2 on protein synthesis in the heart [18]. IGF2 is
often considered as a developmental growth factor, but circulating levels of both IGF1 and IGF2 remain high in adults
(IGF1: 100–300 ng/ml; IGF2: 400–1100 ng/ml [48,49]). However, the majority of both growth factors is associated
with IGF binding proteins (IGFBPs) [50]. Free, unbound growth factors are unstable, having a short half-life (∼10
min) and circulating at low levels of 1–2 ng/ml [49]. Release of IGFs from IGFBPs requires proteolysis of the binding
proteins [51]. This presumably occurs within target tissues and the reaction could be increased in pathological states.
Both IGF1 and IGF2 could also be produced locally in the heart under pathological conditions and, since IGF1 or
IGF2 can bind to INSRs with low affinity, a question remains about whether local production of these growth factors
may be sufficiently high to trigger INSRs in addition to IGF1Rs. Despite the abundance of both IGF2 and its active
receptors, the role of IGF2 in the heart has been generally ignored relative to IGF1 or insulin.
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Figure 1. Insulin receptor family signalling

(A) Insulin receptors (INSRs, black) and the related receptor family members, IGF1 receptors (IGF1Rs, blue) and insulin receptor-re-

lated receptors (INSRRs, yellow) are expressed at the cell surface as preformed heterotetramers, each comprising two hemi-re-

ceptors composed of one α- and one β-subunit. Each α- and β-subunit and the two α-subunits are cross-linked by disulphide

bridges. The extracellular α subunits bind insulin or IGFs as indicated or are responsive to alkaline pHo. The β-subunits have a

tyrosine kinase domain (red). Alternative splicing generates two isoforms of INSR, INSR-A and INSR-B, without or with (respec-

tively) exon 11 (pink). Hybrid receptors can form between the family members. IGF2 also binds to the cation-independent mannose

6-phosphate receptor (CI-M6PR) that directs IGF2 and other molecules to the lysosome for degradation. (B) Insulin or IGFs bind

to INSRs/IGF1Rs causing receptor phosphorylation and full activation of the tyrosine kinase, with additional phosphorylation of

tyrosine residues (pY) on the β-subunit. These recruit adapter proteins including insulin receptor substrates (IRS) that become

phosphorylated. IRS proteins recruit phosphoinositide 3′ kinase (PI3K) that stimulates production of phosphatidylinositol 3,4,5

tris phosphate in the membrane (red lipids), recruiting PDK1 and protein kinase B (PKB, also known as Akt). PDK1 phosphory-

lates PKB/Akt on Thr308. In some cells, INSRs/IGF1Rs also signal via Grb2 and the exchange factor Sos to the small G protein

Ras. Activated Ras recruits Raf kinases that phosphorylate and activate mitogen-activated protein kinase kinases 1/2 (MKK1/2)

that phosphorylate extracellular signal-regulated kinases 1 and 2 (ERK1/2). However, this pathway is not thought to be activated

significantly in the heart and is shaded. (C) (i) PKB/Akt(T308) phosphorylates AS160 (Tbc1d4) to increase translocation of the

glucose transporter GLUT4 to the membrane for glucose uptake. Phosphorylation and inhibition of glycogen synthase kinase 3

(GSK3) results in activation of glycogen synthase (GS) to increase glycogen synthesis. Other GSK3 substrates influence apoptosis,

metabolism and cardiac hypertrophy. (ii) PKB/Akt(T308) activates mammalian target of rapamycin (mTOR) in mTOR complex 1

(mTORC1). Signalling via p70 ribosomal S6 kinase (p70S6K) increases ribosome biogenesis by increasing translation of RNAs with

5′ terminal oligopyrimidine (TOP) sequences), phosphorylation of Rps6 and regulation of other eukaryotic initiation factors (eIFs).

mTORC1-dependent phosphorylation of 4E-BP causes it to dissociate from eIF4E that is then available to bind to the 5′ cap struc-

ture of mRNAs to increase translation and enhance protein synthesis. (iii) PKB/Akt(T308) is phosphorylated on Ser473 in mTORC2.

Dually phosphorylated PKB/Akt(T308/S473) has greater activity and additional target specificity for forkhead transcription factors

of the FoxO family. Phosphorylation of FoxO transcription factors inhibits their effects on gene expression, to influence apoptosis

and metabolism.
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As mentioned above, INSRs and IGF1Rs become Tyr-phosphorylated on the intracellular β-subunits following
activation, recruiting other proteins to the complex. Two key proteins in the insulin signalling system are insulin
receptor substrates (IRS), IRS1 and IRS2, large adapter proteins which bind to the receptors via PTB domains [52].
All potential phosphorylation sites and the protein interactome for each of the insulin receptor family β-subunits,
IRS1 and IRS2 have been mapped [39]. The precise sites which are used and the proteins that interact presumably
depend on protein expression profiles in specific tissues or cell types, in addition to considerations of subcellular
localisation and compartmentalisation. INSRs and IGF1Rs signal through IRS1/IRS2 in the heart (as in other tissues)
[53], extending the potential cardiac interactome of these receptors. Despite the high homology between the INSR
and IGF1R β-subunits, insulin, IGF1 and IGF2 have different effects, both on the intracellular signalling pathways
they activate and downstream consequences for the cell [39,40].

Protein kinase signalling from INSRs and IGF1Rs
A full summary the intracellular signalling pathways activated by INSRs and IGF1Rs is beyond the scope of this
overview, and readers are referred to other reviews for full details [54–56]. Here, we aim to provide an outline of the
signalling with reference to the knowledge of the events in the heart. Two key signalling pathways are potentially
activated by the insulin receptor family (Figure 1B): phosphoinositide 3′ kinase (PI3K) signalling through protein
kinase B (PKB, also known as Akt); and the original mitogen-activated protein kinases (MAPKs), the extracellular
signal-regulated kinases 1/2 (ERK1/2).

Signalling through PI3K and PKB/Akt
Activation of PKB/Akt
Of the proteins that bind to the insulin family receptors and IRS1/2, potentially the most prominent are the
Type 1 PI3Ks [57,58]. INSRs and IGF1Rs have a direct docking site for PI3K at the C-terminus of the β-subunit
(phospho-Y1351/1352), and also recruit PI3Ks via IRS1/2 [39]. PI3K phosphorylates phosphatidylinositol 4,5
bisphosphate (PIP2) in the membrane to produce phosphatidylinositol 3,4,5 trisphosphate (PIP3). This recruits the
Ser/Thr protein kinases, phosphoinositide-dependent kinase 1 (PDK1) and PKB/Akt, allowing PDK1 to phosphory-
late PKB/Akt on Thr308 to activate the kinase. PKB/Akt activates mammalian target of rapamycin (mTOR) within
mTOR complex 1 (mTORC1). mTOR also operates in a separate complex, mTORC2, and promotes phosphoryla-
tion of PKB/Akt on Ser473. This increases PKB/Akt activity and extends the range of potential substrates [59]. As
expected, insulin and IGF1 potently activate PKB/Akt in cardiomyocytes and the heart, with increased phosphory-
lation of both Thr308 and Ser473 [60–62], indicative of activation of mTORC1 and mTORC2 complexes. PKB/Akt
serves as a hub for insulin family receptor signalling in the heart, as in other tissues, orchestrating a co-ordinated
anabolic response to insulin associated with cell survival (Figure 1C) [55].

PKB/Akt substrates associated with metabolism and cell survival
Probably the best characterised direct substrates of PKB/Akt are glycogen synthase kinase 3 α and β (GSK3α/β)
that are inhibited by PKB/Akt-mediated phosphorylation of Ser21 and Ser9, respectively. GSK3α/β phosphorylate
various substrates including glycogen synthase, phosphorylation of which by GSK3α/β is inhibitory [63], the net
effect of PKB/Akt being to increase glycogen synthesis (by inhibition of inhibition). Phosphorylation of GSK3α/β
in response to insulin or IGF1 in the heart and cardiomyocytes is well-documented, although the emphasis is gen-
erally on its role in cardiac hypertrophy, rather than regulation of glycogen synthesis [64–66]. Overall, GSK3α/β
activity prevents cardiac and cardiomyocyte hypertrophy, acting through a variety of potential mechanisms. These
include phosphorylation and inhibition of several transcription factors, prevention of opening of the mitochondrial
permeability transition pore (mPTP) and apoptosis and/or phosphorylation and degradation of β-catenin.

PKB/Akt substrates account for other metabolic effects of insulin and IGF1: increased glucose uptake and enhanced
glycolytic rate (Figure 2). The increase in glucose uptake induced by insulin is effected by increased translocation of
storage vesicles containing GLUT4 glucose transporters to the plasma membrane. This process is regulated by Rab
GTPases, inactivation of which is enhanced by Rab GTPase-activating proteins (RabGAPs). PKB/Akt phosphorylates
two RabGAPs, Tbc1d1 and Tbc1d4 (more generally known as AS160) [67,68]. This enhances GLUT4 vesicle traffick-
ing, probably by reducing binding of Tbc1d1/4 to Rabs. Insulin promotes phosphorylation of AS160/Tbc1d4 in the
heart, and this is involved in translocation of GLUT4 and the fatty acid translocase CD36 to the cell surface [69]. The
increase in the rate of glycolysis induced by insulin is mostly related to phosphorylation of the cardiac isoform of
6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase (also known as phosphofructokinase 2; PFKB2) downstream
of PDK1 and probably a result of direct phosphorylation by PKB/Akt [70–72]. PFKB2 is a bifunctional enzyme with
an N-terminal kinase domain and C terminal phosphatase domain that regulates both production and degradation
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Figure 2. Glucose metabolism through the glycolytic and pentose phosphate pathways: regulation by PKB/Akt

PKB/Akt phosphorylates RabGAPs (AS160/Tbc1d4, Tbc1d1) to prevent their inhibitory action (red type), increasing translocation

of vesicles containing the glucose transporter GLUT4 to the membrane (blue arrow). This increases glucose uptake into the cell.

Hexokinase II (HKII) converts glucose to glucose 6-phosphate (G6P). It is tethered to the mitochondrial membrane, interacting

with the voltage-dependent anion channel (VDAC), allowing it to access ATP directly from the mitochondria, and facilitating direct

transfer of ADP back into the mitochondria. HKII expression and activity is increased by PKB/Akt signalling (blue type) increasing

production of G6P. Glycolysis (centre). G6P is converted to fructose 6-phosphate which is then converted to fructose 1,6-bispho-

sphate by phosphofructokinase (PFK) in the rate-limiting step of the pathway. Fructose 6-phosphate interconversion with fruc-

tose 2,6-bisphosphate is performed by the cardiac isoform of phosphofructokinase 2 (PFKB2), an enzyme with dual kinase (K)

and phosphatase (P) activity. PKB/Akt phosphorylates and inhibits the phosphatase activity, resulting in accumulation of fructose

2,6-bisphosphate, an allosteric activator of PFK. This increases glycolytic flux to produce pyruvate for oxidative phosphorylation

in the mitochondria. If oxidative phosphorylation is insufficient to manage additional pyruvate, pyruvate is converted to lactate by

lactate dehydrogenase (LDH). This causes acidification and excess lactate is exported from the cell. Pentose phosphate pathway

(left section). G6P is converted to 6-phospho-gluconolactone by G6P dehydrogenase (G6PDH), relying on production of G6P that

is increased by PKB/Akt signalling. This reaction produces NADPH, required to reduce oxidised glutathione (GSSG) to GSH. GSH

is a critical antioxidant in the cell, scavenging reactive oxygen species (ROS). 6-phospho-gluconolactone can be returned to the

glycolytic pathway via further oxidative and non-oxidative reactions.
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of fructose 2,6-bisphosphate (Figure 2). Phosphorylation of the C-terminal phosphatase domain by PKB/Akt selec-
tively inhibits this activity, but the kinase remains active with continued production of fructose 2,6-bisphosphate,
an allosteric regulator that promotes glycolysis and inhibits gluconeogenesis by acting on phosphofructokinase 1.
PKB/Akt also phosphorylates hexokinase II (HKII) [73], the key enzyme required in insulin-sensitive tissues for
production of glucose 6-phosphate in the first step of the glycolytic and pentose phosphate pathways. The latter con-
tributes to the antioxidant capacity of the cell, in addition to provision of nucleosides. However, HKII also operates at
the mitochondria to inhibit apoptosis [74], an area of considerable research in the heart. Indeed, studies of HKII in the
heart have generally focused on cardioprotection and its role in preventing opening of the mitochondrial permeability
transition pore (mPTP) with consequent inhibition of apoptosis [75], rather than its role in metabolism.

Other PKB/Akt substrates associated with cell survival
Apart from effects on metabolism, PKB/Akt phosphorylates a range of substrates with direct and/or indirect effects
on cardiac cell survival (Figure 1C).

Endothelial nitric oxide synthase (eNOS) is phosphorylated by PKB/Akt on Ser1177 [76–78]. This residue is gen-
erally unphosphorylated in unstimulated cells and phosphorylation of endogenous enzyme increases production of
NO [77]. This increased production of NO is associated with vasodilation of the blood vessels, reducing blood pres-
sure and workload on the heart. It also reduces blood vessel reactivity, suppressing inflammation and reducing the
potential for platelet activation [79]. Overall, this is expected to enhance cardiomyocyte survival. However, eNOS
regulation is complex with an additional inhibitory phosphorylation site (Thr495) that may be constitutive in resting
cells, and dephosphorylation of this site is required for activation. Moreover, the enzyme can become uncoupled and,
instead of producing NO, eNOS can switch to production of potentially damaging O2

� −.
PKB/Akt phosphorylates two proteins in the pathway for interferon production. Here, activation of cGAS (cyclic

GMP AMP synthase) by viral infection or DNA from damaged mitochondria leads to production of the second
messenger cGAMP (cyclic guanosine monophosphate-adenosine monophosphate) [80,81]. cGAMP activates STING
(stimulator of interferon genes) which signals via the protein kinase TBK1 (TANK binding kinase 1) to phosphory-
late and activate IRF3 (interferon regulatory factor 3), a key transcription factor required for interferon production.
cGAS is phosphorylated on Ser291 by PKB/Akt, reducing its activity and production of cGAMP [80]. PKB/Akt also
phosphorylates and inhibits TBK1 on Ser172 [82]. The net effect of PKB/Akt is to reduce interferon production,
potentially enhancing cell survival.

Other direct PKB/Akt substrates include Forkhead transcription factors of the FoxO family, phosphorylation of
which by PKB/Akt results in their retention in the cytoplasm, reducing expression of pro-apoptotic genes [83,84].
Forkhead transcription factor phosphorylation is increased by insulin or IGF1 in cardiomyocytes and the heart, down-
stream of PKB/Akt [85] and, although this is associated with a reduction in cardiomyocyte death, FoxO transcription
factors also affect cardiac metabolism potentially influencing glucose utilisation [86,87]. Phosphorylation of Fork-
head transcription factors appears to be mediated by the dually-phosphorylated form of PKB/Akt(Thr308/Ser473)
with a requirement for Ser473 phosphorylation to extend the PKB/Akt substrate profile [59].

PKB/Akt signalling via mTORC1
Other effects of PKB/Akt are mediated by mTORC1, particularly in relation to the regulation of protein synthesis
and ribosome biogenesis (Figure 1C) [88–90]. mTORC1 acts in several ways to enhance mRNA translation. A key
mediator is p70 ribosomal S6 kinase (p70S6K) which is phosphorylated and activated downstream of mTORC1 in
cardiac systems, as in other tissues [91]. p70S6K not only phosphorylates the small ribosomal subunit RPS6 to in-
crease translation but also enhances recruitment of mRNAs with a 5′ terminal oligopyrimidine (TOP) sequence to
polyribosomes for efficient translation. In cardiomyocytes, 5′-TOP mRNAs regulated by insulin are primarily those
encoding the ribosomal subunits [92], so the net effect is to increase the translational machinery. Complementary
effects of mTOR are to increase ribosomal RNA synthesis and processing [89]. p70S6K also influences the rate of
initiation of translation of mRNAs by phosphorylating a number of eukaryotic initiation factors [90]. A second im-
portant group of substrates is the 4E-binding proteins (4E-BPs) which bind to eukaryotic initiation factor 4E (eIF4E).
eIF4E interacts directly with the 7-methyl-GTP cap of mRNAs and eIF4E availability is a limiting factor. Phospho-
rylation of 4E-BPs in cardiomyocytes releases eIF4E, increasing availability of eIF4E for binding to the cap structure
[60]. mTORC1 also increases the rate of protein synthesis by enhancing the rate of elongation [91]. Thus, mTORC1
signalling increases both the capacity and rate of protein synthesis in the heart. mTORC1 has a secondary effect to
decrease autophagy, inhibiting ULK1 and preventing autophagic destruction of organelles [93]. This may account
for the focused mechanism by which insulin inhibits protein degradation in the heart [20]. A final consideration for
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mTORC1 is that it increases expression of HKII [73] which (as discussed above) may have a dual effect on metabolism,
increasing production of glucose 6-phosphate for use in glycolysis or the pentose phosphate pathway (Figure 2).

Activation of the ERK1/2 cascade
Prior to the identification of PKB/Akt, microtubule-associated protein 2 [MAP2-kinase, later renamed
mitogen-activated protein kinase (MAPK)] was identified by the Sturgill group as being associated with insulin sig-
nalling in 3T3-L1 adipocytes [94]. This particular 42 kDa protein became known as ERK2, and the related 44 kDa
isoform as ERK1. INSRs and IGF1Rs activate the ERK1/2 cascade via guanine nucleotide exchange factors for the
small G protein Ras (RasGEFs), including SOS1 and 2 that are recruited to the receptor complex by adapter pro-
teins (e.g. Grb2 [95]) (Figure 1B). RasGEFs promote GTP-loading of Ras, which initiates signalling via RAF kinases.
RAF kinases become activated and phosphorylate/activate MAPK kinases 1/2 (MKK1/2) which phosphorylate and
activate ERK1/2 [96]. In contrast with their dominant effects on PKB/Akt, insulin and IGF1 have a minor effect on
ERK1/2 activation in cardiomyocytes compared with other growth factors or hypertrophic agonists acting through
G-protein-coupled receptors (GPCRs) [61]. It is not clear why insulin has a more pronounced effect on ERK1/2 activa-
tion in other systems, but it may relate to differentiation status, tissue-specificity or spatial organisation of intracellular
signalling components as debated previously [97].

INSRRs: sensing alkaline pH
INSRR structure
INSRRs were identified soon after INSRs and IGF1Rs [9], but remained ‘orphan’ receptors for many years, having
no known ligand. INSRRs have high homology with INSRs and IGF1Rs in the tyrosine kinase domain, but the ex-
tracellular α-subunit is divergent and does not bind insulin or IGFs (Figure 1A). The molecular phylogeny of the
three insulin receptor family members indicates that whereas INSRs and IGF1Rs are expressed in all vertebrates, IN-
SRRs are not found in teleost fish [98]. In addition, exon 11 is conserved between INSRRs and INSR-B receptors,
but the alternatively spliced INSR-A receptor (that binds IGF2) appears to be exclusively expressed in mammals. The
C-terminus of INSRRs is truncated compared with INSRs and IGF1Rs, producing a smaller β-subunit but, with this
exception, the high homology in the intracellular region means that phospho-specific antibodies designed for con-
served sites in the β-subunit recognise all three receptors and can be used to assess activation of INSRRs [62]. INSRR
mRNA expression is highest in kidney, leading to a supposition that it was a kidney-specific receptor, but it is found
at lower levels in other tissues including heart (∼20% that of kidney), pancreas and brain [99–101]. The receptors
themselves are expressed in specific cells and subdomains, and (for example) INSRRs are found at the basolateral
surface of intercalated B cells in kidney [102]. With such tight localisation, overall tissue or cellular expression levels
are not necessarily reflective of functional significance. Like IGF1Rs, INSRRs form hybrid receptors with INSRs and
these hybrids are not transactivated by insulin [103,104].

Alkali-sensing role of INSRRs
Deyev et al. [105] established that INSRRs operate as alkali sensors: exposure to extracellular alkaline pHo (pHo>8.0)
causes a conformational change in the α subunit that activates the intracellular tyrosine kinase resulting in
Tyr-phosphorylation of the β-subunit with activation of downstream signalling. INSRRs are important in main-
taining acid-base balance. Thus, alkalosis in mice in vivo activates INSRRs in the kidney and, although INSRR null
mice have no overt phenotypic abnormalities [106], they have an impaired renal response to HCO3− loading result-
ing in metabolic alkalosis [105]. The focus on INSRRs has been their function in kidney, but the fact that alkaline
pHo increases cardiac protein synthesis to the same degree as insulin [24] suggests that INSRRs are important in the
heart. INSRRs are expressed in the heart, enriched in membranes associated with T-tubules (invaginations in the sar-
colemma designed to maximise efficiency of ion-exchange during the cardiac cycle), and are activated in rat hearts
perfused at alkaline pHo [62]. As with IGF1Rs, INSRRs appear to operate in the heart as hybrid receptors with IN-
SRs and/or IGF1Rs (these cannot be easily distinguished, having similar molecular weight), and alkaline pHo causes
Tyr-phosphorylation of both INSRRs and INSRs/IGF1Rs. On the basis of the relative expression levels of the three
insulin receptor family members and, with 90% of IGF1Rs forming hybrid receptors with INSRs, it is predicted that
virtually all of the INSRRs should be present in cardiomyocytes as INSR/INSRR hybrids. Overall, it is highly probable
that INSRRs expressed in T-tubules in the heart respond to alkaline pHo.
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Activation of protein kinase signalling by INSRRs
As might be expected, given the homology between INSRRs and INSRs/IGF1Rs, INSRRs have similar effects on
intracellular signalling and, in kidney, there is Tyr-phosphorylation of IRS1 with activation of PKB/Akt [105]. In
the heart, perfusion at alkaline pHo results in phosphorylation of PKB/Akt on Thr308 and Ser473 (indicative of
activation of mTORC1 and mTORC2), with associated phosphorylation of GSK3α/β, p70S6K and RPS6 [62]. The
degree of activation is similar to that induced by insulin and presumably accounts for the effects of alkaline pHo on
cardiac protein synthesis [24]. The mechanism for triggering the PKB/Akt signalling pathway is not resolved, since
INSRRs lack the direct binding sites for PI3Ks that are found at the C-terminus of INSRs/IGF1Rs [39]. It is also
unclear if INSRRs recruit IRS1/2 directly. IRS1/2 bind to INSRs and IGF1Rs close to the transmembrane domain
and, although the sequence for IRS1/2 binding is conserved in INSRRs, pull-down experiments failed to identify
IRS1/2 binding to the peptide sequence of these receptors [39]. The most likely mechanism is via INSRs/IGF1Rs since
INSRRs are almost certainly all expressed as hybrid receptors, and the conformational change induced in the INSRR
hemi-receptor is potentially sufficient to trigger activation and transphosphorylation of its INSR/IGF1R partner. In
contrast to insulin, perfusion of hearts at alkaline pHo activates ERK1/2 to a significant degree [62]. This could be a
direct INSRR-mediated effect, possibly mediated via the adapter protein Shc which has been detected in the INSRR
interactome and can facilitate activation of Ras [39,107]. The site for interaction of Shc with INSRs/IGF1Rs is the same
as for IRS1/2, so lack of binding of IRS1/2 may be permissive for Shc binding [39]. However, other stress-responsive
MAPKs (JNKs and p38-MAPKs) are activated in hearts perfused at alkaline pHo [62], so activation of all the MAPKs
may be receptor-independent and simply reflect a degree of cellular stress.

Functional role of INSRRs in the heart
INSRRs have an obvious role in kidney as alkali sensors, but the potential role in heart is more obscure given that
INSRRs are only activated when exposed to pHo>8.0 and blood pH as high as 7.6 is associated with mortality [108].
However, cardiac contraction is regulated by rapid ion fluxes throughout the cardiac cycle and it is essential that
ion-balances, including intracellular and extracellular pH, are managed and normalised. INSRRs appear to be concen-
trated in transverse T tubule membranes [62]. The purpose of T tubules is to facilitate rapid contraction/relaxation,
but the small volumes within these invaginations result in ion microdomains [109,110] that may generate a suffi-
ciently high pHo to activate INSRRs (Figure 3). Alternatively (or additionally), INSRRs (like INSRs or IGF1Rs) may
be activated intracellularly. One mechanism may involve oxidative stress which can be generated intracellularly in
microdomains by, for example, NADPH oxidases [111]. Oxidative stresses inhibit tyrosine phosphatases, with a net
effect to increase Tyr-phosphorylation and activation of insulin family receptors, as occurs with the ‘insulinomimetic’
combination of H2O2 and/or vanadate treatment [112]. Furthermore, there could also be tyrosine phosphorylation
of the β subunit by non-receptor tyrosine kinases (e.g. Src family kinases), potentially a consequence of cross-talk
from other receptors resulting in transactivation of insulin family receptors [113].

Cross-talk from α1-adrenergic receptors to insulin family
receptors in the heart
As anabolic hormones, insulin and IGF1 promote cardiac growth, playing a major role in coupling nutritional status
to cell size rather than necessarily contributing to cardiac hypertrophy. The most potent hypertrophic agonists for the
adult heart (e.g. endothelin-1, α1-AR agonists) act through Gq protein-coupled receptors (GqPCRs) [114]. RTKs and
GPCRs are generally considered to activate discrete signalling pathways, with RTKs initiating the signal via tyrosine
phosphorylation (as described above for the insulin receptor family) whilst GPCRs signal through heterotrimeric G
proteins that initiate downstream events via second messenger systems: Gq signalling induces hydrolysis of PIP2 to
produce diacylglycerol and inositol 3,4,5 trisphosphate (Figure 3).

In many systems, there is cross-talk from GPCRs to RTKs, and downstream signalling emanates from RTKs [113].
In the heart, it is particularly well-recognised that epidermal growth factor receptors may be transactivated by differ-
ent GPCRs [115]. There are also reports of GPCR transactivation of INSRs and IGF1Rs in proliferating cell lines with,
for example, activation of INSRs by bradykinin or angiotensin II in INSR-overexpressing cells, possibly acting in a
multireceptor complex and/or in association with β-arrestins [116,117], and transactivation of IGF1Rs by endothe-
lin 1 in prostate cancer cells [118]. Recent data extend the concept to the heart, and activation of PKB/Akt by α1-AR
agonists in perfused hearts or cardiomyocytes is inhibited by linsitinib [62], a highly selective inhibitor of the insulin
receptor family tyrosine kinases [119]. Activation of ERK1/2 is also partially suppressed by linsitinib, suggesting that
some of the signal is also mediated via one or more of the insulin family receptors. It appears that transactivation of
insulin family receptors by α1-AR agonists is functionally important since linsitinib inhibits the increase in cell size
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Figure 3. Cross-talk from α1-adrenergic receptors (α1-ARs) to INSR/INSRR receptors in the heart: possible mechanisms

(i) α1-ARs are G-protein-coupled receptors that couple through Gαq to activate phospholipase C (PLC) β and possibly PLCε.

PLCβ/ε hydrolyses phosphatidylinositol 4,5 bisphosphate (PIP2) to produce diacylglycerol (DAG) which activates protein kinase C

(PKC) family members and guanine nucleotide exchange factors for Ras (e.g. RasGRP). This results in activation of the ERK1/2

cascade that affects downstream signalling and gene expression. (ii) Activation of the small G protein Rac1 results in an increase

in production of reactive oxygen species (ROS) via NADPH oxidases (NOX). ROS inhibit protein tyrosine phosphatases (PTPs), and

this may lead to increased tyrosine phosphorylation of INSRs/INSRRs, with receptor activation and downstream signalling. (iii) Src

family kinases (SFKs) may be activated, possibly by phosphatidic acid produced by phospholipase D (activated by PKC; pathway

not shown). SFKs may phosphorylate INSRs/INSRRs directly to cause receptor activation. (iv) α1-ARs increase intracellular pHi via

an unknown mechanism and this needs to be neutralised. SFKs phosphorylate anion exchanger 3 (AE3) to increase exchange of

Cl− and HCO3
− delivering HCO3

− to the extracellular space. Intracellular HCO3
− is probably generated by carbonic anhydrase

II (CAII). Simultaneous production of H+ reduces intracellular pHi. Extracellular HCO3
− may increase extracellular pHo to activate

INSRRs via a conformational change of the extracellular α-subunit.
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induced in cultured cardiomyocytes by α1-AR agonists [62]. Surprisingly, it enhances cardiac hypertrophy induced
byα1-AR stimulation in vivo even in the short term, but this is associated with increased interstitial fibrosis indicative
of a switch towards maladaptive hypertrophy predicted to predispose to heart failure. It could be argued that insulin
family receptor signalling contributes independently to cardiac hypertrophy induced by α1-ARs. However, linsitinib
alone has no baseline effect on cardiac function or dimensions, at least over the short term.

The mechanism for activation of insulin family receptors by α1-AR agonists remains to be clarified, but there are
several possible mechanisms (Figure 3). As mentioned in the previous section in relation to INSRRs, one or more
of the receptors may be activated as a consequence of intracellular signalling (rather than extracellular stimulation)
that increase Tyr-phosphorylation and activation of the β-subunit. This may result from direct phosphorylation by
other tyrosine kinases (e.g. Src family kinases [120]) or could be a consequence of oxidative stress whether resulting
from increased flux through the mitochondrial electron transport chain as a consequence of increased contractility
or activation of NADPH oxidases [121]. However, INSRRs may be functionally relevant as alkali sensors in the heart,
being triggered by increased pHo in the T-tubules, in which case it is necessary to consider the cellular physiology
relating to α1-AR stimulation. α1-AR agonists increase cardiomyocyte contractility. This is, at least in part, a result
of an increase in pHi of the order of 0.1–0.2 pH unit, which increases myofilament sensitivity to Ca2+, producing
an increase in the force of contraction and rate of relaxation [122–125]. This increase in intracellular pHi requires
normalisation and one of the main systems involves anion exchanger 3 (AE3), a Cl−/HCO3

− exchanger that extrudes
HCO3

− from the cell, with carbonic anhydrases providing a source of HCO3
− [126,127]. AE3 is expressed in the

T tubules in cardiomyocytes [128], and therefore has potential to increase pHo in close proximity to INSRRs. In-
terestingly, cardiomyocytes from AE3-/- knockout mice, though smaller than those of wild-type littermates, do not
hypertrophy in response to α1-AR stimulation with no increase in size, protein synthesis or hypertrophic gene mark-
ers [129]. Inhibitors of carbonic anhydrases also abolish α1-AR agonist-induced cardiomyocyte hypertrophy and the
response is similarly ablated in cardiomyocytes from mice lacking an intracellular isoform of carbonic anhydrase,
CAII [130,131]. There is, therefore, potential for INSRRs to become activated as a consequence of increased pHo in
T tubules.

Further research is clearly necessary to address a number of different questions that arise. With respect to α1-ARs,
it is important to determine which of the insulin family receptors are transactivated in response to α1-AR stimula-
tion, and if INSRRs are (as we predict) involved in the response in vivo. It is also important to establish if transac-
tivation occurs intracellularly or via an extracellular system. It would be interesting to explore whether other GPCR
agonists also transactivate insulin family receptors since, as mentioned above, endothelin-1 and bradykinin can acti-
vate INSRs or IGF1Rs in other cells [116–118], and both have potent effects on cardiomyocyte signalling [132–134].
Apart from situations of receptor cross-talk, it is also worth considering how pathological stresses may influence
insulin family receptor signalling. For example, pressure overload enhances insulin receptor signalling [135], and is-
chaemia/reperfusion (as occurs in myocardial infarction) is associated with activation of PKB/Akt [136]. In the latter
case, acidosis that develops on ischaemia is rapidly normalised on reperfusion, in association with various changes in
ion fluxes, and elevated oxidative stress [137]. This would be expected to inactivate tyrosine phosphatases, potentially
resulting in activation of insulin receptor family members.

Insulin family receptor signalling and cardioprotection: when and how?
Insulin and IGF1 can be cardioprotective: insulin/IGF1 reduce infarct size in ex vivo models of myocardial infarc-
tion [138–143], and cardiomyocyte-specific expression of IGF1 in mice protects against myocardial infarction in vivo
[144]. PKB/Akt signalling is particularly associated with cardioprotection [145,146]. Thus, insulin/IGF1 signalling
via PKB/Akt promotes cell survival in the heart. However, hyperinsulinemia is not beneficial for the heart, being
associated with diabetic cardiomyopathy and obesity-induced heart failure [147]. Moreover, not all studies are fully
supportive of the concept that IGF1 is really cardioprotective [148]. Some of the discrepancies may reflect the in-
creased reliance on genetically altered mice to assess the cardioprotective effects or otherwise of IGF1 or the different
signalling intermediates and, even if a conditional and inducible system is used for gene manipulation, this results in
changes of prolonged duration and abnormal stoichiometry that are not necessarily representative of the endogenous
system. It is important to consider not just how insulin receptor family signalling is cardioprotective, but when it may
be useful.

When?
Almost all studies of cardioprotection with insulin and IGF1 have used models of myocardial infarction with car-
diomyocytes or the heart subjected to hypoxia/ischaemia followed by reoxygenation/reperfusion. In the ischaemic
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phase, cardiomyocyte energy production via oxidative phosphorylation in the mitochondria is compromised reduc-
ing contractile ability, the cytosol becomes acidified and there is a low level of oxidative stress. Injury is exacerbated
on reoxygenation/reperfusion, due in part to a substantial increase in reactive oxygen species [149]. Cytosolic pH
recovers, but this is associated with further damage [150]. Cardiomyocytes in the ischaemic zone die via necrosis, but
additional apoptotic cell death continues in the peri-infarct zone and even in the remote myocardium, contributing
to cardiac dysfunction. Apoptotic cell death occurs largely through the mitochondrial death pathway with opening of
the mPTP, triggering activation of the caspase 9 → caspase 3 death cascade [151]. This is an acute stress that requires
an initial acute treatment. Points for intervention include maintenance of cardiac energetics, prevention of mitochon-
drial dysfunction and mitochondrial-induced cell death, reduction of inflammation and reduction of oxidative stress,
all of which may be influenced by insulin receptor family signalling in the short term. Another scenario in which the
insulin signalling pathway may be beneficial is myocarditis in which activation of PKB/Akt may reduce the degree of
inflammation and prevent cardiomyocyte dysfunction or loss. Whether or not the benefits of insulin receptor family
signalling may be extrapolated to chronic heart diseases is likely to depend on the cardioprotective mechanism of
action of insulin receptor family signalling and the underlying mechanism of disease. Here, a consideration may be
that prolonged activation of insulin receptor signalling may be associated with desensitisation of the pathway.

Mechanisms of cardioprotection?
PKB/Akt signalling may directly inhibit mitochondrial-induced cell death of cardiomyocytes and endothelial cells
to maintain contraction and cardiac perfusion (Figure 4). As discussed above, direct phosphorylation of FoxO tran-
scription factors by PKB/Akt (Figure 1C) is proposed to reduce synthesis of pro-apoptotic proteins [83–87]. This may
provide longer term cardioprotection, but seems unlikely to account for acute protection afforded by insulin in mod-
els of myocardial infarction. A second system involves mitochondrial HKII that not only has a role in metabolism
but also interacts with the mPTP and prevents channel opening [73]. Phosphorylation of HKII at the mitochondria
by PKB/Akt may reduce the potential for apoptosis. In addition, mTORC1 increases HKII expression but, as with
FoxO transcription factors, this seems unlikely to confer acute cardioprotection. mTORC1 can prevent autophagy
and preserve organelles such as mitochondria in the cell [93]. Theoretically, this could be cardioprotective because
potential energy production is preserved. However, autophagy is not necessarily detrimental and may even be bene-
ficial because defective organelles (e.g. damaged mitochondria that may generate excessive reactive oxygen species)
are cleared. Indeed, enhancement of autophagic processes is associated with increased longevity [152]. Possibly the
strongest evidence for a direct effect of insulin receptor family signalling in preventing cell death relates to GSK3α/β
which, as discussed above, is phosphorylated and inhibited by PKB/Akt [63]. GSK3α/β are associated with the mito-
chondria and GSK3α/β activity increases the probability of mPTP opening and promotes cardiomyocyte apoptosis,
so some of the protective effects of PKB/Akt may be via inhibition of GSK3-mediated apoptosis [153].

There is, therefore, evidence that insulin/IGFs may prevent cell death directly, but insulin and IGFs have profound
effects on metabolism (Figure 2), and this may account for a large part of the cardioprotection they afford (Figure 4).
Indeed, this was the basis for some of the earliest studies of the cardioprotective effects of insulin in the 1960s/1970s,
demonstrating that glucose-insulin-potassium (GIK) treatment protects the myocardium from ischaemic damage in
a dog model of myocardial infarction [154]. Under oxygenated conditions, cardiac energy production derives largely
from fatty acid metabolism and oxidative phosphorylation, with heavy reliance on availability of oxygen. The hy-
pothesis was that reducing oxygen consumption by the heart should limit ischaemic damage resulting from coronary
artery occlusion and one way to achieve this is to enhance glycolysis using insulin with provision of additional glucose
[155]. Increased glycolysis could potentially compensate for the reduction in mitochondrial ATP production resulting
from even 50% oxygenation [156]. We now have some insight into the mechanism of action (PKB/Akt phosphoryla-
tion of RabGAPs promotes GLUT4 translocation to the membrane; phosphorylation of PFKB2 increases the rate of
glycolysis (Figure 2)), but insulin was already known to increase glucose uptake and glycolytic flux, observations that
continue to be upheld [157]. Whilst increasing glucose availability and glycolytic flux may not salvage cardiomyocytes
in the full ischaemic zone, it may be sufficient to preserve cardiomyocytes in border zones for damage limitation.

HKII and GSK3α/β are generally considered to exert their cardioprotective effects by preventing opening of the
mPTP and suppressing apoptosis (Figure 4). However, they are key metabolism enzymes. HKII directs glucose into
the glycolytic pathway (Figure 2), associating with the mPTP at the mitochondria where the enzyme has ready ac-
cess to mitochondrial-generated ATP for production of glucose 6-phosphate [158]. It then allows the ADP that is
produced to pass straight back into the mitochondrion for oxidative phosphorylation [159]. Glucose 6-phosphate is
not just required for glycolysis but is also the first intermediate of the pentose phosphate pathway which produces
NADPH required to maintain reduced glutathione levels, a vital component in the antioxidant repertoire of the cell
[160]. This pathway is strictly regulated, with the next step of the pathway being highly dependent on the ratio of
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Mitochondrial-induced apoptosis Reduction in oxygen needs
for energy

Increased antioxidant capacity

Autophagy
mTORC1/Ulk1 activation

HKII activation and GSK3 inhibition: 
inhibits mPTP opening

FoxO inhibition: prevents expression 
of pro-apoptotic proteins

GLUT4: increased glucose uptake

HKII activity/expression: 
G6P for glycolysis and PPP

PFKB2: increased glycolysis

GSK3 inhibition: glycogen storage

FoxO inhibition: glucose metabolism

Inflammation/vasodilation
eNOS activation: vasodilation,
reduced vascular reactivity and inflammation

cGAS/STING inhibition: inhibits interferons

Antioxidant
PPP flux: increases NADPH and GSH

Figure 4. Possible mechanisms of cardioprotection resulting from stimulation of insulin receptor family members

Activation of insulin receptor family members results in activation of protein kinase B (PKB, also known as Akt). (i) PKB/Akt signalling

influences cell death by reducing mitochondrial-dependent apoptosis, increasing hexokinase II (HKII) and inhibiting glycogen syn-

thase kinase 3 (GSK3) activities. This prevents opening of the mitochondrial permeability transition pore (mPTP). Inhibition of FoxO

transcription factors reduces expression of pro-apoptotic proteins. Signalling via mTORC1 inhibits autophagy via Ulk1. Activation

of eNOS may reduce cell death, acting to promote vasodilation and, thus, reduce workload. It also reduces vascular inflamma-

tion. Phosphorylation of cGAS and STING inhibits interferon production. Increased flux through the pentose phosphate pathway

(PPP) increases antioxidant capacity in the cell by increasing production of NADPH and glutathione (GSH). (ii) PKB/Akt increases

metabolism, providing the cell with options for reducing oxygen needs whilst sustaining energy production, and maintaining antiox-

idant capability via the NADPH/glutathione system. Glucose uptake is increased by translocation of GLUT4 to the membrane. HKII

increases availability of glucose 6-phosphate (G6P) for both glycolysis and the pentose phosphate pathway (PPP). Phosphoryla-

tion of the cardiac isoform of phosphofructokinase 2 (PFKB2) inhibits the phosphatase activity, increasing production of fructose

2,6-bisphosphate, an allosteric activator of glycolysis. Glycogen storage is increased by GSK3 inhibition, providing a source of

glucose during ischaemia. FoxO inhibition increases glucose metabolism.
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NADPH:NADP+: as NADP+ rises (as a result of increased oxidative stress in the cell), flow through the pentose
phosphate pathway is rapidly increased [161]. Lack of substrate compromises this response, resulting in enhanced
oxidative stress and, potentially, causing activation of the mitochondrial death pathway via mPTP opening.

GSK3α/β phosphorylates and inhibits glycogen synthase (Figure 1C), a metabolic effect that should not be ignored,
and PKB/Akt phosphorylation/inhibition of GSK3α/β has a net effect to increase glycogen levels in the cell [162].
The protective benefit of this is not immediately obvious, but glycogen is an important energy source, being mobilised
in ischaemia as a result of increased phosphorylase kinase and glycogen phosphorylase activities [163]. This probably
occurs as cytosolic Ca2+ concentrations increase and Ca2+ binding to the inhibitory δ subunit of phosphorylase kinase
causes it to be released from the complex, increasing enzyme activity [164,165]. Phosphorylase kinase phosphorylates
and activates glycogen phosphorylase which hydrolyses glycogen to produce glucose 1-phosphate. Glycogen stores
provide a glycolytic reserve and potentially protect against cardiac damage in anoxia [166], so at least some of the
protective effects associated with loss/inhibition of GSK3 activity, particularly in genetically altered mice, may be
associated with increased glycogen stores, as in other models associated with increased glycogen accumulation (e.g.
overexpression of AMPKγ [167]).

Insulin receptor family signalling clearly has acute effects on metabolism to provide cardioprotection. How-
ever, there are longer term effects on gene expression that also impact on metabolism. First, mTORC1-dependent
up-regulation of HKII increases glucose utilisation for both glycolysis and to support antioxidant capacity of the cell
via the pentose phosphate pathway [73]. In addition, whilst FoxO transcription factors are recognised as drivers of
expression of pro-apoptotic genes, they also to have a significant impact on metabolism, and inhibition of FoxO may
support a switch from fatty acid metabolism to glucose utilisation [168]. Such changes are likely to influence cardio-
protection in the longer term, potentially during remodelling following myocardial infarction or, possibly, in other
cardiac diseases.

Phosphorylation and activation of eNOS by PKB/Akt is often viewed as being cardioprotective (see, for example,
[79]). eNOS is expressed at highest levels in endothelial cells, and increased production of NO in blood vessels to
promote vasodilation is clearly potentially beneficial because of the reduced workload on the heart (Figure 4). How-
ever, in the context of high levels of oxidative stress, NO may combine with O2

� − to produce the peroxynitrite anion
(ONOO� −), a highly reactive species associated with nitrosative stress that can cause cell death [169]. Furthermore,
if eNOS becomes uncoupled, it may generate O2

� − rather than NO, enhancing oxidative stress. Although eNOS is
highly expressed in endothelial cells, it is also expressed in cardiomyocytes, and NO produced by either cell type in the
heart may have autocrine/paracrine effects on cardiac function [170]. These effects may be beneficial. For example,
most cardiac perfusion occurs during diastole and NO may reduce diastolic stiffening to improve cardiac filling and,
therefore, perfusion [171]. However, the data are not always consistent and, as in blood vessels, the effects may depend
on the context, particularly with respect to the degree of oxidative stress (which will be high following myocardial
infarction) and disease state [170].

Therapeutic strategy for cardioprotection?
It is over 100 years since insulin was discovered and 40 years since the receptor structure was first investigated. The
black box from 1979 now contains many signalling intermediates [172] and, though much of what was known about
insulin effects in the 1970s is what we know now, we now have an idea of how it happens, even if much still remains to
be learned. Irrespective of precise mechanism of action, there are many potential points of intervention in the black
box which became the PKB/Akt signalling pathway that may be targeted for cardioprotection. Strategically, target-
ing an extracellular domain of a receptor is generally an easier option than developing small molecule inhibitors of
sufficient specificity or selectivity for intracellular action. One problem for the insulin family receptors has been the
pleiotropic effects of insulin and IGF1 throughout the body, so activating INSRs/IGF1Rs to protect the heart is po-
tentially undesirable unless in the very short term. INSRR expression is more restricted and the recent understanding
of how their conformation is regulated by pH [173–176] will almost certainly provide insight into how they may best
be activated. Developing synthetic agonists to target insulin receptor family members is not an easy option, and even
a substitute for insulin has proved difficult to develop. However, as in cancer, one therapeutic option might be an
activating monoclonal antibody to target INSRRs at least one of which has previously been produced [50]. Peptide
mimetics or aptamers may prove alternative viable options.

Summary and perspectives
Insulin and IGF1 are anabolic hormones and writing this overview enabled a rediscovery of their metabolic effects.
As we describe above, many aspects of PKB/Akt signalling impinge on cardiac metabolism and, in that context, it is
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not unreasonable that the major conclusion is that cardioprotection afforded by insulin and IGF1 is largely due to
regulation of metabolism. Key effects are the increases in glucose uptake and glycolytic flux, and increasing the rate
of glycolysis was suggested as a therapeutic option for improving cardiac function during cardiac anoxia as early as
1975 [156]. Interestingly, given that we now know that INSRRs are alkali sensors, another suggestion from Scheuer in
the mid-1970s [156] was that ‘the protection of the ischemic or hypoxic heart by alkalosis may be a feasible approach’,
because of the effects on glycolysis [177]. The greatest problem with increasing glycolytic flux in hypoxic conditions
as a therapeutic option is probably the associated accumulation of lactic acid and intracellular acidification, but both
are normalised on reperfusion/reoxygenation, and any interim damage may be offset by cardiomyocyte preservation.
There are clearly other effectors of insulin signalling that may reduce cardiomyocyte or endothelial cell death, thus
preserving cardiac function (Figure 4). Here, a consideration is whether preservation of cells that are clearly dys-
functional (or cell death programmes would not have been initiated) is genuinely beneficial in the absence of other
systems to salvage and repair the cell. Clearly, indirect effects to reduce cardiac workload by, for example, vasodila-
tion resulting from NO production or reducing inflammation will be beneficial to a heart in jeopardy. Perhaps the
combinatorial effects of coupling bona fide protective systems affecting cardiac cell apoptosis with metabolic effects
is the reason that insulin receptor family signalling is so potently cardioprotective.
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97 Denton, R.M. and Tavaré, J.M. (1995) Does the mitogen-activated-protein kinase cascade have a role in insulin action? The cases for and against. Eur.

J. Biochem. 227, 597–611, https://doi.org/10.1111/j.1432-1033.1995.tb20179.x
98 Hernandez-Sanchez, C., Mansilla, A., de Pablo, F. and Zardoya, R. (2008) Evolution of the insulin receptor family and receptor isoform expression in

vertebrates. Mol. Biol. Evol. 25, 1043–1053, https://doi.org/10.1093/molbev/msn036
99 Shier, P. and Watt, V.M. (1992) Tissue-specific expression of the rat insulin receptor-related receptor gene. Mol. Endocrinol. 6, 723–729
100 Kurachi, H., Jobo, K., Ohta, M., Kawasaki, T. and Itoh, N. (1992) A new member of the insulin receptor family, insulin receptor-related receptor, is

expressed preferentially in the kidney. Biochem. Biophys. Res. Commun. 187, 934–939, https://doi.org/10.1016/0006-291X(92)91287-Z
101 Mathi, S.K., Chan, J. and Watt, V.M. (1995) Insulin receptor-related receptor messenger ribonucleic acid: quantitative distribution and localization to

subpopulations of epithelial cells in stomach and kidney. Endocrinology 136, 4125–4132, https://doi.org/10.1210/endo.136.9.7649121
102 Ozaki, K., Takada, N., Tsujimoto, K., Tsuji, N., Kawamura, T., Muso, E. et al. (1997) Localization of insulin receptor-related receptor in the rat kidney.

Kidney Int. 52, 694–698, https://doi.org/10.1038/ki.1997.384
103 Kovacina, K.S. and Roth, R.A. (1995) Characterization of the endogenous insulin receptor-related receptor in neuroblastomas. J. Biol. Chem. 270,

1881–1887, https://doi.org/10.1074/jbc.270.4.1881
104 Jui, H.Y., Accili, D. and Taylor, S.I. (1996) Characterization of a hybrid receptor formed by dimerization of the insulin receptor-related receptor (IRR)

with the insulin receptor (IR): coexpression of cDNAs encoding human IRR and human IR in NIH-3T3 cells. Biochemistry 35, 14326–14330,
https://doi.org/10.1021/bi9613032

105 Deyev, I.E., Sohet, F., Vassilenko, K.P., Serova, O.V., Popova, N.V., Zozulya, S.A. et al. (2011) Insulin receptor-related receptor as an extracellular alkali
sensor. Cell Metab. 13, 679–689, https://doi.org/10.1016/j.cmet.2011.03.022

106 Kitamura, T., Kido, Y., Nef, S., Merenmies, J., Parada, L.F. and Accili, D. (2001) Preserved pancreatic beta-cell development and function in mice
lacking the insulin receptor-related receptor. Mol. Cell. Biol. 21, 5624–5630, https://doi.org/10.1128/MCB.21.16.5624-5630.2001

107 Saltiel, A.R. (2021) Insulin signaling in health and disease. J. Clin. Invest. 131, e142241, https://doi.org/10.1172/JCI142241
108 Anderson, L.E. and Henrich, W.L. (1987) Alkalemia-associated morbidity and mortality in medical and surgical patients. South. Med. J. 80, 729–733,

https://doi.org/10.1097/00007611-198706000-00016
109 Hong, T. and Shaw, R.M. (2017) Cardiac T-tubule microanatomy and function. Physiol. Rev. 97, 227–252,

https://doi.org/10.1152/physrev.00037.2015
110 Ibrahim, M., Gorelik, J., Yacoub, M.H. and Terracciano, C.M. (2011) The structure and function of cardiac t-tubules in health and disease. Proc. Biol.

Sci. 278, 2714–2723, https://doi.org/10.1098/rspb.2011.0624
111 Zhang, M., Perino, A., Ghigo, A., Hirsch, E. and Shah, A.M. (2013) NADPH oxidases in heart failure: poachers or gamekeepers? Antioxid. Redox Signal.

18, 1024–1041, https://doi.org/10.1089/ars.2012.4550
112 Jui, H.Y., Suzuki, Y., Accili, D. and Taylor, S.I. (1994) Expression of a cDNA encoding the human insulin receptor-related receptor. J. Biol. Chem. 269,

22446–22452, https://doi.org/10.1016/S0021-9258(17)31810-0
113 Cattaneo, F., Guerra, G., Parisi, M., De Marinis, M., Tafuri, D., Cinelli, M. et al. (2014) Cell-surface receptors transactivation mediated by G

protein-coupled receptors. Int. J. Mol. Sci. 15, 19700–19728, https://doi.org/10.3390/ijms151119700
114 Clerk, A., Cullingford, T.E., Fuller, S.J., Giraldo, A., Markou, T., Pikkarainen, S. et al. (2007) Signaling pathways mediating cardiac myocyte gene

expression in physiological and stress responses. J. Cell. Physiol. 212, 311–322, https://doi.org/10.1002/jcp.21094
115 Palanisamy, S., Xue, C., Ishiyama, S., Prasad, S.V.N. and Gabrielson, K. (2021) GPCR-ErbB transactivation pathways and clinical implications. Cell.

Signal. 86, 110092, https://doi.org/10.1016/j.cellsig.2021.110092
116 Haxho, F., Haq, S. and Szewczuk, M.R. (2018) Biased G protein-coupled receptor agonism mediates Neu1 sialidase and matrix metalloproteinase-9

crosstalk to induce transactivation of insulin receptor signaling. Cell. Signal. 43, 71–84, https://doi.org/10.1016/j.cellsig.2017.12.006
117 Kilpatrick, L.E. and Hill, S.J. (2021) Transactivation of G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs): recent insights using

luminescence and fluorescence technologies. Curr. Opin. Endocr. Metab. Res. 16, 102–112, https://doi.org/10.1016/j.coemr.2020.10.003
118 Sumitomo, M., Milowsky, M.I., Shen, R., Navarro, D., Dai, J., Asano, T. et al. (2001) Neutral endopeptidase inhibits neuropeptide-mediated

transactivation of the insulin-like growth factor receptor-Akt cell survival pathway. Cancer Res. 61, 3294–3298

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

19

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/42/7/BSR
20221212/935160/bsr-2022-1212c.pdf by U

K user on 02 August 2022

https://doi.org/10.4161/21690731.2014.983402
https://doi.org/10.1016/j.semcdb.2014.08.004
https://doi.org/10.1042/BST0340213
https://doi.org/10.1152/ajpheart.2000.278.4.H1056
https://doi.org/10.1186/1471-2164-11-343
https://doi.org/10.1242/jcs.222570
https://doi.org/10.1073/pnas.84.6.1502
https://doi.org/10.1126/science.8316835
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1111/j.1432-1033.1995.tb20179.x
https://doi.org/10.1093/molbev/msn036
https://doi.org/10.1016/0006-291X(92)91287-Z
https://doi.org/10.1210/endo.136.9.7649121
https://doi.org/10.1038/ki.1997.384
https://doi.org/10.1074/jbc.270.4.1881
https://doi.org/10.1021/bi9613032
https://doi.org/10.1016/j.cmet.2011.03.022
https://doi.org/10.1128/MCB.21.16.5624-5630.2001
https://doi.org/10.1172/JCI142241
https://doi.org/10.1097/00007611-198706000-00016
https://doi.org/10.1152/physrev.00037.2015
https://doi.org/10.1098/rspb.2011.0624
https://doi.org/10.1089/ars.2012.4550
https://doi.org/10.1016/S0021-9258(17)31810-0
https://doi.org/10.3390/ijms151119700
https://doi.org/10.1002/jcp.21094
https://doi.org/10.1016/j.cellsig.2021.110092
https://doi.org/10.1016/j.cellsig.2017.12.006
https://doi.org/10.1016/j.coemr.2020.10.003


Bioscience Reports (2022) 42 BSR20221212
https://doi.org/10.1042/BSR20221212

119 Mulvihill, M.J., Cooke, A., Rosenfeld-Franklin, M., Buck, E., Foreman, K., Landfair, D. et al. (2009) Discovery of OSI-906: a selective and orally
efficacious dual inhibitor of the IGF-1 receptor and insulin receptor. Fut. Med. Chem. 1, 1153–1171, https://doi.org/10.4155/fmc.09.89

120 Amatya, N., Lin, D.Y. and Andreotti, A.H. (2019) Dynamic regulatory features of the protein tyrosine kinases. Biochem. Soc. Trans. 47, 1101–1116,
https://doi.org/10.1042/BST20180590

121 Santos, C.X., Raza, S. and Shah, A.M. (2016) Redox signaling in the cardiomyocyte: From physiology to failure. Int. Biochem. Cell Biol. 74, 145–151,
https://doi.org/10.1016/j.biocel.2016.03.002
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128 Pucéat, M., Korichneva, I., Cassoly, R. and Vassort, G. (1995) Identification of band 3-like proteins and Cl-/HCO3- exchange in isolated
cardiomyocytes. J. Biol. Chem. 270, 1315–1322, https://doi.org/10.1074/jbc.270.3.1315

129 Sowah, D., Brown, B.F., Quon, A., Alvarez, B.V. and Casey, J.R. (2014) Resistance to cardiomyocyte hypertrophy in ae3-/- mice, deficient in the AE3 Cl.
BMC Cardiovasc. Disord. 14, 89, https://doi.org/10.1186/1471-2261-14-89

130 Alvarez, B.V., Johnson, D.E., Sowah, D., Soliman, D., Light, P.E., Xia, Y. et al. (2007) Carbonic anhydrase inhibition prevents and reverts cardiomyocyte
hypertrophy. J. Physiol. 579, 127–145, https://doi.org/10.1113/jphysiol.2006.123638

131 Brown, B.F., Quon, A., Dyck, J.R. and Casey, J.R. (2012) Carbonic anhydrase II promotes cardiomyocyte hypertrophy. Can. J. Physiol. Pharmacol. 90,
1599–1610, https://doi.org/10.1139/y2012-142

132 Sugden, P.H. and Bogoyevitch, M.A. (1996) Endothelin-1-dependent signaling pathways in the myocardium. Trends Cardiovasc. Med. 6, 87–94,
https://doi.org/10.1016/1050-1738(96)00013-8

133 Clerk, A., Gillespie-Brown, J., Fuller, S.J. and Sugden, P.H. (1996) Stimulation of phosphatidylinositol hydrolysis, protein kinase C translocation, and
mitogen-activated protein kinase activity by bradykinin in ventricular myocytes. Dissociation from the hypertrophic response. Biochem. J. 317,
109–118, https://doi.org/10.1042/bj3170109

134 Clerk, A. and Sugden, P.H. (1997) Regulation of phospholipases C and D in rat ventricular myocytes: stimulation by endothelin-1, bradykinin and
phenylephrine. J. Mol. Cell Cardiol. 29, 1593–1604, https://doi.org/10.1006/jmcc.1997.0395

135 Shimizu, I., Minamino, T., Toko, H., Okada, S., Ikeda, H., Yasuda, N. et al. (2010) Excessive cardiac insulin signaling exacerbates systolic dysfunction
induced by pressure overload in rodents. J. Clin. Invest. 120, 1506–1514, https://doi.org/10.1172/JCI40096

136 Hausenloy, D.J. and Yellon, D.M. (2004) New directions for protecting the heart against ischaemia- reperfusion injury: targeting the reperfusion Injury
Salvage Kinase (RISK)-pathway. Cardiovasc. Res. 61, 448–460, https://doi.org/10.1016/j.cardiores.2003.09.024

137 Turer, A.T. and Hill, J.A. (2010) Pathogenesis of myocardial ischemia-reperfusion injury and rationale for therapy. Am. J. Cardiol. 106, 360–368,
https://doi.org/10.1016/j.amjcard.2010.03.032

138 Jonassen, A.K., Sack, M.N., Mjos, O.D. and Yellon, D.M. (2001) Myocardial protection by insulin at reperfusion requires early administration and is
mediated by Akt and p70s6 kinase cell-survival signaling. Circ. Res. 89, 1191–1198, https://doi.org/10.1161/hh2401.101385

139 Fuglesteg, B.N., Tiron, C., Jonassen, A.K., Mjos, O.D. and Ytrehus, K. (2009) Pretreatment with insulin before ischaemia reduces infarct size in
Langendorff-perfused rat hearts. Acta. Physiol. (Oxf.) 195, 273–282, https://doi.org/10.1111/j.1748-1716.2008.01901.x

140 Jonassen, A.K., Brar, B.K., Mjos, O.D., Sack, M.N., Latchman, D.S. and Yellon, D.M. (2000) Insulin administered at reoxygenation exerts a
cardioprotective effect in myocytes by a possible anti-apoptotic mechanism. J. Mol. Cell Cardiol. 32, 757–764,
https://doi.org/10.1006/jmcc.2000.1118

141 Baines, C.P., Wang, L., Cohen, M.V. and Downey, J.M. (1999) Myocardial protection by insulin is dependent on phospatidylinositol 3-kinase but not
protein kinase C or KATP channels in the isolated rabbit heart. Basic Res. Cardiol. 94, 188–198, https://doi.org/10.1007/s003950050142

142 Duerr, R.L., Huang, S., Miraliakbar, H.R., Clark, R., Chien, K.R. and Ross, Jr, J. (1995) Insulin-like growth factor 1 enhances ventricular hypertrophy
and function during the onset of experimental cardiac failure. J. Clin. Invest. 95, 619–627, https://doi.org/10.1172/JCI117706

143 Duerr, R.L., McKirnan, M.D., Gim, R.D., Clark, R.G., Chien, K.R. and Ross, Jr, J. (1996) Cardiovascular effects of insulin-like growth factor-1 and
growth hormone in chronic left ventricular failure in the rat. Circulation 93, 2188–2196, https://doi.org/10.1161/01.CIR.93.12.2188

144 Santini, M.P., Tsao, L., Monassier, L., Theodoropoulos, C., Carter, J., Lara-Pezzi, E. et al. (2007) Enhancing repair of the mammalian heart. Circ. Res.
100, 1732–1740, https://doi.org/10.1161/CIRCRESAHA.107.148791

145 Hausenloy, D.J. and Yellon, D.M. (2006) Survival kinases in ischemic preconditioning and postconditioning. Cardiovasc. Res. 70, 240–253,
https://doi.org/10.1016/j.cardiores.2006.01.017

146 Yao, H., Han, X. and Han, X. (2014) The cardioprotection of the insulin-mediated PI3K/Akt/mTOR signaling pathway. Am. J. Cardiovasc. Drugs 14,
433–442, https://doi.org/10.1007/s40256-014-0089-9

147 Abel, E.D. (2021) Insulin signaling in the heart. Am. J. Physiol. Endocrinol. Metab. 321, E130–E145, https://doi.org/10.1152/ajpendo.00158.2021

20 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/42/7/BSR
20221212/935160/bsr-2022-1212c.pdf by U

K user on 02 August 2022

https://doi.org/10.4155/fmc.09.89
https://doi.org/10.1042/BST20180590
https://doi.org/10.1016/j.biocel.2016.03.002
https://doi.org/10.1113/jphysiol.1992.sp019002
https://doi.org/10.1152/ajpcell.1987.253.1.C137
https://doi.org/10.1152/ajpcell.1992.262.2.C316
https://doi.org/10.1038/nrm2820
https://doi.org/10.4331/wjbc.v5.i3.334
https://doi.org/10.1074/jbc.270.3.1315
https://doi.org/10.1186/1471-2261-14-89
https://doi.org/10.1113/jphysiol.2006.123638
https://doi.org/10.1139/y2012-142
https://doi.org/10.1016/1050-1738(96)00013-8
https://doi.org/10.1042/bj3170109
https://doi.org/10.1006/jmcc.1997.0395
https://doi.org/10.1172/JCI40096
https://doi.org/10.1016/j.cardiores.2003.09.024
https://doi.org/10.1016/j.amjcard.2010.03.032
https://doi.org/10.1161/hh2401.101385
https://doi.org/10.1111/j.1748-1716.2008.01901.x
https://doi.org/10.1006/jmcc.2000.1118
https://doi.org/10.1007/s003950050142
https://doi.org/10.1172/JCI117706
https://doi.org/10.1161/01.CIR.93.12.2188
https://doi.org/10.1161/CIRCRESAHA.107.148791
https://doi.org/10.1016/j.cardiores.2006.01.017
https://doi.org/10.1007/s40256-014-0089-9
https://doi.org/10.1152/ajpendo.00158.2021


Bioscience Reports (2022) 42 BSR20221212
https://doi.org/10.1042/BSR20221212

148 Fontana, L., Vinciguerra, M. and Longo, V.D. (2012) Growth factors, nutrient signaling, and cardiovascular aging. Circ. Res. 110, 1139–1150,
https://doi.org/10.1161/CIRCRESAHA.111.246470

149 Becker, L.B. (2004) New concepts in reactive oxygen species and cardiovascular reperfusion physiology. Cardiovasc. Res. 61, 461–470,
https://doi.org/10.1016/j.cardiores.2003.10.025

150 Lemasters, J.J., Bond, J.M., Chacon, E., Harper, I.S., Kaplan, S.H., Ohata, H. et al. (1996) The pH paradox in ischemia-reperfusion injury to cardiac
myocytes. EXS 76, 99–114, https://doi.org/10.1007/978-3-0348-8988-9˙7

151 Clerk, A., Cole, S.M., Cullingford, T.E., Harrison, J.G., Jormakka, M. and Valks, D.M. (2003) Regulation of cardiac myocyte cell death. Pharmacol. Ther.
97, 223–261, https://doi.org/10.1016/S0163-7258(02)00339-X

152 Green, C.L., Lamming, D.W. and Fontana, L. (2022) Molecular mechanisms of dietary restriction promoting health and longevity. Nat. Rev. Mol. Cell
Biol. 23, 56–73, https://doi.org/10.1038/s41580-021-00411-4

153 Miura, T. and Miki, T. (2009) GSK-3β, a therapeutic target for cardiomyocyte protection. Circ. J. 73, 1184–1192,
https://doi.org/10.1253/circj.CJ-09-0284

154 Maroko, P.R., Libby, P., Sobel, B.E., Bloor, C.M., Sybers, H.D., Shell, W.E. et al. (1972) Effect of glucose-insulin-potassium infusion on myocardial
infarction following experimental coronary artery occlusion. Circulation 45, 1160–1175, https://doi.org/10.1161/01.CIR.45.6.1160

155 Braunwald, E. and Maroko, P.R. (1973) Investigations on protection of the ischemic myocardium. Trans. Am. Clin. Climatol. Assoc. 84, 80–115
156 Scheuer, J. (1975) Some metabolic approaches to improving myocardial performance during cardiac hypoxia. Recent Adv. Stud. Cardiac Struct.

Metab. 10, 195–207
157 Van Rooyen, J., McCarthy, J. and Opie, L.H. (2002) Increased glycolysis during ischaemia mediates the protective effect of glucose and insulin in the

isolated rat heart despite the presence of cardiodepressant exogenous substrates. Cardiovasc. J. S. Afr. 13, 103–109
158 Wilson, J.E. (2003) Isozymes of mammalian hexokinase: structure, subcellular localization and metabolic function. J. Exp. Biol. 206, 2049–2057,

https://doi.org/10.1242/jeb.00241
159 Gerbitz, K.D., Gempel, K. and Brdiczka, D. (1996) Mitochondria and diabetes. Genetic, biochemical, and clinical implications of the cellular energy

circuit. Diabetes 45, 113–126, https://doi.org/10.2337/diab.45.2.113
160 Tran, D.H. and Wang, Z.V. (2019) Glucose metabolism in cardiac hypertrophy and heart failure. J. Am. Heart Assoc. 8, e012673,

https://doi.org/10.1161/JAHA.119.012673
161 Zimmer, H.G., Bunger, R., Koschine, H., Steinkopff, G. and Ibel, H. (1982) Possible role of oxidized glutathione for the regulation of the myocardial

hexose monophosphate shunt. Adv. Myocardiol. 3, 577–584, https://doi.org/10.1007/978-1-4899-5561-6˙55
162 Wang, L., Li, J. and Di, L.J. (2022) Glycogen synthesis and beyond, a comprehensive review of GSK3 as a key regulator of metabolic pathways and a

therapeutic target for treating metabolic diseases. Med. Res. Rev. 42, 946–982, https://doi.org/10.1002/med.21867
163 Jennings, R.B. and Reimer, K.A. (1991) The cell biology of acute myocardial ischemia. Annu. Rev. Med. 42, 225–246,

https://doi.org/10.1146/annurev.me.42.020191.001301
164 Cohen, P., Burchell, A., Foulkes, J.G., Cohen, P.T., Vanaman, T.C. and Nairn, A.C. (1978) Identification of the Ca2+-dependent modulator protein as the

fourth subunit of rabbit skeletal muscle phosphorylase kinase. FEBS Lett. 92, 287–293, https://doi.org/10.1016/0014-5793(78)80772-8
165 Cohen, P. (1980) The role of calcium ions, calmodulin and troponin in the regulation of phosphorylase kinase from rabbit skeletal muscle. Eur. J.

Biochem. 111, 563–574, https://doi.org/10.1111/j.1432-1033.1980.tb04972.x
166 Scheuer, J. and Stezoski, S.W. (1968) Effects of high-energy phosphate depletion and repletion on the dynamics and electrocardiogram of isolated rat

hearts. Circ. Res. 23, 519–530, https://doi.org/10.1161/01.RES.23.4.519
167 Ofir, M., Arad, M., Porat, E., Freimark, D., Chepurko, Y., Vidne, B.A. et al. (2008) Increased glycogen stores due to γ-AMPK overexpression protects

against ischemia and reperfusion damage. Biochem. Pharmacol. 75, 1482–1491, https://doi.org/10.1016/j.bcp.2007.12.011
168 Gopal, K., Saleme, B., Al Batran, R., Aburasayn, H., Eshreif, A., Ho, K.L. et al. (2017) FoxO1 regulates myocardial glucose oxidation rates via

transcriptional control of pyruvate dehydrogenase kinase 4 expression. Am. J. Physiol. Heart Circ. Physiol. 313, H479–H490,
https://doi.org/10.1152/ajpheart.00191.2017

169 Wang, F., Yuan, Q., Chen, F., Pang, J., Pan, C., Xu, F. et al. (2021) Fundamental mechanisms of the cell death caused by nitrosative stress. Front. Cell
Dev. Biol. 9, 742483, https://doi.org/10.3389/fcell.2021.742483

170 Seddon, M., Shah, A.M. and Casadei, B. (2007) Cardiomyocytes as effectors of nitric oxide signalling. Cardiovasc. Res. 75, 315–326,
https://doi.org/10.1016/j.cardiores.2007.04.031

171 Paulus, W.J. and Bronzwaer, J.G. (2004) Nitric oxide’s role in the heart: control of beating or breathing? Am. J. Physiol. Heart Circ. Physiol. 287,
H8–H13, https://doi.org/10.1152/ajpheart.01147.2003

172 Flier, J.S. (2019) C. Ronald Kahn: The Louisville Slugger of metabolic science. J. Clin. Invest. 129, 5066–5070, https://doi.org/10.1172/JCI133156
173 Deyev, I.E., Mitrofanova, A.V., Zhevlenev, E.S., Radionov, N., Berchatova, A.A., Popova, N.V. et al. (2013) Structural determinants of the insulin

receptor-related receptor activation by alkali. J. Biol. Chem. 288, 33884–33893, https://doi.org/10.1074/jbc.M113.483172
174 Deyev, I.E., Chachina, N.A., Shayahmetova, D.M., Serova, O.V. and Petrenko, A.G. (2015) Mapping of alkali-sensing sites of the insulin receptor-related

receptor. The role of L2 and fibronectin domains. Biochimie 111, 1–9, https://doi.org/10.1016/j.biochi.2014.12.014
175 Shtykova, E.V., Petoukhov, M.V., Mozhaev, A.A., Deyev, I.E., Dadinova, L.A., Loshkarev, N.A. et al. (2019) The dimeric ectodomain of the alkali-sensing

insulin receptor-related receptor (ectoIRR) has a droplike shape. J. Biol. Chem. 294, 17790–17798, https://doi.org/10.1074/jbc.RA119.010390
176 Batishchev, O.V., Kuzmina, N.V., Mozhaev, A.A., Goryashchenko, A.S., Mileshina, E.D., Orsa, A.N. et al. (2021) Activity-dependent conformational

transitions of the insulin receptor-related receptor. J. Biol. Chem. 296, 100534, https://doi.org/10.1016/j.jbc.2021.100534
177 Scheuer, J. and Berry, M.N. (1967) Effects of alkalosis on glycolysis in the working heart. Am. J. Physiol. 213, 1143–1148,

https://doi.org/10.1152/ajplegacy.1967.213.5.1143

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

21

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/42/7/BSR
20221212/935160/bsr-2022-1212c.pdf by U

K user on 02 August 2022

https://doi.org/10.1161/CIRCRESAHA.111.246470
https://doi.org/10.1016/j.cardiores.2003.10.025
https://doi.org/10.1007/978-3-0348-8988-9_7
https://doi.org/10.1016/S0163-7258(02)00339-X
https://doi.org/10.1038/s41580-021-00411-4
https://doi.org/10.1253/circj.CJ-09-0284
https://doi.org/10.1161/01.CIR.45.6.1160
https://doi.org/10.1242/jeb.00241
https://doi.org/10.2337/diab.45.2.113
https://doi.org/10.1161/JAHA.119.012673
https://doi.org/10.1007/978-1-4899-5561-6_55
https://doi.org/10.1002/med.21867
https://doi.org/10.1146/annurev.me.42.020191.001301
https://doi.org/10.1016/0014-5793(78)80772-8
https://doi.org/10.1111/j.1432-1033.1980.tb04972.x
https://doi.org/10.1161/01.RES.23.4.519
https://doi.org/10.1016/j.bcp.2007.12.011
https://doi.org/10.1152/ajpheart.00191.2017
https://doi.org/10.3389/fcell.2021.742483
https://doi.org/10.1016/j.cardiores.2007.04.031
https://doi.org/10.1152/ajpheart.01147.2003
https://doi.org/10.1172/JCI133156
https://doi.org/10.1074/jbc.M113.483172
https://doi.org/10.1016/j.biochi.2014.12.014
https://doi.org/10.1074/jbc.RA119.010390
https://doi.org/10.1016/j.jbc.2021.100534
https://doi.org/10.1152/ajplegacy.1967.213.5.1143


Bioscience Reports (2022) 42 BSR20221212
https://doi.org/10.1042/BSR20221212

178 Ushkaryov, Y.A. and Langenhan, T. (2021) Alexander Georgievich Petrenko (1959-2021). FEBS J. 288, 6680–6682,
https://doi.org/10.1111/febs.16282

22 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/bioscirep/article-pdf/42/7/BSR
20221212/935160/bsr-2022-1212c.pdf by U

K user on 02 August 2022

https://doi.org/10.1111/febs.16282

