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A hundred years ago, Frederick Banting and Charles
Best, in the laboratory of John MacLeod at the Uni-
versity of Toronto, performed a historic experiment
demonstrating that an extract from pancreata in which
the pancreatic ducts had been ligated to allow isolation
of the “internal secretion” lowered blood glucose in
dogs. This experiment broke ground for a fertile field
that now extends into essentially all branches of phys-
iology, endocrinology, biochemistry, cell biology, ge-
netics, and molecular biology. This centennial is being
celebrated by the retelling of this extraordinary story
and the research triumphs that mark the trajectory to
the present. Several journals have already paid tribute
to these events (1–5).

We wish to highlight the role of our two ASBMB
journals, The Journal of Biological Chemistry and The Journal
of Lipid Research in publishing impactful biochemical
studies in this field. We have selected 27 articles for
republication. The choice of so few articles from a vast
literature was very difficult and somewhat arbitrary,
but it allows us to highlight a subset of the many great
discoveries that advanced our understanding of insulin
and to recognize the remarkable insights of early pio-
neers of this field. Many of the most important articles
in the field were published in other journals and are
therefore not included in this series.

What comes across in reading the earlier publications
in this field is how prescient were the insights and
speculations of the brilliant scientists who launched and
advanced this field. In threading together these stories,
we have gained a new appreciation of the hard work,
zealous dedication, and brilliant insights of the scientists
involved in this quest. Although diabetes is principally
defined by hyperglycemia, the role of lipids in diabetes
has been a dominant theme in this field and we point to
several highlights in this story.
INSULIN PURIFICATION

With the realization that a substance produced in the
pancreas is capable of lowering blood glucose and is
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likely missing in people with diabetes, it became critical
to purify and identify this substance. The first purifi-
cation of insulin, from the cow pancreas, was per-
formed by the Canadian biochemist James Collip and
was used to treat the first human patient with diabetes,
Leonard Thompson, in 1922.

American scientists were also working on purifying
insulin. The first article on insulin that was published in
the JBC is a study of precipitation methods by Kimball
and Murlin in 1923 (6). They tested a series of alcohols,
acetone, ether, toluene, xylene, trichloroacetic acid, and
several salts. The method was to centrifuge the pre-
cipitate, resuspend in water, and immediately inject into
rabbits. What is most remarkable about the article is
how inconclusive it was regarding insulin’s properties.
It did not promote any one precipitation method and
ended by saying, “With regard to the properties of in-
sulin as it has been observed in this laboratory, not
much can be said. It is a white, amorphous powder
probably insoluble in neutral water when pure. It gives
no protein reactions of any kind, and the most potent
that have been analyzed have had a low nitrogen con-
tent, 4 to 6% dry weight.” The real significance of that
article (6) by Kimball and Murlin, however, was the
discovery of glucagon, which they described as a “hy-
perglycemic substance” in the pancreatic extracts used
to purify insulin.

Patients with diabetes went on to be treated with in-
sulin purified from cattle or pigs. However, with the
development of a radioimmunoassay by Rosalyn Yalow
and Solomon Berson (7), it became clear that many
patients developed antibodies against bovine and
porcine insulin, making it less effective with time. Hu-
man insulin was not to become available until late in
the 1970s, when the first genetically engineered insulin
was produced in Escherichia coli by scientists at Gen-
entech (8). Rosalyn Yalow became the second woman to
receive the Nobel Prize in Physiology or Medicine for
her work. The first was Gerty Cori (see below).

Berson and Yalow quickly realized that patients with
type 2 diabetes were most often not insulin-deficient
and in fact many had hyperinsulinemia. They antici-
pated the intense focus on insulin resistance in this field
with this comment in their famous publication
describing the insulin radioimmunoassay (9):
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“appreciation of the lack of responsiveness of blood
sugar, in the face of apparently adequate amounts of
insulin secreted by early maturity-onset diabetic sub-
jects, is obviously of importance in the interpretation of
the pathogenesis of this type of diabetes. However, the
data at hand can only indicate that absolute insulin
deficiency per se is not the cause of the hyperglycemia
and suggest other possibilities that merit investigation,
namely (1) abnormal tissues with a high threshold for
the action of insulin; (2) an abnormal insulin that acts
poorly with respect to hormonal activity in vivo but re-
acts well immunologically in vitro; (3) an abnormally
rapid inactivation of hormonally active sites … but not
of immunologically active sites on the insulin mole-
cules; and (4) the presence of insulin antagonists. The
last suggestion has been made many times by previous
workers. A joint attack on the problem, utilizing both
the specific immunoassay for plasma insulin and an
assay method that measures the net biological effect of
insulin and its inhibitors would seem to be indicated.”

PROCESSING OF PROINSULIN

A pioneer in the study of post-translational process-
ing of insulin was Don Steiner. He narrates this story in
a lovingly written JBC article, published in 2011 (10). The
determination of the sequence and structure of insulin
by Fred Sanger in 1955 (11) (who received two Nobel
Prizes for his work on protein and DNA sequencing)
begged the question, are the two chains of the insulin
molecule derived from a common precursor? In 1967,
Don Steiner published his seminal discovery, through
protein purification and pulse-chase experiments in
isolated islets, of a precursor to insulin, proinsulin (12).
Proinsulin consists of the insulin A and B chains con-
nected by a peptide (C-peptide), which is cleaved off in
the secretory granules before secretion of mature in-
sulin. Steiner also recognized the utility of the C-pep-
tide as a quantifiable marker of insulin production and
β-cell function, and developed its assay in 1970 (13).
Steiner went on to discover several of the enzymes that
process proinsulin to mature insulin. This work has had
a profound impact on cell biology and endocrinology
because many protein hormones, clotting factors,
growth factors, receptors, and even serum albumin are
synthesized as a precursor with a propeptide that is
removed during its transport through the secretory
pathway.

The 3D structure of mature porcine insulin was
solved by Dorothy Hodgkin (14), who had applied X-ray
crystallography to reveal 3D structures of several other
molecules before that. She was awarded the Nobel Prize
in Chemistry in 1964 for her discoveries. Not surpris-
ingly, the 3D structure of insulin is critical for its bio-
logical activities.

Graeme Bell reported in 2007 that mutations in the
insulin gene that cause abnormalities in insulin matu-
ration and folding cause diabetes (15). Protein
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misfolding activates a transcriptional program, the
unfolded protein response, which can ultimately lead to
cell death and is now recognized as a major cause of
diseases caused by missense mutations in proteins,
ranging from neurological diseases to metabolic
diseases.

Jeremy Thorner’s discovery of the yeast protease
that processes the yeast mating factor, Kex2p, led to the
discovery of the convertases that process proinsulin and
proglucagon (16) and then to an entire family of pro-
protein convertases (17). Many endocrine disorders and
some obesity syndromes are caused by mutations in
these enzymes. Thus, the discovery of processing of
proinsulin to insulin spurred a number of seminal
subsequent discoveries.

INSULIN SECRETION

The pathways that link glucose sensing with insulin
secretion have been at the heart of islet biology for
decades. A milestone in the field was the 1984 discovery
by Frances and Stephen Ashcroft at the University of
Oxford that ATP-sensitive potassium (KATP) channels
link ATP generation to insulin secretion (18). Meta-
bolism of glucose in the β-cell leads to a rise in ATP, the
closure of the KATP channel, and the activation of
voltage-gated Ca2+ channels, leading to Ca2+ influx and
insulin secretion. The KATP channel is an octamer
consisting of two proteins, Kir6.1 (KCNJ11) or Kir6.2 and
the sulfonylurea receptor, SUR1 (ABCC8) or SUR2.
Loss-of-function mutations in SUR1 or less commonly,
KCNJ11, lead to hyperinsulinism (19), whereas mutations
in KCNJ11 that decrease ATP inhibition of KATP cause
neonatal permanent neonatal diabetes (20).

Glucokinase plays a role in glucose sensing in the
liver and β-cells. In the liver, glucokinase expression is
regulated by insulin, and its abundance determines the
capacity of the liver to metabolize glucose, which, un-
like the muscle and adipose tissue, is rate-limiting for its
uptake. Matschinsky and Ellerman discovered in 1968
that glucokinase is present in β-cells (21). The discovery
of genes causing monogenic dominantly inherited
diabetes syndromes, termed maturity-onset diabetes of
the young, provided valuable mechanistic information
about β-cell biology (22). Specifically, loss-of-function
mutations in glucokinase lead to diabetes (23), whereas
the rarer gain-of-function mutants cause hyperinsu-
linism (24). This supports the role of glucokinase as a
β-cell glucose sensor that determines the capacity of the
β-cell to take up glucose and oxidize it in the glycolytic
pathway and led to the development of glucokinase
activators as a potential treatment for diabetes (25).
Other maturity-onset diabetes of the young genes
include transcription factors that play roles in β-cell
development and in the function of the adult β-cell.

Although glucose is the best-studied insulin secre-
tagogue, amino acids can also stimulate insulin secre-
tion. Gain-of-function mutations in glutamate



dehydrogenase cause excessive amino acid–induced
insulin secretion (26). The product of glutamate de-
hydrogenase is mitochondrial α-ketoglutarate, raising
the question how this metabolite could signal insulin
secretion. An important clue came from the discovery
that β-cells have an abundance of mitochondrial
phosphoenolpyruvate carboxykinase, encoded by the
PCK2 gene. Deletion of the gene in mice leads to a
severe defect in insulin secretion (27) as shown by
Richard Kibbey’s laboratory at Yale University. Sub-
sequent studies have proposed that formation of
phosphoenolpyruvate promotes cycling through the
pyruvate kinase reaction and this is intimately con-
nected with the closure of the ATP channel (28, 29).

Unlike most other cell types, pyruvate metabolism in
β-cell mitochondria partitions fairly equally between
the anaplerotic route (pyruvate carboxylase) and the
oxidative route (pyruvate dehydrogenase), as demon-
strated by Schuit and colleagues (30). Much of the
product, citrate and/or isocitrate, exit the mitochon-
dria. As in other cell types, malonyl-CoA gates fatty
acid entry into the mitochondria and subsequent
β-oxidation by inhibiting carnitine palmitoyl
transferase-1. Cytosolic citrate gives rise to acetyl-CoA
and then malonyl-CoA. Cytosolic isocitrate can be
oxidized to α-ketoglutarate, giving rise to reducing
equivalents in the form of NADPH. NADPH has been
suggested to play a role in amplifying insulin secretion.
One pathway, proposed by Newgard and MacDonald,
suggests that isocitrate dehydrogenase-2 in the cytosol
produces NADPH, which reduces glutathione, and this
activates the de-SUMOylating enzyme sentrin/SUMO-
specific protease-1, which has as its substrate tomosyn-1,
which regulates syntaxin 1A during insulin exocytosis
(31, 32).

Fatty acids amplify insulin secretion. Blocking fatty
acid oxidation enhances insulin secretion. Prentki has
proposed a model whereby monoglycerides, primarily
derived from hydrolysis of triglycerides, bind to Muc18
and stimulate insulin exocytosis (33). Fatty acids also
bind to a G-protein–coupled receptor, FFA1/Gpr40,
which may amplify insulin secretion through an inde-
pendent route (34).

INCRETIN HORMONES

Beginning as early as 1902, it was postulated that the
intestine produces factors that lower blood glucose.
This was refined into the term “incretin” by La Barre in
1932 and was followed by numerous studies with in-
testinal extracts, which supported and then failed to
support the role of an intestinal extract in glucose
regulation (reviewed in (35)). The development of the
insulin radioimmunoassay by Yalow and Berson facil-
itated the search for incretins by directly measuring
insulin secretion. The incretin concept was proposed in
1964 based on the observation of a much greater insulin
response to an oral glucose than an intravenous glucose
challenge (36, 37). The first incretin hormone to be
purified was glucose-dependent insulinotropic poly-
peptide, and its action in humans was first demon-
strated in 1973 (38).

The mammalian preproglucagon cDNA was cloned
in 1983 by Graeme Bell. He showed that the gene
encoded glucagon, the incretin glucagon-like peptide-1
(GLP1) and glucagon-like peptide-2 (39). The GLP1 re-
ceptor was cloned in 1992 by Bernard Thorens (40). The
ground-breaking work of Habener, Holst, Drucker, and
many others laid the foundation for GLP1 agonists as
antidiabetic drugs. The discovery of exendin-4, isolated
from Heloderma suspectum venom, provided a highly
effective stable GLP1 agonist (41). The development of
inhibitors of a circulating protease that degrades GLP1,
dipeptidyl peptidase-4 by Nancy Thornberry and Ann
Weber, delivered an orally available alternative to
injected GLP1 agonists (42). Recent work has also shown
that glucagon can function in a paracrine fashion to
stimulate insulin secretion through the GLP1 receptor
(43).

GLP1 has numerous actions unrelated to glycemic
control, including effects on the heart rate, inflamma-
tion, blood pressure, hepatic steatosis, and food intake.
In addition to its production by intestinal L-cells and
pancreatic α-cells, GLP1 is synthesized in the central
nervous system where it regulates food intake
(reviewed in (44)).

THE DISCOVERIES THAT INSULIN ACTS BY
INCREASING GLUCOSE UPTAKE INTO CELLS

Levine and Goldstein published a landmark article in
the JBC in 1949 (45), with just one page of text and one
figure [see Fig. 1 in (45)]. This report is generally
regarded as the first evidence that insulin stimulates
hexose uptake into cells. Before 1949, many scientists
believed that insulin acted by entering cells and inter-
acting with cellular enzymes to change their activity
and downstream glucose metabolism. Levine and
Goldstein used galactose as a nonmetabolized sugar to
follow its fate 30 min after injection of insulin into a
dog. After observing an increase in the disappearance
of galactose from the circulation, they presciently
concluded, “The working hypothesis prompted by these
data can be stated as follows: Insulin acts upon the cell
membranes of certain tissues (skeletal muscle, etc.) in
such a manner that the transfer of hexoses (and
perhaps therapeutic substances) from the extracellular
fluid into the cell is facilitated. The intracellular fate of
the hexoses depends upon the availability of metabolic
systems for their transformation. In the case of galac-
tose, no further changes occur. In the case of glucose,
dissimilation, glycogen storage, and transformation to
fat are secondarily stimulated by the rapidity of its
entry into the cell.”

In 1961, Charles “Rollo” Park reported in the JBC that
the rate-limiting step in the stimulation by insulin of
The Insulin Centennial—100 years of milestones 3



glucose utilization by the perfused heart is transport
across the plasma membrane (46). Remarkably, he also
discovered that anoxia stimulated glucose transport,
anticipating the later work on exercise and AMPK-
stimulated glucose uptake into muscle.

The mechanism by which insulin stimulates glucose
uptake into cells was revealed in the late 1980’s when
the main insulin-sensitive glucose transporter, GLUT4
(gene name SLC2A4), was cloned by a group led by
Graeme Bell and Susumu Seino at the University of
Chicago (47) and by David James and Mike Mueckler
(48). It was later shown by Sam Cushman and Tetsuro
Kono that insulin promotes the translocation of
GLUT4 to the plasma membrane (49, 50). Subsequent
work of Jeffrey Pessin’s group (51) and others (52)
showed that insulin-stimulated translocation of GLUT4
vesicles from intracellular stores to the plasma mem-
brane engages the exocytotic machinery of the cell,
that is, some of the same cellular machinery required
for insulin exocytosis in the β-cell.

The translocation of GLUT4 to the plasma mem-
brane is not exclusively stimulated by insulin, however.
In a highly impactful study, Amira Klip reported in
1990 in the JBC that exercise can also induce GLUT4
translocation to the plasma membrane (53).

ROLE OF INSULIN IN GLYCOGEN METABOLISM

As early as the 1920s, Carl and Gerty Cori, working in
Buffalo, NY, established the ‘cycle of carbohydrate’ aka
the Cori Cycle. Blood glucose is converted into muscle
glycogen, as an energy storage mechanism. Glycogen
can then be metabolized back to glucose (through
glycogenolysis) and be used to generate ATP through
glycolysis and mitochondrial oxidation. However, dur-
ing strenuous exercise, due to the lack of sufficient
oxygen, glycolysis generates lactic acid, which is
released into the blood. Lactic acid is converted back to
glucose in the liver through gluconeogenesis and can
then be used by muscle. The Coris discovered that in-
sulin accelerates the cycle from the liver to muscle (54).
Carl and Gerty Cori were awarded the Nobel Prize in
Physiology or Medicine in 1947 for their discoveries.

The liver is the second important glycogen storage
tissue. In the liver, the first step in glucose conversion to
glycogen, phosphorylation of glucose to glucose-6-
phoshate, is catalyzed by glucokinase. Chernick and
Chaikoff, long before the discovery of the activation of
glucokinase by insulin (55), proposed that there was a
block in glucose transport between glucose and glucose-
6-phosphate in liver slices from diabetic rats (56). James
Ashmore’s laboratory at Harvard showed in 1955 that
insulin had only modest and delayed effects on carbo-
hydrate metabolism in liver slices as compared with its
rapid (within minutes) effects in muscles (57). Thus, it
was already known in the 1950s that the rate-limiting
step for glucose utilization differed in the muscle and
liver.
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INSULIN STIMULATES LIPOGENESIS

The liver is the only organ that synthesizes fatty acids
and triglycerides for export to other tissues, such as
adipose tissue, where triglycerides are stored in lipid
droplets until needed. In 1944, Stetten and Boxer used
tracer studies with deuterated water to discover that
diabetic animals were deficient in their ability to
convert glucose into lipids (58). Six years later, Chernick
et al. (59) demonstrated that this deficiency was present
in liver slices from diabetic rats, showing for the first
time that the tissue retained its “memory” of the insulin
deficiency of the intact animal. Many years later, the
Brown and Goldstein laboratory discovered that insulin
increases the expression of SREBP-1c, the master tran-
scriptional regulator of genes encoding lipogenic en-
zymes (60) in a pathway that requires the activity of the
mechanistic target of rapamycin complex 1 (61). Insulin
also stimulates lipogenesis in adipose tissue, which
together with insulin-mediated suppression of lipolysis
contributes to the weight gain in response to insulin
treatment.
MECHANISM FOR INSULIN SUPPRESSION OF
KETOGENESIS

The earliest characterizations of patients with type 1
diabetes and animal models with surgical or chemical
ablation of insulin-producing cells observed life-
threatening ketosis. Ketosis, the excess generation by
the liver of ketone bodies when the body does not have
a sufficient supply of carbohydrates, can lead to
ketoacidosis. The mechanism for insulin’s inhibition of
ketogenesis was first characterized by the studies of J.
Denis McGarry. First, working with Dan Foster in 1971,
McGarry noted that ketogenesis from the straight-
chain fatty acid octanoate, which is not used as a sub-
strate for triglyceride synthesis, occurred at a much
faster rate in fasted rats than in fed rats (62). Moreover,
ketogenesis from octanoate occurred at a maximal rate
in diabetic rats. The group concluded that an acceler-
ated generation of acetyl-CoA was responsible for the
increased ketogenesis in diabetes. McGarry and Foster
went on to discover that there was increased carnitine
in diabetic livers and increased flux of fatty acids
through the carnitine acyl-transferase reaction (63),
leading to the increased acetyl-CoA levels and subse-
quent ketogenesis.

The site of inhibition of ketogenesis by insulin was
unknown at this time. Richard Veech et al. had observed
that malonyl-CoA levels are decreased in response to
glucagon, diabetes, and starvation and increased in
response to insulin. Glucose had been known to sup-
press ketogenesis. This set McGarry and Foster on an
18-month quest for an intermediate in glucose meta-
bolism that could inhibit ketogenesis in liver homoge-
nates. Inspired by the simultaneous regulation of
glycogen synthesis and breakdown, they expanded



their search to look for a molecule that could regulate
fatty acid synthesis and oxidation and landed on
malonyl-CoA (64). McGarry and Foster discovered that
malonyl-CoA is a potent regulator of carnitine acyl-
transferase I and thus gates the entry of substrate
fatty acid into the mitochondria, controlling fatty acid
β-oxidation and ketogenesis (64). They went on to show
that glucagon simultaneously blocks fatty acid synthesis
and stimulates ketogenesis while regulating the level of
malonyl-CoA (65). With the prior knowledge that in-
sulin and glucagon regulate acetyl-CoA carboxylase,
McGarry and Foster were able to deduce that this
enzyme is the key locus for the effect of these two
hormones on ketogenesis, through the production of
malonyl-CoA and its inhibitory effect on mitochondrial
carnitine palmitoyltransferase I. Through this mecha-
nism, insulin suppresses ketogenesis by limiting access
of fatty acids into mitochondria for generation of
acetyl-CoA and subsequent ketogenesis.

MECHANISM FOR INSULIN SUPPRESSION OF
LIPOLYSIS IN ADIPOCYTES

Before the discovery of insulin, children with type 1
diabetes became emaciated and often died within a
year of diagnosis. This dire disease progression changed
rapidly with insulin treatment of the first patients. In a
letter to Banting from one of the first patients treated
with insulin, Teddy Ryder wrote “I wish you could
come to see me. I am a fat boy now and I feel fine.”

The mechanism whereby insulin promotes adiposity
by suppressing lipolysis remained elusive for decades.
The mechanism was finally elucidated in large part by
Earl Sutherland, Jr, who was awarded the Nobel Prize in
Physiology or Medicine in 1971 for his discovery of the
second messenger cyclic AMP. Sutherland had trained
with the Coris in the early 1940s. In a milestone article
published in the JBC in 1966, he concluded that “the
antilipolytic action of insulin is due at least in part to
the suppression of cyclic AMP levels” and that “it ap-
pears most likely that insulin is inhibiting the synthesis
of cyclic AMP or possibly accelerating its inactivation”
(66). We now know that insulin acts to suppress lipolysis
by activating a cyclic nucleotide phosphodiesterase
(PDE3B), which converts cyclic AMP to 5′-AMP (67).

By lowering cyclic AMP levels, insulin causes a
reduced activity of PKA (also known as cAMP-
dependent protein kinase). Greenberg and Egan,
working in the laboratory of Constantine Londos,
identified an important phosphoprotein substrate of
PKA in 1990 (68, 69). They termed the protein perilipin
as it coats lipid droplets. Perilipin sequesters alpha-beta
hydrolase domain 5, aka CGI-58, prevents the interac-
tion of alpha-beta hydrolase domain 5 with adipose
triglyceride lipase, and reduces the first step in lipolysis,
the hydrolysis of triglycerides to diacylglycerols (70–72).
PKA also targets hormone-sensitive lipase to the sur-
face of lipid droplets and enhances its lipolytic activity
(73, 74). Together, the action of insulin is to strongly
suppress lipolysis in adipose tissue.

DISCOVERY OF THE INSULIN RECEPTOR AND
ITS TYROSINE KINASE ACTIVITY

The 1970s witnessed the discovery of the kinase cas-
cades that respond to insulin signaling. The Larner
laboratory led the way in discovering the role of cyclic
AMP in the regulation of glycogen metabolism (75).
Joseph Larner’s group further showed that insulin
could promote the activation of glycogen synthase
through its inhibition of glycogen synthase kinase (75).
These studies provided a template for later work that
identified other protein kinases that could modulate
these enzymes.

By this time, it was well appreciated that insulin’s
actions are mediated by its receptor. Already in the
early 1950s, Martha Vaughan had provided seminal
discoveries indicating the presence of an insulin re-
ceptor. In a JBC article published in 1952, she labeled
insulin with 131I and 35S and analyzed its binding to
isolated rat diaphragms to show that “insulin is bound
by chemical bonds of as yet undetermined character to
tissue” (76). A couple of years later, she showed that
labeled insulin also binds to typical insulin target tissues
(liver, adipose tissue, skeletal muscle) in vivo in rats and
dogs (77). Pedro Cuatrecasas later showed that the pri-
mary action of insulin is at the cell membrane (78) and
then used affinity chromatography and detergent sol-
ubilization methods to purify the insulin receptor from
liver cell membranes (79). Ronald Kahn, David Neville,
and Jesse Roth carried out the first receptor-binding
assays and concluded that the levels of the insulin re-
ceptor are reduced in obese animals, providing a
plausible explanation for insulin resistance (80). This
was long before the regulation of downstream
signaling events were studied.

In 1980, Pilch and Czech, by cross-linking insulin with
its receptor and visualizing it by gel electrophoresis
under reducing and nonreducing conditions,
concluded that the receptor is made up of proteins
linked by disulfide bonds (81). A short time later, Hedo
et al. (82) went on to show that in fact the chains of the
receptor are derived from a single polypeptide pre-
cursor that is proteolytically cleaved to give rise to its
two chains, which remain connected by a disulfide
bond and assemble into an α2β2 heterotetramer.

The discovery by Kasuga et al. (83) in Ronald Kahn’s
laboratory that the insulin receptor is a protein tyrosine
kinase that catalyzes its own phosphorylation inspired
detailed mechanistic exploration of its other substrates
and the cascade of events that is triggered when insulin
binds to its receptor. Through mutagenesis experi-
ments, Ora Rosen demonstrated that the tyrosine kinase
activity of the insulin receptor is essential for its effects
on glucose uptake and metabolism, and its mitogenic
effects, but not for binding to insulin (84). More
The Insulin Centennial—100 years of milestones 5



precisely, the autophosphorylation of the receptor
regulates its kinase activity in a feed-forward fashion, as
shown by Morris White while working in the Kahn
laboratory (85, 86). The many remaining unanswered
questions in this field are a testament to the immense
complexity of the insulin receptor signaling pathway
and cross-talk with other intracellular signaling
pathways.
INSULIN RECEPTOR KINASE SUBSTRATES, A
GATEWAY INTO THE INSULIN SIGNALING

PATHWAY

In 1987, White et al. (87) reported the purification of a
soluble protein in cells that is phosphorylated by the
insulin receptor; it came to be known as insulin recep-
tor substrate 1 (IRS1). At least eight additional substrates
of the insulin receptor and the insulin-like growth
factor receptor-1 were subsequently identified. The
autophosphorylation of the insulin receptor enables it
to recruit its substrates. IRS1 and IRS2 were then shown
to recruit other essential components of the insulin
signaling cascade. The early 1990s saw the rapid
expansion of research into the insulin receptor
signaling pathways. Among the most important dis-
coveries were Lewis Cantley’s discovery of PI3K, which
catalyzes the formation of phosphatidylinositol-3-
phosphate (88) and the subsequent demonstration that
insulin receptor activation results in activation of PI3K
(89). With the identification of the serine–threonine
kinase Akt by Philip Tsichlis (90) and the finding that
a constitutively active Akt mutant mimics the action of
insulin on glucose uptake by Morris Birnbaum and
Richard Roth (91), Philip Cohen’s group discovered the
serine–threonine kinase PtdIns(3,4,5)P3-dependent
protein kinase-1 as the link between PI3K and Akt
activation (92).

Insulin receptor–induced activation of Akt explains
many of the metabolic effects of insulin. Accordingly,
Akt isoforms have numerous substrates, including
members of the FOXO family of transcription factors,
as beautifully illuminated by Domenico (Mimmo) Accili
(93). FOXO1 activates genes in gluconeogenesis and,
when phosphorylated by Akt, is excluded from the
nucleus, providing a basis for insulin’s inhibition of
gluconeogenesis at the transcriptional level. Akt also
activates PDE3B (67), explaining in part the ability of
insulin to decrease cyclic AMP levels and inhibit lipol-
ysis discussed above. Akt phosphorylation of its sub-
strate GSK3 (glycogen synthase kinase 3) inactivates this
kinase, contributing to the dephosphorylation and
activation of glycogen synthase and to an acceleration
of glycogen synthesis (94). John Lawrence demon-
strated that Akt can act upstream of mechanistic target
of rapamycin (95) and that this mechanism contributes
to insulin’s ability to stimulate glycogen synthesis (96).
However, other signaling events contribute
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significantly to insulin-mediated glycogen synthesis.
Research in Alan Saltiel’s laboratory revealed that
activation of a protein phosphatase (PP1) is more critical
than GSK3 in mediating glycogen synthesis in adipo-
cytes (97). Moreover, the insulin-induced GLUT4
translocation from intracellular stores to the plasma
membrane, necessary for insulin’s ability to stimulate
glucose uptake, depends on a number of small GTPases,
some of which act downstream of Akt (98, 99).

In addition, research in several laboratories soon
revealed that insulin receptor activation induces intra-
cellular signaling largely distinct from the PI3K-Akt
pathway. For example, research by the laboratories of
Thomas Sturgill, Jeffrey Pessin, and others revealed
that some nonmetabolic actions of insulin, such as
mitogenesis and cell adhesion, are explained by acti-
vation of the ERK pathway (100–103).

The development of Cre recombinase-LoxP tech-
nology to generate mice with cell type–selective gene
targeting allowed Ron Kahn, Barbara Kahn, Rohit
Kulkarni, and others to study tissue-selective effects of
the insulin receptor. The first such mouse model was a
skeletal muscle–targeted insulin receptor–deficient
mouse, which surprisingly exhibited elevated fat mass
and plasma lipid levels without altered blood glucose
levels, highlighting the role of insulin in suppression of
plasma lipid levels and the redistribution of substrates
from skeletal muscle to adipose tissue (104, 105). Many
more tissue-targeted insulin receptor–deficient models
followed, including a β-cell–targeted insulin
receptor–deficient model, which showed an insulin
secretory defect (106), a liver-targeted model, which
showed severe glucose intolerance (107), and an adipose
tissue–selective insulin receptor knockout, which
exhibited reduced fat mass and increased longevity
(108).

Together, these studies further emphasize the
complexity of insulin receptor signaling and the ability
of the organism to shift substrate utilization and to
compensate for tissue-selective insulin receptor loss. It
should be noted, however, that whole-body deletion of
the insulin receptor is not compatible with life in the
mouse, and these animals die from ketoacidosis 2 to
3 days after birth (109).
DISCOVERIES RELATED TO INSULIN
RESISTANCE AND TYPE 2 DIABETES

Although patients with type 1 diabetes were the first
to benefit from the discovery of insulin, in 1936, Sir
Harold Himsworth suggested that diabetes can be
classified into insulin-sensitive and insulin-insensitive
types (110). We now know that type 2 diabetes is by
far the more prevalent form of diabetes and that type 2
diabetes is preceded by insulin resistance. The under-
standing that type 2 diabetes often is preceded by and
associated with insulin resistance fueled much research



into the causes of insulin resistance, including the
question of which comes first, hyperinsulinemia or in-
sulin resistance? (111)

The 1970s saw the identification by Jeffrey Flier of
anti-insulin receptor antibodies as the cause of severe
insulin resistance in identified patients with an un-
usual diabetic syndrome (112). Jerrold Olefsky showed
that insulin resistance could be explained by both de-
fects in the insulin receptor and postreceptor defects
(113), and Takashi Kadowaki in Simeon Taylor’s group
identified insulin receptor mutant alleles in a patient
with severe insulin resistance (114). Better methods of
estimating insulin sensitivity in patients, based on
mathematical modeling, were developed by Richard
Bergman (115, 116).

With the increased understanding of the insulin re-
ceptor signaling pathways came the realization in the
early 2000s that phosphorylation of specific insulin
receptor substrates and cross-talk with other signaling
pathways can contribute to insulin resistance. Shoelson
and White, who both had trained with Ron Kahn,
published articles in the JBC demonstrating that phos-
phorylation of serine 307 in IRS1 blocks its interaction
with the insulin receptor (117, 118). One of the serine/
threonine kinases found to be responsible for phos-
phorylation of two IRS1 sites, Ser302 and Ser307, was c-
Jun N-terminal kinase, a kinase activated by cytokines,
such as TNF-α (119). These findings contributed to the
development of the currently very active research area
of immunometabolism, which investigates the many
links among inflammation and metabolism (120).

INTERPLAY BETWEEN LIPID METABOLISM AND
INSULIN SENSITIVITY

Obesity and hepatic steatosis are often accompanied
by insulin resistance. This led some investigators to
infer that hepatic steatosis causes insulin resistance.
However, a closer look showed in several models of
hepatic steatosis that triglyceride accumulation in he-
patocytes by itself does not cause insulin resistance
(121, 122). These models affect lipogenesis, fatty acid
oxidation, or the release of free fatty acids from adi-
pose tissue. For example, in a JLR article published in
2008, it was shown that deletion of microsomal tri-
glyceride transfer protein has no effect on hepatic or
peripheral insulin sensitivity despite a 7-fold increase in
liver triglycerides (122). Likewise, Robert Farese’s group
showed that overexpression of diacylglycerol
acyltransferase-2 leads to hepatic steatosis, but not in-
sulin resistance (123). These findings support the notion
that triglycerides, when stored in lipid droplets in cells,
are largely harmless.

Dissociation of triglyceride accumulation from insu-
lin resistance led to investigation of other lipids (di-
glycerides and ceramides) as possible causal culprits in
insulin resistance (122). Shulman et al. advanced the idea
that diacylglycerols are key players in insulin resistance,
through their ability to stimulate a specific isoform of
PKC (PKC

ε
), which then phosphorylates T1150 in the

catalytic domain of the insulin receptor, inhibiting its
tyrosine kinase activity. Recently, Shulman refined his
model by proposing in a recent JLR article that it is
specifically the plasma membrane pool of diac-
ylglycerol that mediates insulin resistance (124).

An alternative mechanism for lipid-mediated sup-
pression of insulin signaling has been advanced by
Scott Summers. His model is that palmitate, as a sub-
strate, increases the abundance of ceramide, which then
blunts insulin signaling by decreasing the pool of acti-
vated Akt (125), by increasing the dephosphorylation of
Akt, and by blocking its translocation to the plasma
membrane. Summers obtained in vivo proof of princi-
ple when his team deleted the enzyme dihydrocer-
amide desaturase 1 in mice and found a marked
improvement in glucose tolerance, insulin sensitivity,
and amelioration of hepatic steatosis in leptin-deficient
animals (126).

Barbara Kahn discovered that modulation of GLUT4
expression in adipose tissue results in changes in whole-
body insulin sensitivity. This led her team to discover
molecules originating in adipose tissue that signal to
other tissues (127). Working with Alan Saghatelian,
Kahn identified a new class of bioactive lipids consist-
ing of a fatty acid with a second fatty acid chain
attached through an ester linkage. Kahn has demon-
strated that in addition to their insulin-sensitizing
effects, these compounds have anti-inflammatory ac-
tivity and are able to stimulate glucagon-like peptide
release from entero-endocrine cells (128).

Together, these discoveries further highlight the
important interplay between the insulin and lipid
metabolism. Insulin is not only critical for control of
overall lipid metabolism through its strong ability to
suppress lipolysis and ketogenesis and to stimulate
lipogenesis, but dysfunctional lipid metabolism, in turn,
can suppress the action of insulin.

LOOKING TO THE FUTURE

Despite the extraordinary progress in the discovery
of insulin and its actions, many of the details about its
direct and indirect effects on metabolism remain to be
discovered. A new frontier is insulin signaling in the
brain. Work by Ron Kahn has shown that insulin action
in the brain regulates the cholesterol biosynthetic
pathway, and presumably, that mediates many of its
systemic actions (129). The interplay between insulin
signaling, lipoprotein metabolism, and immune cells
has great relevance to inflammatory diseases such as
atherosclerosis, one of the major complications of dia-
betes. The factors that determine the infiltration and
differentiation of immune cells in adipose tissue, the
vasculature, the liver, and pancreatic islets are rich
subjects for future research and are processes in which
insulin is likely to play key roles. The events connecting
The Insulin Centennial—100 years of milestones 7



nutrient sensing to insulin secretion in the endocrine
pancreas are not fully understood. The full cast of
hormones and signaling molecules interacting with
pancreatic islets have not all appeared on stage. These
are but a few of the exciting areas that will define
future discovery in diabetes research.

Acknowledgments
We thank Drs Ron Kahn, Lou Philipson, and Alan Saltiel

for insightful suggestions of articles to select and cite for
this overview.

Funding and additional information
Research in the authors’ laboratories is funded by NIH

grants R35HL150754 and P01HL151328 (to K. E. B.) and
DK101573 and DK125961 (to A. D. A.). The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of
Health.

Author ORCIDs
Alan D. Attie https://orcid.org/0000-0002-0568-2261
Karin E. Bornfeldt https://orcid.org/0000-0001-9208-
6523

REFERENCES

1. Sims, E. K., Carr, A. L. J., Oram, R. A., DiMeglio, L. A., and Evans-
Molina, C. (2021) 100 years of insulin: Celebrating the past,
present and future of diabetes therapy. Nat. Med. 27, 1154–1164

2. Fralick, M., and Zinman, B. (2021) The discovery of insulin in
Toronto: Beginning a 100 year journey of research and clinical
achievement. Diabetologia. 64, 947–953

3. Lewis, G. F., and Brubaker, P. L. (2021) The discovery of insulin
revisited: Lessons for the modern era. J. Clin. Invest. 131, e142239

4. White, M. F., and Kahn, C. R. (2021) Insulin action at a molec-
ular level - 100 years of progress. Mol. Metab. 52, 101304

5. Kahn, C. R. (2021) 100 Years of progress in understanding in-
sulin, its mechanism of action, and its roles in disease and
diabetes therapy. Mol. Metab. 52, 101318

6. Kimball, C. P., and Murlin, J. R. (1923) Aqueous extracts of
pancreas. 3. Some precipitation reactions of insulin. J. Biol. Chem.
58, 337–348

7. Yalow, R. S., and Berson, S. A. (1964) Reaction of fish insulins
with human insulin antiserums. Potential value in the treat-
ment of insulin resistance. N. Engl. J. Med. 270, 1171–1178

8. Goeddel, D. V., Kleid, D. G., Bolivar, F., Heyneker, H. L., Yan-
sura, D. G., Crea, R., Hirose, T., Kraszewski, A., Itakura, K., and
Riggs, A. D. (1979) Expression in Escherichia coli of chemically
synthesized genes for human insulin. Proc. Natl. Acad. Sci. U. S. A.
76, 106–110

9. Yalow, R. S., and Berson, S. A. (1960) Immunoassay of endoge-
nous plasma insulin in man. J. Clin. Invest. 39, 1157–1175

10. Steiner, D. F. (2011) Adventures with insulin in the islets of
Langerhans. J. Biol. Chem. 286, 17399–17421

11. Ryle, A. P., Sanger, F., Smith, L. F., and Kitai, R. (1955) The
disulphide bonds of insulin. Biochem. J. 60, 541–556

12. Steiner, D. F., Cunningham, D., Spigelman, L., and Aten, B. (1967)
Insulin biosynthesis: Evidence for a precursor. Science. 157,
697–700

13. Melani, F., Rubenstein, A. H., Oyer, P. E., and Steiner, D. F.
(1970) Identification of proinsulin and C-peptide in human
serum by a specific immunoassay. Proc. Natl. Acad. Sci. U. S. A.
67, 148–155

14. Blundell, T. L., Cutfield, J. F., Cutfield, S. M., Dodson, E. J.,
Dodson, G. G., Hodgkin, D. C., Mercola, D. A., and Vijayan, M.
(1971) Atomic positions in rhombohedral 2-zinc insulin crystals.
Nature. 231, 506–511
8 J. Lipid Res. (2021) 62 100132
15. Stoy, J., Edghill, E. L., Flanagan, S. E., Ye, H., Paz, V. P., Pluzh-
nikov, A., Below, J. E., Hayes, M. G., Cox, N. J., Lipkind, G. M.,
Lipton, R. B., Greeley, S. A., Patch, A. M., Ellard, S., Steiner, D. F.,
et al. (2007) Insulin gene mutations as a cause of permanent
neonatal diabetes. Proc. Natl. Acad. Sci. U. S. A. 104, 15040–15044

16. Smeekens, S. P., Avruch, A. S., LaMendola, J., Chan, S. J., and
Steiner, D. F. (1991) Identification of a cDNA encoding a second
putative prohormone convertase related to PC2 in AtT20 cells
and islets of Langerhans. Proc. Natl. Acad. Sci. U. S. A. 88, 340–344

17. Julius, D., Brake, A., Blair, L., Kunisawa, R., and Thorner, J. (1984)
Isolation of the putative structural gene for the lysine-arginine-
cleaving endopeptidase required for processing of yeast pre-
pro-alpha-factor. Cell. 37, 1075–1089

18. Ashcroft, F. M., Harrison, D. E., and Ashcroft, S. J. (1984) Glucose
induces closure of single potassium channels in isolated rat
pancreatic beta-cells. Nature. 312, 446–448

19. Huopio, H., Reimann, F., Ashfield, R., Komulainen, J., Lenko, H.
L., Rahier, J., Vauhkonen, I., Kere, J., Laakso, M., Ashcroft, F., and
Otonkoski, T. (2000) Dominantly inherited hyperinsulinism
caused by a mutation in the sulfonylurea receptor type 1. J. Clin.
Invest. 106, 897–906

20. Gloyn, A. L., Pearson, E. R., Antcliff, J. F., Proks, P., Bruining, G.
J., Slingerland, A. S., Howard, N., Srinivasan, S., Silva, J. M.,
Molnes, J., Edghill, E. L., Frayling, T. M., Temple, I. K., Mackay,
D., Shield, J. P., et al. (2004) Activating mutations in the gene
encoding the ATP-sensitive potassium-channel subunit Kir6.2
and permanent neonatal diabetes. N. Engl. J. Med. 350,
1838–1849

21. Matschinsky, F. M., and Ellerman, J. E. (1968) Metabolism of
glucose in the islets of Langerhans. J. Biol. Chem. 243, 2730–2736

22. Fajans, S. S., and Bell, G. I. (2011) MODY: History, genetics,
pathophysiology, and clinical decision making. Diabetes Care. 34,
1878–1884

23. Gloyn, A. L., Odili, S., Zelent, D., Buettger, C., Castleden, H. A.,
Steele, A. M., Stride, A., Shiota, C., Magnuson, M. A., Lorini, R.,
d'Annunzio, G., Stanley, C. A., Kwagh, J., van Schaftingen, E.,
Veiga-da-Cunha, M., et al. (2005) Insights into the structure and
regulation of glucokinase from a novel mutation (V62M),
which causes maturity-onset diabetes of the young. J. Biol. Chem.
280, 14105–14113

24. Beer, N. L., van de Bunt, M., Colclough, K., Lukacs, C., Arundel,
P., Chik, C. L., Grimsby, J., Ellard, S., and Gloyn, A. L. (2011)
Discovery of a novel site regulating glucokinase activity
following characterization of a new mutation causing hyper-
insulinemic hypoglycemia in humans. J. Biol. Chem. 286,
19118–19126

25. Matschinsky, F. M. (2013) GKAs for diabetes therapy: Why no
clinically useful drug after two decades of trying? Trends Phar-
macol. Sci. 34, 90–99

26. Li, C., Najafi, H., Daikhin, Y., Nissim, I. B., Collins, H. W.,
Yudkoff, M., Matschinsky, F. M., and Stanley, C. A. (2003)
Regulation of leucine-stimulated insulin secretion and gluta-
mine metabolism in isolated rat islets. J. Biol. Chem. 278,
2853–2858

27. Stark, R., Pasquel, F., Turcu, A., Pongratz, R. L., Roden, M., Cline,
G. W., Shulman, G. I., and Kibbey, R. G. (2009) Phosphoenol-
pyruvate cycling via mitochondrial phosphoenolpyruvate car-
boxykinase links anaplerosis and mitochondrial GTP with
insulin secretion. J. Biol. Chem. 284, 26578–26590

28. Abulizi, A., Cardone, R. L., Stark, R., Lewandowski, S. L., Zhao,
X., Hillion, J., Ma, L., Sehgal, R., Alves, T. C., Thomas, C., Kung,
C., Wang, B., Siebel, S., Andrews, Z. B., Mason, G. F., et al. (2020)
Multi-tissue acceleration of the mitochondrial phosphoenol-
pyruvate cycle improves whole-body metabolic health. Cell
Metab. 32, 751–766.e11

29. Lewandowski, S. L., Cardone, R. L., Foster, H. R., Ho, T., Pota-
penko, E., Poudel, C., VanDeusen, H. R., Sdao, S. M., Alves, T. C.,
Zhao, X., Capozzi, M. E., de Souza, A. H., Jahan, I., Thomas, C. J.,
Nunemaker, C. S., et al. (2020) Pyruvate kinase controls signal
strength in the insulin secretory pathway. Cell Metab. 32,
736–750.e5

30. Schuit, F., De Vos, A., Farfari, S., Moens, K., Pipeleers, D., Brun,
T., and Prentki, M. (1997) Metabolic fate of glucose in purified
islet cells. Glucose-regulated anaplerosis in beta cells. J. Biol.
Chem. 272, 18572–18579

31. Ferdaoussi, M., Dai, X., Jensen, M. V., Wang, R., Peterson, B. S.,
Huang, C., Ilkayeva, O., Smith, N., Miller, N., Hajmrle, C.,

https://orcid.org/0000-0002-0568-2261
https://orcid.org/0000-0002-0568-2261
https://orcid.org/0000-0001-9208-6523
https://orcid.org/0000-0001-9208-6523
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref1
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref1
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref1
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref1
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref2
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref2
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref2
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref2
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref3
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref3
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref4
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref4
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref5
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref5
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref5
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref6
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref6
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref6
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref6
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref7
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref7
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref7
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref7
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref8
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref9
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref9
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref9
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref10
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref10
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref10
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref11
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref11
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref11
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref12
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref12
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref12
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref12
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref13
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref13
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref13
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref13
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref13
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref14
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref14
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref14
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref14
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref14
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref15
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref16
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref16
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref16
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref16
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref16
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref17
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref17
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref17
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref17
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref17
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref18
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref18
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref18
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref18
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref19
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref20
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref21
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref21
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref21
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref22
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref22
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref22
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref22
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref23
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref24
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref25
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref25
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref25
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref25
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref26
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref27
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref28
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref29
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref30
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref30
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref30
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref30
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref30
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31


Spigelman, A. F., Wright, R. C., Plummer, G., Suzuki, K., Mackay,
J. P., et al. (2015) Isocitrate-to-SENP1 signaling amplifies insulin
secretion and rescues dysfunctional β cells. J. Clin. Invest. 125,
3847–3860

32. Ferdaoussi, M., Fu, J., Dai, X., Manning Fox, J. E., Suzuki, K.,
Smith, N., Plummer, G., and MacDonald, P. E. (2017) SUMOy-
lation and calcium control syntaxin-1A and secretagogin
sequestration by tomosyn to regulate insulin exocytosis in hu-
man ß cells. Sci. Rep. 7, 248

33. Zhao, S., Mugabo, Y., Iglesias, J., Xie, L., Delghingaro-Augusto,
V., Lussier, R., Peyot, M. L., Joly, E., Taïb, B., Davis, M. A., Brown,
J. M., Abousalham, A., Gaisano, H., Madiraju, S. R., and Prentki,
M. (2014) α/β-Hydrolase domain-6-accessible monoacylglycerol
controls glucose-stimulated insulin secretion. Cell Metab. 19,
993–1007

34. Briscoe, C. P., Tadayyon, M., Andrews, J. L., Benson, W. G.,
Chambers, J. K., Eilert, M. M., Ellis, C., Elshourbagy, N. A., Goetz,
A. S., Minnick, D. T., Murdock, P. R., Sauls, H. R., Jr., Shabon, U.,
Spinage, L. D., Strum, J. C., et al. (2003) The orphan G protein-
coupled receptor GPR40 is activated by medium and long
chain fatty acids. J. Biol. Chem. 278, 11303–11311

35. Creutzfeldt, W. (2005) The [pre-] history of the incretin
concept. Regul. Pept. 128, 87–91

36. Elrick, H., Stimmler, L., Hlad, C. J., Jr., and Arai, Y. (1964) Plasma
insulin response to oral and intravenous glucose administra-
tion. J. Clin. Endocrinol. Metab. 24, 1076–1082

37. McIntyre, N., Holdsworth, C. D., and Turner, D. S. (1964) New
interpretation of oral glucose tolerance. Lancet. 2, 20–21

38. Dupre, J., Ross, S. A., Watson, D., and Brown, J. C. (1973) Stim-
ulation of insulin secretion by gastric inhibitory polypeptide in
man. J. Clin. Endocrinol. Metab. 37, 826–828

39. Bell, G. I., Santerre, R. F., and Mullenbach, G. T. (1983) Hamster
preproglucagon contains the sequence of glucagon and two
related peptides. Nature. 302, 716–718

40. Thorens, B. (1992) Expression cloning of the pancreatic beta
cell receptor for the gluco-incretin hormone glucagon-like
peptide 1. Proc. Natl. Acad. Sci. U. S. A. 89, 8641–8645

41. Goke, R., Fehmann, H. C., Linn, T., Schmidt, H., Krause, M., Eng,
J., and Goke, B. (1993) Exendin-4 is a high potency agonist and
truncated exendin-(9-39)-amide an antagonist at the glucagon-
like peptide 1-(7-36)-amide receptor of insulin-secreting beta-
cells. J. Biol. Chem. 268, 19650–19655

42. Thornberry, N. A., and Weber, A. E. (2007) Discovery of
JANUVIA (Sitagliptin), a selective dipeptidyl peptidase IV in-
hibitor for the treatment of type 2 diabetes. Curr. Top. Med.
Chem. 7, 557–568

43. Capozzi, M. E., Wait, J. B., Koech, J., Gordon, A. N., Coch, R. W.,
Svendsen, B., Finan, B., D’Alessio, D. A., and Campbell, J. E.
(2019) Glucagon lowers glycemia when β cells are active. JCI
Insight. 5, e129954

44. McLean, B. A., Wong, C. K., Campbell, J. E., Hodson, D. J., Trapp,
S., and Drucker, D. J. (2021) Revisiting the complexity of GLP-1
action from sites of synthesis to receptor activation. Endocr. Rev.
42, 101–132

45. Levine, R., Goldstein, M., Klein, S., and Huddlestun, B. (1949)
The action of insulin on the distribution of galactose in evis-
cerated nephrectomized dogs. J. Biol. Chem. 179, 985

46. Morgan, H. E., Cadenas, E., Regen, D. M., and Park, C. R. (1961)
Regulation of glucose uptake in muscle. II. Rate-limiting steps
and effects of insulin and anoxia in heart muscle from dia-
betic rats. J. Biol. Chem. 236, 262–268

47. Fukumoto, H., Kayano, T., Buse, J. B., Edwards, Y., Pilch, P. F.,
Bell, G. I., and Seino, S. (1989) Cloning and characterization of
the major insulin-responsive glucose transporter expressed in
human skeletal muscle and other insulin-responsive tissues. J.
Biol. Chem. 264, 7776–7779

48. James, D. E., Strube, M., and Mueckler, M. (1989) Molecular
cloning and characterization of an insulin-regulatable glucose
transporter. Nature. 338, 83–87

49. Cushman, S. W., and Wardzala, L. J. (1980) Potential mechanism
of insulin action on glucose transport in the isolated rat adi-
pose cell. Apparent translocation of intracellular transport
systems to the plasma membrane. J. Biol. Chem. 255, 4758–4762

50. Goto, Y., Sumida, Y., Flanagan, J. E., Robinson, F. W., Simpson, I.
A., Cushman, S. W., and Kono, T. (1992) Effects of fluorescein
isothiocyanate on insulin actions in rat adipocytes. Arch. Biochem.
Biophys. 293, 224–230
51. Thurmond, D. C., Ceresa, B. P., Okada, S., Elmendorf, J. S.,
Coker, K., and Pessin, J. E. (1998) Regulation of insulin-
stimulated GLUT4 translocation by Munc18c in 3T3L1 adipo-
cytes. J. Biol. Chem. 273, 33876–33883

52. Brewer, P. D., Habtemichael, E. N., Romenskaia, I., Mastick, C. C.,
and Coster, A. C. (2014) Insulin-regulated Glut4 translocation:
Membrane protein trafficking with six distinctive steps. J. Biol.
Chem. 289, 17280–17298

53. Douen, A. G., Ramlal, T., Rastogi, S., Bilan, P. J., Cartee, G. D.,
Vranic, M., Holloszy, J. O., and Klip, A. (1990) Exercise induces
recruitment of the “insulin-responsive glucose transporter.”
Evidence for distinct intracellular insulin- and exercise-
recruitable transporter pools in skeletal muscle. J. Biol. Chem.
265, 13427–13430

54. Cori, C. F. (1981) The glucose-lactic acid cycle and gluconeo-
genesis. Curr. Top. Cell Regul. 18, 377–387

55. Vester, J. W., and Reino, M. L. (1963) Hepatic glucokinase: A
direct effect of insulin. Science. 142, 590–591

56. Chernick, S. S., Chaikoff, I. L., and Abraham, S. (1951) Locali-
zation of initial block in glucose metabolism in diabetic liver
slices. J. Biol. Chem. 193, 793–802

57. Renold, A. E., Hastings, A. B., Nesbett, F. B., and Ashmore, J.
(1955) Studies on carbohydrate metabolism in rat liver slices.
IV. Biochemical sequence of events after insulin administra-
tion. J. Biol. Chem. 213, 135–146

58. Boxer, G. E., and Stetten, D. (1944) Studies in carbohydrate
metabolism. 3. Metabolic defects in alloxan diabetes. J. Biol.
Chem. 156, 271–278

59. Chernick, S. S., Chaikoff, I. L., Masoro, E. J., and Isaeff, E. (1950)
Lipogenesis and glucose oxidation in the liver of the alloxan-
diabetic rat. J. Biol. Chem. 186, 527–534

60. Shimomura, I., Bashmakov, Y., Ikemoto, S., Horton, J. D., Brown,
M. S., and Goldstein, J. L. (1999) Insulin selectively increases
SREBP-1c mRNA in the livers of rats with streptozotocin-
induced diabetes. Proc. Natl. Acad. Sci. U. S. A. 96, 13656–13661

61. Owen, J. L., Zhang, Y., Bae, S. H., Farooqi, M. S., Liang, G.,
Hammer, R. E., Goldstein, J. L., and Brown, M. S. (2012) Insulin
stimulation of SREBP-1c processing in transgenic rat hepato-
cytes requires p70 S6-kinase. Proc. Natl. Acad. Sci. U. S. A. 109,
16184–16189

62. McGarry, J. D., and Foster, D. W. (1971) The regulation of
ketogenesis from octanoic acid. The role of the tricarboxylic
acid cycle and fatty acid synthesis. J. Biol. Chem. 246, 1149–1159

63. McGarry, J. D., Robles-Valdes, C., and Foster, D. W. (1975) Role
of carnitine in hepatic ketogenesis. Proc. Natl. Acad. Sci. U. S. A.
72, 4385–4388

64. McGarry, J. D., Leatherman, G. F., and Foster, D. W. (1978)
Carnitine palmitoyltransferase I. The site of inhibition of he-
patic fatty acid oxidation by malonyl-CoA. J. Biol. Chem. 253,
4128–4136

65. McGarry, J. D., Takabayashi, Y., and Foster, D. W. (1978) The
role of malonyl-coa in the coordination of fatty acid synthesis
and oxidation in isolated rat hepatocytes. J. Biol. Chem. 253,
8294–8300

66. Butcher, R. W., Sneyd, J. G., Park, C. R., and Sutherland, E. W., Jr.
(1966) Effect of insulin on adenosine 3',5'-monophosphate in
the rat epididymal fat pad. J. Biol. Chem. 241, 1651–1653

67. Kitamura, T., Kitamura, Y., Kuroda, S., Hino, Y., Ando, M.,
Kotani, K., Konishi, H., Matsuzaki, H., Kikkawa, U., Ogawa, W.,
and Kasuga, M. (1999) Insulin-induced phosphorylation and
activation of cyclic nucleotide phosphodiesterase 3B by the
serine-threonine kinase Akt. Mol. Cell. Biol. 19, 6286–6296

68. Greenberg, A. S., Egan, J. J., Wek, S. A., Garty, N. B., Blanchette-
Mackie, E. J., and Londos, C. (1991) Perilipin, a major hormon-
ally regulated adipocyte-specific phosphoprotein associated
with the periphery of lipid storage droplets. J. Biol. Chem. 266,
11341–11346

69. Egan, J. J., Greenberg, A. S., Chang, M. K., and Londos, C. (1990)
Control of endogenous phosphorylation of the major cAMP-
dependent protein kinase substrate in adipocytes by insulin
and beta-adrenergic stimulation. J. Biol. Chem. 265,
18769–18775

70. Subramanian, V., Rothenberg, A., Gomez, C., Cohen, A. W.,
Garcia, A., Bhattacharyya, S., Shapiro, L., Dolios, G., Wang, R.,
Lisanti, M. P., and Brasaemle, D. L. (2004) Perilipin A mediates
the reversible binding of CGI-58 to lipid droplets in 3T3-L1
adipocytes. J. Biol. Chem. 279, 42062–42071
The Insulin Centennial—100 years of milestones 9

http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref31
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref32
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref32
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref32
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref32
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref32
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref33
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref34
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref35
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref35
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref35
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref36
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref36
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref36
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref36
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref37
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref37
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref37
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref38
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref38
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref38
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref38
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref39
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref39
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref39
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref39
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref40
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref40
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref40
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref40
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref41
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref42
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref42
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref42
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref42
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref42
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref43
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref43
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref43
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref43
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref43
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref44
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref44
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref44
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref44
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref44
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref45
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref45
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref45
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref46
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref46
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref46
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref46
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref46
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref47
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref48
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref48
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref48
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref48
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref49
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref49
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref49
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref49
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref49
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref50
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref50
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref50
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref50
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref50
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref51
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref51
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref51
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref51
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref51
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref52
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref52
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref52
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref52
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref52
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref53
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref54
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref54
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref54
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref55
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref55
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref55
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref56
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref56
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref56
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref56
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref57
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref57
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref57
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref57
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref57
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref58
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref58
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref58
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref58
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref59
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref59
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref59
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref59
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref60
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref60
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref60
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref60
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref60
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref61
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref62
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref62
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref62
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref62
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref63
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref63
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref63
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref63
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref64
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref64
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref64
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref64
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref64
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref65
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref65
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref65
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref65
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref65
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref66
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref66
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref66
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref66
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref67
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref68
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref69
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref70


71. Gruber, A., Cornaciu, I., Lass, A., Schweiger, M., Poeschl, M.,
Eder, C., Kumari, M., Schoiswohl, G., Wolinski, H., Kohlwein, S.
D., Zechner, R., Zimmermann, R., and Oberer, M. (2010) The
N-terminal region of comparative gene identification-58
(CGI-58) is important for lipid droplet binding and activation
of adipose triglyceride lipase. J. Biol. Chem. 285, 12289–12298

72. Granneman, J. G., Moore, H. P., Krishnamoorthy, R., and
Rathod, M. (2009) Perilipin controls lipolysis by regulating the
interactions of AB-hydrolase containing 5 (Abhd5) and adipose
triglyceride lipase (Atgl). J. Biol. Chem. 284, 34538–34544

73. Zhang, H. H., Souza, S. C., Muliro, K. V., Kraemer, F. B., Obin, M.
S., and Greenberg, A. S. (2003) Lipase-selective functional do-
mains of perilipin A differentially regulate constitutive and
protein kinase A-stimulated lipolysis. J. Biol. Chem. 278,
51535–51542

74. Souza, S. C., Muliro, K. V., Liscum, L., Lien, P., Yamamoto, M. T.,
Schaffer, J. E., Dallal, G. E., Wang, X., Kraemer, F. B., Obin, M.,
and Greenberg, A. S. (2002) Modulation of hormone-sensitive
lipase and protein kinase A-mediated lipolysis by perilipin A
in an adenoviral reconstituted system. J. Biol. Chem. 277,
8267–8272

75. Miller, T. B., Jr., and Larner, J. (1973) Mechanism of control of
hepatic glycogenesis by insulin. J. Biol. Chem. 248, 3483–3488

76. Stadie, W. C., Haugaard, N., and Vaughan, M. (1952) Studies of
insulin binding with isotopically labeled insulin. J. Biol. Chem.
199, 729–739

77. Haugaard, N., Vaughan, M., Haugaard, E. S., and Stadie, W. C.
(1954) Studies of radioactive injected labeled insulin. J. Biol.
Chem. 208, 549–563

78. Cuatrecasas, P. (1969) Interaction of insulin with the cell
membrane: The primary action of insulin. Proc. Natl. Acad. Sci.
U. S. A. 63, 450–457

79. Cuatrecasas, P. (1972) Affinity chromatography and purifica-
tion of the insulin receptor of liver cell membranes. Proc. Natl.
Acad. Sci. U. S. A. 69, 1277–1281

80. Kahn, C. R., Neville, D. M., Jr., and Roth, J. (1973) Insulin-re-
ceptor interaction in the obese-hyperglycemic mouse. A model
of insulin resistance. J. Biol. Chem. 248, 244–250

81. Pilch, P. F., and Czech, M. P. (1980) The subunit structure of the
high affinity insulin receptor. Evidence for a disulfide-linked
receptor complex in fat cell and liver plasma membranes.
J. Biol. Chem. 255, 1722–1731

82. Hedo, J. A., Kahn, C. R., Hayashi, M., Yamada, K. M., and
Kasuga, M. (1983) Biosynthesis and glycosylation of the insulin
receptor. Evidence for a single polypeptide precursor of the
two major subunits. J. Biol. Chem. 258, 10020–10026

83. Kasuga, M., Fujita-Yamaguchi, Y., Blithe, D. L., White, M. F., and
Kahn, C. R. (1983) Characterization of the insulin receptor ki-
nase purified from human placental membranes. J. Biol. Chem.
258, 10973–10980

84. Chou, C. K., Dull, T. J., Russell, D. S., Gherzi, R., Lebwohl, D.,
Ullrich, A., and Rosen, O. M. (1987) Human insulin receptors
mutated at the ATP-binding site lack protein tyrosine kinase
activity and fail to mediate postreceptor effects of insulin.
J. Biol. Chem. 262, 1842–1847

85. Wilden, P. A., Kahn, C. R., Siddle, K., and White, M. F. (1992)
Insulin receptor kinase domain autophosphorylation regulates
receptor enzymatic function. J. Biol. Chem. 267, 16660–16668

86. White, M. F., Shoelson, S. E., Keutmann, H., and Kahn, C. R.
(1988) A cascade of tyrosine autophosphorylation in the beta-
subunit activates the phosphotransferase of the insulin recep-
tor. J. Biol. Chem. 263, 2969–2980

87. White, M. F., Stegmann, E. W., Dull, T. J., Ullrich, A., and Kahn,
C. R. (1987) Characterization of an endogenous substrate of the
insulin receptor in cultured cells. J. Biol. Chem. 262, 9769–9777

88. Whitman, M., Downes, C. P., Keeler, M., Keller, T., and Cantley,
L. (1988) Type I phosphatidylinositol kinase makes a novel
inositol phospholipid, phosphatidylinositol-3-phosphate. Nature.
332, 644–646

89. Ruderman, N. B., Kapeller, R., White, M. F., and Cantley, L. C.
(1990) Activation of phosphatidylinositol 3-kinase by insulin.
Proc. Natl. Acad. Sci. U. S. A. 87, 1411–1415

90. Bellacosa, A., Testa, J. R., Staal, S. P., and Tsichlis, P. N. (1991)
A retroviral oncogene, Akt, encoding a serine-threonine kinase
containing an SH2-like region. Science. 254, 274–277

91. Kohn, A. D., Summers, S. A., Birnbaum, M. J., and Roth, R. A.
(1996) Expression of a constitutively active Akt Ser/Thr kinase
10 J. Lipid Res. (2021) 62 100132
in 3T3-L1 adipocytes stimulates glucose uptake and glucose
transporter 4 translocation. J. Biol. Chem. 271, 31372–31378

92. Alessi, D. R., James, S. R., Downes, C. P., Holmes, A. B., Gaffney,
P. R., Reese, C. B., and Cohen, P. (1997) Characterization of a
3-phosphoinositide-dependent protein kinase which phos-
phorylates and activates protein kinase Balpha. Curr. Biol. 7,
261–269

93. Matsumoto, M., Han, S., Kitamura, T., and Accili, D. (2006) Dual
role of transcription factor FoxO1 in controlling hepatic in-
sulin sensitivity and lipid metabolism. J. Clin. Invest. 116,
2464–2472

94. Cohen, P., Alessi, D. R., and Cross, D. A. (1997) PDK1, one of the
missing links in insulin signal transduction? FEBS Lett. 410, 3–10

95. Scott, P. H., Brunn, G. J., Kohn, A. D., Roth, R. A., and Lawrence,
J. C., Jr. (1998) Evidence of insulin-stimulated phosphorylation
and activation of the mammalian target of rapamycin medi-
ated by a protein kinase B signaling pathway. Proc. Natl. Acad.
Sci. U. S. A. 95, 7772–7777

96. Azpiazu, I., Saltiel, A. R., DePaoli-Roach, A. A., and Lawrence,
J.C. (1996) Regulation of both glycogen synthase and PHAS-I
by insulin in rat skeletal muscle involves mitogen-activated
protein kinase-independent and rapamycin-sensitive path-
ways. J. Biol. Chem. 271, 5033–5039

97. Brady, M. J., Bourbonais, F. J., and Saltiel, A. R. (1998) The
activation of glycogen synthase by insulin switches from kinase
inhibition to phosphatase activation during adipogenesis in
3T3-L1 cells. J. Biol. Chem. 273, 14063–14066

98. Peck, G. R., Chavez, J. A., Roach, W. G., Budnik, B. A., Lane, W. S.,
Karlsson, H. K., Zierath, J. R., and Lienhard, G. E. (2009) Insulin-
stimulated phosphorylation of the Rab GTPase-activating
protein TBC1D1 regulates GLUT4 translocation. J. Biol. Chem.
284, 30016–30023

99. Chiang, S. H., Hou, J. C., Hwang, J., Pessin, J. E., and Saltiel, A. R.
(2002) Cloning and functional characterization of related
TC10 isoforms, a subfamily of Rho proteins involved in
insulin-stimulated glucose transport. J. Biol. Chem. 277,
13067–13073

100. Pang, L., Milarski, K. L., Ohmichi, M., Takata, Y., Olefsky, J. M.,
and Saltiel, A. R. (1994) Mutation of the two carboxyl-terminal
tyrosines in the insulin receptor results in enhanced activation
of mitogen-activated protein kinase. J. Biol. Chem. 269,
10604–10608

101. Ray, L. B., and Sturgill, T. W. (1987) Rapid stimulation by insulin
of a serine/threonine kinase in 3T3-L1 adipocytes that phos-
phorylates microtubule-associated protein 2 in vitro. Proc. Natl.
Acad. Sci. U. S. A. 84, 1502–1506

102. Yamauchi, K., and Pessin, J. E. (1994) Insulin receptor substrate-1
(IRS1) and Shc compete for a limited pool of Grb2 in mediating
insulin downstream signaling. J. Biol. Chem. 269, 31107–31114

103. Yamauchi, K., Milarski, K. L., Saltiel, A. R., and Pessin, J. E. (1995)
Protein-tyrosine-phosphatase SHPTP2 is a required positive
effector for insulin downstream signaling. Proc. Natl. Acad. Sci.
U. S. A. 92, 664–668

104. Bruning, J. C., Michael, M. D., Winnay, J. N., Hayashi, T., Horsch,
D., Accili, D., Goodyear, L. J., and Kahn, C. R. (1998) A muscle-
specific insulin receptor knockout exhibits features of the
metabolic syndrome of NIDDM without altering glucose
tolerance. Mol. Cell. 2, 559–569

105. Kim, J. K., Michael, M. D., Previs, S. F., Peroni, O. D., Mauvais-
Jarvis, F., Neschen, S., Kahn, B. B., Kahn, C. R., and Shulman, G. I.
(2000) Redistribution of substrates to adipose tissue promotes
obesity in mice with selective insulin resistance in muscle.
J. Clin. Invest. 105, 1791–1797

106. Kulkarni, R. N., Bruning, J. C., Winnay, J. N., Postic, C., Magnu-
son, M. A., and Kahn, C. R. (1999) Tissue-specific knockout of
the insulin receptor in pancreatic beta cells creates an insulin
secretory defect similar to that in type 2 diabetes. Cell. 96,
329–339

107. Michael, M. D., Kulkarni, R. N., Postic, C., Previs, S. F., Shulman,
G. I., Magnuson, M. A., and Kahn, C. R. (2000) Loss of insulin
signaling in hepatocytes leads to severe insulin resistance and
progressive hepatic dysfunction. Mol. Cell. 6, 87–97

108. Bluher, M., Kahn, B. B., and Kahn, C. R. (2003) Extended
longevity in mice lacking the insulin receptor in adipose tissue.
Science. 299, 572–574

109. Accili, D., Drago, J., Lee, E. J., Johnson, M. D., Cool, M. H., Sal-
vatore, P., Asico, L. D., Jose, P. A., Taylor, S. I., and Westphal, H.

http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref71
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref72
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref72
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref72
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref72
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref72
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref73
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref74
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref75
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref75
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref75
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref76
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref76
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref76
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref76
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref77
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref77
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref77
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref77
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref78
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref78
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref78
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref78
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref79
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref79
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref79
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref79
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref80
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref80
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref80
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref80
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref81
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref81
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref81
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref81
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref81
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref82
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref82
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref82
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref82
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref82
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref83
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref83
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref83
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref83
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref83
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref84
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref85
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref85
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref85
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref85
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref86
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref86
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref86
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref86
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref86
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref87
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref87
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref87
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref87
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref88
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref88
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref88
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref88
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref88
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref89
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref89
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref89
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref89
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref90
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref90
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref90
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref90
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref91
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref91
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref91
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref91
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref91
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref92
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref93
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref93
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref93
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref93
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref93
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref94
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref94
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref94
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref95
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref96
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref97
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref97
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref97
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref97
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref97
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref98
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref99
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref100
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref101
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref101
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref101
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref101
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref101
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref102
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref102
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref102
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref102
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref103
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref103
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref103
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref103
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref103
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref104
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref105
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref106
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref107
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref107
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref107
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref107
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref107
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref108
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref108
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref108
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref108
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref109
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref109


(1996) Early neonatal death in mice homozygous for a null
allele of the insulin receptor gene. Nat. Genet. 12, 106–109

110. Himsworth, H. P. (1936) Diabetes mellitus: Its differentiation
into insulin-sensitive and insulin-insensitive types. Lancet. 227,
127–130

111. Johnson, J. D. (2021) On the causal relationships between
hyperinsulinaemia, insulin resistance, obesity and dysglycaemia
in type 2 diabetes. Diabetologia. 64, 2138–2146

112. Flier, J. S., Kahn, C. R., Roth, J., and Bar, R. S. (1975) Antibodies
that impair insulin receptor binding in an unusual diabetic
syndrome with severe insulin resistance. Science. 190, 63–65

113. Kolterman, O. G., Insel, J., Saekow, M., and Olefsky, J. M. (1980)
Mechanisms of insulin resistance in human obesity: Evidence
for receptor and postreceptor defects. J. Clin. Invest. 65,
1272–1284

114. Kadowaki, T., Bevins, C. L., Cama, A., Ojamaa, K., Marcus-Sam-
uels, B., Kadowaki, H., Beitz, L., McKeon, C., and Taylor, S. I.
(1988) Two mutant alleles of the insulin receptor gene in a
patient with extreme insulin resistance. Science. 240, 787–790

115. Bergman, R. N., Ider, Y. Z., Bowden, C. R., and Cobelli, C. (1979)
Quantitative estimation of insulin sensitivity. Am. J. Physiol. 236,
E667–E677

116. Bergman, R. N., Phillips, L. S., and Cobelli, C. (1981) Physiologic
evaluation of factors controlling glucose tolerance in man:
Measurement of insulin sensitivity and beta-cell glucose sensi-
tivity from the response to intravenous glucose. J. Clin. Invest. 68,
1456–1467

117. Aguirre, V., Werner, E. D., Giraud, J., Lee, Y. H., Shoelson, S. E.,
and White, M. F. (2002) Phosphorylation of Ser307 in insulin
receptor substrate-1 blocks interactions with the insulin recep-
tor and inhibits insulin action. J. Biol. Chem. 277, 1531–1537

118. Werner, E. D., Lee, J., Hansen, L., Yuan, M., and Shoelson, S. E.
(2004) Insulin resistance due to phosphorylation of insulin
receptor substrate-1 at serine 302. J. Biol. Chem. 279,
35298–35305

119. Aguirre, V., Uchida, T., Yenush, L., Davis, R., and White, M. F.
(2000) The c-Jun NH(2)-terminal kinase promotes insulin
resistance during association with insulin receptor substrate-1
and phosphorylation of Ser(307). J. Biol. Chem. 275, 9047–9054

120. Lee, Y. S., Wollam, J., and Olefsky, J. M. (2018) An integrated
view of immunometabolism. Cell. 172, 22–40

121. Farese, R. V., Jr., Zechner, R., Newgard, C. B., and Walther, T. C.
(2012) The problem of establishing relationships between
hepatic steatosis and hepatic insulin resistance. Cell Metab. 15,
570–573

122. Minehira, K., Young, S. G., Villanueva, C. J., Yetukuri, L., Oresic,
M., Hellerstein, M. K., Farese, R. V., Jr., Horton, J. D., Preitner, F.,
Thorens, B., and Tappy, L. (2008) Blocking VLDL secretion
causes hepatic steatosis but does not affect peripheral lipid
stores or insulin sensitivity in mice. J. Lipid Res. 49, 2038–2044

123. Monetti, M., Levin, M. C., Watt, M. J., Sajan, M. P., Marmor, S.,
Hubbard, B. K., Stevens, R. D., Bain, J. R., Newgard, C. B., Farese,
R. V., Sr., Hevener, A. L., and Farese, R. V., Jr. (2007) Dissociation
of hepatic steatosis and insulin resistance in mice over-
expressing DGAT in the liver. Cell Metab. 6, 69–78

124. Abulizi, A., Vatner, D. F., Ye, Z., Wang, Y., Camporez, J. P.,
Zhang, D., Kahn, M., Lyu, K., Sirwi, A., Cline, G. W., Hussain, M.
M., Aspichueta, P., Samuel, V. T., and Shulman, G. I. (2020)
Membrane-bound sn-1,2-diacylglycerols explain the dissocia-
tion of hepatic insulin resistance from hepatic steatosis in
MTTP knockout mice. J. Lipid Res. 61, 1565–1576

125. Chavez, J. A., Knotts, T. A., Wang, L. P., Li, G., Dobrowsky, R. T.,
Florant, G. L., and Summers, S. A. (2003) A role for ceramide,
but not diacylglycerol, in the antagonism of insulin signal
transduction by saturated fatty acids. J. Biol. Chem. 278,
10297–10303

126. Chaurasia, B., Tippetts, T. S., Mayoral Monibas, R., Liu, J., Li, Y.,
Wang, L., Wilkerson, J. L., Sweeney, C. R., Pereira, R. F., Sumida,
D. H., Maschek, J. A., Cox, J. E., Kaddai, V., Lancaster, G. I., Sid-
dique, M. M., et al. (2019) Targeting a ceramide double bond
improves insulin resistance and hepatic steatosis. Science. 365,
386–392

127. Yore, M. M., Syed, I., Moraes-Vieira, P. M., Zhang, T., Herman,
M. A., Homan, E. A., Patel, R. T., Lee, J., Chen, S., Peroni, O. D.,
Dhaneshwar, A. S., Hammarstedt, A., Smith, U., McGraw, T. E.,
Saghatelian, A., et al. (2014) Discovery of a class of endogenous
mammalian lipids with anti-diabetic and anti-inflammatory
effects. Cell. 159, 318–332

128. Zhou, P., Santoro, A., Peroni, O. D., Nelson, A. T., Saghatelian, A.,
Siegel, D., and Kahn, B. B. (2019) PAHSAs enhance hepatic and
systemic insulin sensitivity through direct and indirect mech-
anisms. J. Clin. Invest. 129, 4138–4150

129. Suzuki, R., Lee, K., Jing, E., Biddinger, S. B., McDonald, J. G.,
Montine, T. J., Craft, S., and Kahn, C. R. (2010) Diabetes and
insulin in regulation of brain cholesterol metabolism. Cell Metab.
12, 567–579
The Insulin Centennial—100 years of milestones 11

http://refhub.elsevier.com/S0022-2275(21)00114-0/sref109
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref109
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref109
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref110
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref110
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref110
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref110
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref111
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref111
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref111
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref111
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref112
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref112
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref112
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref112
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref113
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref113
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref113
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref113
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref113
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref114
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref114
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref114
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref114
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref114
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref115
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref115
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref115
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref115
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref116
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref117
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref117
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref117
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref117
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref117
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref118
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref118
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref118
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref118
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref118
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref119
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref119
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref119
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref119
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref119
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref120
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref120
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref120
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref121
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref121
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref121
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref121
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref121
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref122
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref123
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref124
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref125
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref126
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref127
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref128
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref128
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref128
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref128
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref128
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref129
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref129
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref129
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref129
http://refhub.elsevier.com/S0022-2275(21)00114-0/sref129

	The insulin centennial—100 years of milestones in biochemistry
	Insulin purification
	Processing of proinsulin
	Insulin secretion
	Incretin hormones
	The discoveries that insulin acts by increasing glucose uptake into cells
	Role of insulin in glycogen metabolism
	Insulin stimulates lipogenesis
	Mechanism for insulin suppression of ketogenesis
	Mechanism for insulin suppression of lipolysis in adipocytes
	Discovery of the insulin receptor and its tyrosine kinase activity
	Insulin receptor kinase substrates, a gateway into the insulin signaling pathway
	Discoveries related to insulin resistance and type 2 diabetes
	Interplay between lipid metabolism and insulin sensitivity
	Looking to the future
	Funding and additional information
	References


