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Abstract

Insulin is an evolutionarily conserved peptide hormone best known for regulating
glucose homeostasis, yet its physiological roles extend well beyond glucose regulation.
Across the animal kingdom, insulin signaling influences such diverse physiological
processes as growth and development, stress responses, cognition, learning, memory
formation, sodium balance, thermoregulation, reproduction, and vision. Although
traditional laboratory models have advanced our understanding of insulin signaling and
diabetes pathophysiology, they represent a relatively narrow perspective on the diversity
of glucose regulation strategies and roles of insulin observed in the animal kingdom.
Examination of insulin resistance through a comparative physiology lens provides a
broader evolutionary framework for understanding how insulin signaling pathways and
nutrient regulation have been conserved or modified across species in response to
various environmental pressures. Evidence from this approach demonstrates diverse
glucose regulation strategies noting that insulin resistance can at times function as an
adaptive response to various stressors, even in humans. Several recent reviews have
explored the evolution of insulin resistance and adaptive insulin resistance, though most
have focused on a limited subset of vertebrates. Therefore, the intent of the present
review is not to reproduce these efforts but to synthesize evidence across taxa,
highlighting the diversity of strategies for glucose regulation and adaptive insulin
resistance in vertebrates through the lens of comparative physiology. By examining
insulin signaling within an evolutionary context, this review aims to identify unifying
principles that challenge conventional paradigms of insulin resistance as solely
pathological and instead position it as a context-dependent physiological adaptation
across species.
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Introduction

Insulin is a peptide hormone secreted mainly by pancreatic -cells that is best known for
playing a fundamental role in lowering blood glucose concentrations by promoting its
uptake into tissues. This action is essential following a meal, as it prevents postprandial
hyperglycemia and its associated complications. Thus, it is no surprise that the
glucoregulatory actions of insulin are well-conserved across taxa. Insulin is much more
than a glucoregulatory hormone, however, as it plays important roles in stress
responses, growth and development, immunity, longevity, behavior, reproduction,
cognition, learning, memory, tissue regeneration, vision, sodium balance, and even
thermoregulation. These pleiotropic effects of insulin help shed light on the variety of
symptoms and complications seen in individuals who have developed insulin resistance,
which occurs when cells cannot respond to insulin. Although insulin resistance is often
viewed as a pathology, there are many examples of adaptive insulin resistance in
organisms, including humans. Thus, the aim of this review is to explore the evolutionary
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origins of insulin and insulin resistance, highlight the diverse physiological roles of
insulin across taxa, and identify unifying patterns that challenge conventional paradigms
of glucose regulation and insulin resistance by exploring its role as an adaptive
mechanism for survival rather than only a hallmark of disease.

Discovery and Evolutionary Origins of Insulin

Although physicians have been treating symptoms of diabetes with varying levels of
success since ancient times, the role of insulin in diabetes was only recently discovered
(1). In 1683, Johann Conrad Brunner demonstrated that partial removal of the pancreas
(pancreatectomy) in dogs resulted in polyuria and polydipsia, though the connection
between the pancreas and diabetes was not yet understood (2). In 1877, French
physician Etienne Lancreaux used the term ‘pancreatic diabetes’ to describe cases of
pediatric diabetes associated with pancreatic atrophy (2). The link between pancreatic
function and diabetes was later solidified by physicians Oskar Minkowski and Joseph
von Mering in 1889, who paved the way for the discovery of insulin when they
demonstrated that pancreatectomy produced diabetes in a dog (2). Further progress
came in 1891 when French physiologist Marcel Eugene Emile Gley confirmed
Minkowski’s experiments by demonstrating that pancreatic extracts could alleviate
diabetic symptoms in depancreatized dogs. Recognizing the importance of his findings,
he published several papers and sent a sealed letter in 1905 to the Assembly of the
Société de Biologie (2). In this letter he described his progress since 1891 and urged
additional research, stating, “It will be important to try to isolate the active principle of
these extracts from the internal secretion of the pancreas, and to study its mode of
action” (2). Frederick Banting and John Macleod later received the 1923 Nobel Prize in
Physiology or Medicine for the discovery of insulin, though several American and
European researchers contested the award given the history of research on the subject

(2).

The transmembrane insulin receptor is a member of the tyrosine kinase receptor family.
Binding of insulin to the receptor’s extracellular a-subunits induces tyrosine
autophosphorylation of the intracellular subunits, thereby activating the receptor (3). As
discussed in more detail below, the downstream effects of insulin are mediated through
the activation of two main pathways, mitogen activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) and phosphoinositide 3-kinase/protein kinase B
(PI3K/Akt) (3). While much research has focused on these intracellular signaling
pathways, a genome-wide analysis found the insulin receptor also closely associates
with nuclear RNA polymerase Il, providing evidence for a direct role in regulating gene
expression (4). Thus, the outcomes of insulin binding to its receptor varies widely
depending on the target tissue and intracellular signaling pathway that is activated.

While the insulin receptor is functionally well-conserved, the insulin molecule itself
shows greater variation (5, 6). Pancreatic B-cells produce proinsulin, which is a single
polypeptide chain precursor comprised of an A chain and B chain connected by C-
peptide. Proinsulin is converted to insulin in the B-cells through enzymatic cleavage of
the C-peptide to form a mature molecule comprised of two polypeptide chains (A and B)
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linked by disulfide bridges (7). The specific steps and enzymes involved in this
conversion vary between species (7). Comparative analyses have identified eight amino
acid residues within the B-chain and four within the A-chain that are fully conserved
across vertebrates whereas two residues in the B-chain and six in the A-chain are
conserved in 90% or greater of vertebrates (8). The conserved regions are related to
receptor binding, function, and processing of insulin (8). It is speculated that insulin
arose from insulin-like growth factors and is relatively well-conserved among proteins
with hagfish and human insulin amino acid sequences sharing 65% identity (8).
Variations in the potency of responses to insulin have been noted, however. For
example, avian insulins (chicken and turkey) demonstrate 2-3 higher potency than
porcine insulin (8). Thus, while the insulin receptor and responses are remarkably well-
conserved, such species-specific structural variations may shed light on functional
variations that support diverse metabolic, ecological, and physiological demands of
organisms.

The insulin gene superfamily originated long before the evolution of the pancreas. This
superfamily includes insulin, insulin-like growth factors (IGF-1 and -2), relaxins (relaxin-
1 and -2), and insulin-like peptides that share similar structural motifs (9, 10)).
Comparative studies reveal that nearly all invertebrates and vertebrates have an insulin
or insulin-like peptide signaling pathway and the insulin receptor is found in most
tissues, although the highest expression occurs in liver, skeletal muscle, and adipose
tissue (3, 9-14). The identification of insulin-like peptides in unicellular organisms, fungi,
yeast, flowering plants, and even some viruses suggest that insulin signaling did not
originally emerge for the sole purpose of glycemic regulation (9). Beyond glucose
regulation and metabolism, comparative research has revealed roles for insulin in
influencing stress responses, growth, immunity, longevity, behavior, diapause,
reproduction, vision, nervous system function, host defense, and predation (8, 9). It also
contributes to cognition, learning, memory, vision, tissue and limb regeneration, sodium
balance, blood pressure regulation, and thermoregulation (13, 15-18). These diverse
functions help explain why some species maintain insulin signaling pathways even
when it does not appear to regulate blood glucose (9).

Canonical and Non-Canonical Roles of Insulin in Mammals

Canonical Anabolic Roles of Insulin

Glucose is hydrophilic and therefore cannot freely cross the plasma membrane of cells.
Thus, its uptake by tissues is facilitated by a family of glucose transport proteins (GLUT)
encoded by solute carrier family 2 (SLC2A) genes. Fourteen isoforms (GLUT1-14) have
been identified in vertebrates and are shown in Table 1 (19). GLUT proteins are
characterized by 12 transmembrane spanning domains creating an aqueous channel
with both the N- and C-termini facing intracellularly. Although most GLUTs are hexose
transport proteins, some also transport urate, dehydro-ascorbate, or myo-inositol (19).
Phylogenetic analyses have grouped these transport proteins into 3 classes: Class 1
(GLUTs 1-4 and 14), Class 2 (GLUTs 5, 7, 9, 11), and Class 3 (GLUTs 6, 8, 10, 12, and
13 (aka H(+)-myo-inositol transport protein, HTMI)) (19). While most GLUT proteins are
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constitutively present in the plasma membrane of cells, several GLUTs (4, 8, and 12)
are found in intracellular vesicles that translocate to the plasma membrane in response
to insulin (19-22). Phylogenetic analyses of nonmammalian vertebrates have revealed
six previously unknown SLC2A genes (SLC2A15-20), resulting in the need to create a
fourth class (20). Additionally, SLC2A-like genes have been discovered in invertebrates.
The general expression patterns and features of the SLC2A genes across vertebrates
and SLCZ2A-like genes in invertebrates are summarized in Table 1.

As an anabolic hormone, insulin promotes the postprandial transfer of metabolic
substrates (carbohydrates, fatty acids, amino acids) from the blood to tissues for use in
metabolism, storage, and the synthesis of glycogen, fats, and proteins (23, 24). Shown
in Figure 1 is a summary of the canonical roles of insulin with a focus on glucose
regulation. Dietary glucose is absorbed by enterocytes in the small intestine via apical
sodium-glucose cotransport proteins (SGLT) and GLUT2, and is then exported from the
basolateral side of enterocytes via GLUT2 (25-27). The rise in circulating glucose
stimulates pancreatic B-cells to secrete insulin. Insulin acts as both a vasodilator (via
activation of endothelial nitric oxide synthase, eNOS) and anabolic hormone, increasing
blood flow to tissues to facilitate nutrient delivery and storage (Figure 1) (23). Binding of
insulin to its receptor results in the activation of varying intracellular signaling cascades
depending on the target tissue (Figure 2) (3, 13). In general, activation of the
MAPK/ERK signaling pathway mediates growth and gene expression whereas
activation of the PI3K/Akt pathway is responsible for nutrient regulation and a variety of
other outcomes explored in this review (Figure 2) (15).

Facilitated glucose transport protein member 4 (GLUT4) is the prominent insulin-
responsive glucose transport protein expressed in skeletal and cardiac muscles,
adipose tissue, and brain of mammals. Insulin binding to its receptor within these
tissues activates the PI3K-dependent signaling cascade, resulting in the translocation of
GLUT4-containing vesicles to the plasma membrane to facilitate glucose uptake and
metabolism or storage as glycogen (Figure 1) (23, 28, 29). Studies have also identified
insulin-responsive GLUT8 and GLUT12 mRNA in human skeletal muscle (30, 31).
However, a study of developing and adult human skeletal muscle failed to detect
GLUT8 or GLUT12 protein expression (30). Moreover, the expression of GLUT8 and
GLUT12 were not altered in response to obesity or type 2 diabetes (30). Thus, GLUT8
and GLUT12 do not appear to play a major role in insulin-dependent glucose uptake or
diabetes pathology in human skeletal muscle. In contrast, a study of GLUT4 knockout
mice revealed increased expression of GLUT12 mRNA in cardiac tissue, which may
provide functional compensation for the loss of GLUT4 in this tissue (32). In fact,
overexpression of GLUT12 improved insulin sensitivity in obese mice (33). These
contrasting findings exemplify variations in insulin-mediated glucose transport
mechanisms between mammalian species and possibly between tissues within species.

Genomic comparisons of zebrafish (Danio rerio), Western clawed frogs (Xenopus
tropicalis), domestic chickens (Gallus gallus), mice (Mus musculus), and humans
demonstrate that greater than 70% of genes involved in glucose metabolism are
conserved (34). Moreover, comparison of the insulin signaling pathway in fruit flies
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(Drosophila melanogaster), frogs, and humans shows that insulin and Drosophila
insulin-like peptides can activate GLUT4 (9). This evolutionary conservation highlights
the importance of the insulin signaling pathway in organismal health and nutrient
regulation. It may also explain why so many species have evolved defensive or
predatory peptides targeting this pathway as summarized in Supplemental Table S1.
Host peptides include a variety of insulin secretagogues produced by the skin of
amphibians that induce insulin release and hypoglycemia in prey and potential
predators. Additionally, peptides isolated from chickens, platypus, echidna, tuna, sharks,
snakes, Gila monsters, wasps, cone snails, tarantulas, scorpions, honeybees,
centipedes, and sea anemones likewise show various glucoregulatory effects in cell
cultures and animal models of diabetes. As such, much research has been dedicated to
testing these various peptides for the treatment of insulin resistance and diabetes in
mammals (Supplemental Table S1).

As an anabolic hormone, insulin also plays a major role in the metabolism of fatty acids
as well as amino acids. Insulin facilitates fatty acid uptake by promoting the
translocation of cluster of differentiation 36 (CD36), a fatty acid translocase (FAT), to the
plasma membrane of skeletal muscle through a PI3K-dependent mechanism, similar to
GLUT4 translocation. In this way, insulin facilitates lipogenesis and fatty acid
metabolism in muscle (Figures 1 and 2) (35). Insulin also promotes amino acid uptake
and protein synthesis (via mechanistic target of rapamycin and p70 ribosomal protein
S6 kinase 1, mTOR/p70S6K) while inhibiting protein degradation and gluconeogenesis
through downregulation of Bcl-2-associated death promoter (Bad) and forkhead box
protein O1 (FOXO1), respectively (Figures 1 and 2) (15, 36). Paracrine effects of
insulin in the pancreas inhibit the release of glucagon from nearby a-cells (Figure 1)
thereby exerting anabolic effects while opposing the catabolic effects of glucagon.

In conditions of fasting and hypoglycemia, insulin levels decline and glucagon levels rise
to promote hepatic lipolysis, gluconeogenesis, and glycogenolysis thereby liberating
metabolic substrates to maintain energy balance (37). The sympathetic nervous system
is also activated in response to fasting and hypoglycemia resulting in neurological
symptoms that cause a person to feel nervous, sweaty as well as hungry to drive food
consumption. In addition, the sympathoadrenal system releases norepinephrine from
the adrenal gland, which targets the liver to promote gluconeogenesis and
glycogenolysis (37). The combined effects of glucagon and sympathetic nervous system
activation help restore glucose homeostasis.

While insulin is essential in mammalian nutrient metabolism, the next section focuses
on its lesser-known roles in regulating the central nervous system, blood pressure,
vision, salt balance, and thermoregulation. Additionally, sources of extrapancreatic
insulin production are explored.

Broader physiological roles of insulin

Central Nervous System
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In addition to the essential roles of insulin in nutrient regulation, recent reviews
demonstrate it exerts important roles in the central nervous system (Figure 3) (13, 38,
39)). Insulin and its receptors have been detected in the central nervous system of
humans, dogs, rodents, lizards, and alligators (13, 40—42). In fact, studies have shown
that insulin levels in the brain of mice and humans are 10-100 times higher than the
periphery, with the highest concentrations detected in the developing brain, suggesting
a critical role in development (13, 40). While the majority of insulin found within the brain
originates from the pancreas, recent studies demonstrate that small amounts of insulin
are produced locally in various regions of the brain (see Extrapancreatic Sources of
Insulin).

Insulin released from the pancreas crosses the blood brain barrier via receptor-
mediated transcytosis. These receptors are typically saturated under normoglycemic
conditions (13, 43, 44). Insulin may also cross into the brain with the help of tanycyte
cells in regions with a relatively permeable blood-brain barrier, such as the median
eminence or arcuate nucleus (39, 45). While acute peripheral hyperinsulinemia is
associated with increases in insulin levels in the cerebral spinal fluid, chronic elevations
result in decreased insulin transport into the brain via downregulation of transport
proteins (13). Insulin distribution within the central nervous system is highest within the
cortex, olfactory bulb, hippocampus, hypothalamus, and amygdala whereas insulin
receptors are found mainly in neurons but also in glia cells, such as microglia and
astrocytes, in the olfactory bulb, hypothalamus, cerebral cortex, cerebellum, striatum,
and hippocampus (13, 38, 39). The widespread distribution of insulin and its receptors
within the brain reflects the many functions insulin plays in the central nervous system.

Central effects of insulin mediated through activation of PI3K signaling pathways include
regulating the outgrowth of neurites, catecholamine secretion, brain glucose uptake,
and expression and localization of neurotransmitter receptors (46). In the developing
brain, insulin also plays important roles in growth and differentiation of neurons (13, 39).
The central effects of insulin help modulate synaptic plasticity, learning, memory, and
activation of pathways that protect neurons from ischemia, oxidative stress, and
apoptosis. (Figure 3) (13, 39, 46, 47). Moreover, insulin binding to receptors on
astrocytes increases dopamine release via activation of PI3K signaling thereby
preventing depression and anxiety (Figure 3) (38, 39, 48). Astrocytes and microglia
provide nutrition and physical support for neurons and activation of insulin receptors on
astrocytes modulates glucose uptake and sensing by the brain (46). Insulin signaling in
the arcuate nucleus region of the hypothalamus also decreases appetite and food
intake by facilitating glucose-mediated activation of satiety inducing pro-
opiomelanocortin (POMC) neurons (Figure 3) (38, 39, 46). Thus, insulin is important in
many brain functions including regulation of energy intake.

The central effects of insulin signaling are not confined to the brain, however.
Administration of intranasal insulin to humans and rodents, demonstrate a central role of
insulin in promoting lipogenesis and fatty acid uptake, inhibiting lipolysis in peripheral
adipocytes, and promoting hepatic triglyceride secretion, thereby preventing steatosis
(39, 45, 46). Other peripheral effects of insulin signaling in astrocytes include activation
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of the hypothalamic-pituitary-gonadal (HPG) axis resulting in the release of luteinizing
hormone from the anterior pituitary, which in turn, targets the gonads to produce
estrogen and testosterone (Figure 3) (39). Central insulin signaling also activates a
second phase of insulin secretion from the pancreas (45). Resistance to these central
effects of insulin results in a host of neurological and peripheral effects. For example,
ablation of the insulin receptor in astrocytes specifically, results in overeating,
decreased energy expenditure, and reduced thermogenesis, which promotes obesity
(Figure 3) (38).

Cardiovascular Function

Insulin exerts direct effects on the vasculature that parallel its metabolic actions, as
demonstrated in a study of healthy normotensive adults showing that enhanced insulin-
induced vasodilation in the presence of glucose is correlated with whole body glucose
uptake (Figures 1 and 2) (49). Stimulation of the PI3K pathway in the vasculature
activates endothelial nitric oxide synthase (eNOS) leading to the production of the
endogenous vasodilator nitric oxide (23, 50). Nitric oxide increases blood flow and
capillary recruitment in muscle to help perfuse the tissue and promote glucose uptake
(50). Insulin also crosses the endothelial lining of capillaries both paracellularly and
transcellularly to bind directly to receptors on vascular smooth muscle cells, resulting in
contraction and smooth muscle cell proliferation (23, 50). Studies have also shown that
insulin acutely lowers blood glucose in rodents, humans and Mourning doves (Zenaida
macroura) in part by enhancing renal glomerular filtration rate (51, 52). Examination of
healthy laboratory rats indicate this effect may be mediated by greater dilation of the
afferent renal arteriole than the efferent renal arteriole (52) thereby increasing urine
production and glucose disposal in the urine. These vascular effects of insulin regulate
the delivery of insulin and nutrients to target tissues as well as glucose disposal in the
urine.

Wound healing is regulated in part by the vasculature as blood vessels are important
conduits of oxygen, nutrients, hormones, immune cells, as well as growth factors
necessary to repair damaged tissues. Thus, by promoting vasodilation, insulin helps
deliver essential nutrients and healing factors to facilitate tissue repair. In fact, a study of
wound healing in mice found that insulin acts through the PI3K signaling pathway to
activate Rac1 in keratinocytes promoting wound closure (Figure 2) (53).

Insulin receptors within mammalian renal nephrons also contribute to blood pressure
homeostasis by altering sodium balance (54). In the proximal tubule, insulin stimulates
the sodium-hydrogen exchanger type 3 (NHE3) on the luminal side and both the
sodium-potassium-ATPase (Na-K-ATPase) and sodium-bicarbonate cotransport protein
(NBCe1) on the basolateral side to facilitate sodium reabsorption (54). Insulin also
promotes sodium reabsorption in the distal tubule via activation of the sodium-chloride
cotransport protein (NCC) on the luminal side and Na-K-ATPase on the basolateral side
whereas reabsorption in the collecting duct is facilitated by activation of the amiloride-
sensitive epithelial sodium channel (ENaC) on the luminal side and Na-K-ATPase on
the basolateral side (54). Interestingly, insulin activation of NBCe1 remains intact in both
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Otsuka Long-Evans Tokushima Fatty rats and human patients despite insulin resistance
(55). Thus, hyperinsulinemia arising from insulin resistance may contribute to
hypertension by overstimulating sodium reabsorption by the kidneys (54, 56).

The various vasoactive and sodium regulatory properties of insulin help explain how
insulin resistance contributes to microvascular and macrovascular pathologies
associated with diabetes including hypertension, atherosclerosis, myocardial
dysfunction, and impaired wound healing (50).

Retinal Glucose Homeostasis and Vision

Glucose is the primary source of energy to support the high metabolic activity of the
retina. Glucose transport across the blood-retinal barrier is facilitated by GLUT1,
GLUT3, and SGLT2, with GLUT1 serving as the primary glucose transport protein in the
human retinal vasculature. Comparative studies have revealed multiple glucose
transport protein isoforms (GLUT2-4 and SGLT1 and 2) with varying expression
patterns in humans, rodents, and cows as well as layer-specific expression in the retina
as reviewed by Zhang et al. (57). Insulin receptors are found in the vasculature and in
neurons within the retina (58). Although, insulin has been shown to activate PI3K-
mediated translocation of GLUT4 in the retina of rats and frogs (59), GLUT4 was not
detected in the human retina (60). In contrast to most vertebrates that rely on aerobic
metabolism to support the retina, the inner retina of birds is avascular creating a
remarkably anoxic environment. Instead, recent research has revealed that the avian
retina is nourished by a specialized structure called the pecten oculi, which itself is
highly vascularized. This structure delivers substantial amounts of glucose to the retina
via GLUT1 and removes metabolic byproducts such as lactate (61). Together, these
findings illustrate the diverse and tissue-specific roles of insulin and glucose transport
systems in the regulation of vision.

Thermoregulation

Hypothermia is associated with insulin resistance in humans and animals. Researchers
have discovered a protein called TUG (which stands for tether, containing a UBX
domain, for GLUT4) that acts as a tether on GLUT4-containing vesicles (16). Following
insulin-mediated disruption of this tether and the release of GLUT4, the c-terminal of the
TUG protein travels to the nucleus where it triggers thermogenesis by altering the
expression of thermoregulatory genes (sarcolipin and uncoupling protein 1) (16). In this
way, insulin may be responsible for promoting postprandial thermogenesis (16)
(Figures 1 and 2).

Insulin also plays a role in the central regulation of thermogenesis. Neurons in the
hypothalamic preoptic region of the brain have been implicated in thermoregulation
(Figure 3) (62). Insulin administration to the preoptic region of mice triggers an increase
in core body temperature through activation of brown adipose tissue thermogenesis
(63). In a recent study, researchers reduced the body temperature and metabolism of
mice by targeting specific neurons in the preoptic region, causing a hibernation-like
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state by downregulating heat generation in brown adipose tissue (62). They observed
increases in insulin concentrations in the blood despite a decrease in blood glucose
levels during the early stages, which was followed by hyperglycemia and insulin
resistance (62). Returning the mice to euthermic temperatures restored glucose
metabolism showing that these neurons affect metabolism by changing body
temperature, as opposed to the reverse. The elevated glucose and insulin may be
attributed to insulin resistance and reduced glucose metabolism in the brown adipose
tissue, heart, and brain during hypothermia (62). These findings suggest that
temperature actively alters glucose metabolism rather than only reflecting uncoupling of
ATP production from oxidative metabolism to generate heat.

Extrapancreatic Insulin Production

Genes related to carbohydrate and glucose metabolism are highly conserved across
taxa (34) although insulin production and signaling appear remarkably flexible.
Detection of insulin in depancreatized animals led to the discovery of multiple examples
of extrapancreatic sources of insulin and functional compensation for loss of insulin in
vertebrates. For example, remnants of the splenic region of the pancreas enlarge and
continue producing insulin and glucagon for at least 16 days following pancreatectomy
in single comb White Leghorn chickens, although clinical signs of diabetes develop after
3-5 weeks (64-66). Similarly, partial pancreatectomy in pigs increases 3-cell density in
the remaining pancreas (67). In rodents, streptozotocin-induced diabetes stimulates the
proliferation of insulin-producing cells in peribiliary glands near the duodenum, while
human-derived biliary tree stem cells develop B-cell like features when exposed to high
glucose concentrations (68). These physiological responses to a loss of insulin
production by the pancreas demonstrate remarkable compensation and hint at the
presence of extrapancreatic sources of insulin in animals.

Extrapancreatic insulin-producing cells have been identified in numerous tissues
including the gastrointestinal tract, liver, adipose, spleen, bone marrow, thymus,
reproductive tract, tendons, salivary glands, and brain of vertebrates. The
developmental origin of the pancreas from the foregut-midgut boundary may explain the
presence of insulin-producing cells within the gastrointestinal tract (69). Indeed, a
cluster of enteroendocrine cells in the fetal small intestine express insulin mMRNA and
protein, although these cells are no longer detected in human neonates (70). In healthy
mice, expression of proinsulin is largely limited to the spleen and thymus, but in diabetic
models (high fat diet, ob/ob mice, or streptozotocin treatment), it is additionally
expressed in the liver, adipose, and bone marrow (71). These findings suggest that
chronic hyperglycemia may activate proinsulin expression in non-pancreatic tissues
(71). The parotid gland of mice contains cells that produce insulin-like peptides, and its
enlargement with diabetes suggests it may provide functional compensation for the loss
of insulin as well (72). Finally, detection of C-peptide (a byproduct of insulin synthesis) in
human hippocampal and neocortical pyramidal cells led to the hypothesis that insulin is
synthesized in the brain (40, 73, 74), which was later confirmed in cultured rodent
pyramidal neurons that release insulin in response to depolarization, although the
majority of insulin within the CNS still originates from the pancreas (13).
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Additional evidence supports tissue-specific roles of insulin beyond its canonical roles in
metabolism. In mice, spermatozoa release insulin within the female reproductive tract,
and both human and mouse endometria secrete insulin with levels increasing during
estrus, potentially preventing apoptosis of spermatozoa through activation of the
PI3K/Akt pathway (75). Populations of insulin-producing cells have also been identified
in human and rat tendons, where impaired function may contribute to diabetic
tendinopathy (76).

The widespread distribution of insulin producing cells across tissues and species, as
well as its pleiotropic effects, suggest that insulin signaling predates the evolution of the
vertebrate pancreas and may have originally served broader developmental and cellular
functions. Thus, it is not surprising that insulin-like peptides have been identified in a
wide range of organisms including those lacking a pancreas from unicellular
prokaryotes (E. coli, halobacteria) and eukaryotes (protozoa), fungi (Aspergillus,
neurospora), and flowering plants (spinach, lemna, rye) to insects (blowfly, fruit fly,
hoverfly, honeybee, moth, locust, tobacco hornworm, cockroach), annelids, sea squirts,
and echinoderms (starfish) (77). Insulin-like peptides have also been identified in
organisms with a hepatopancreas (molluscs and crustaceans) (77), as well as in
specialized intestinal cells of turtles (Chrysemys picta, Pseudemys scripta scripta, P.
scripta elegans, P. floridana, Sternotherus odoratus, and Trionyx spinifer asper) (78),
larval lampreys, and dogfish (79, 80). The detection of insulin in chicken eggs before
pancreatic development and even in unfertilized eggs, help confirm that its role in
embryonic growth and development preceded its later more specialized role in nutrient
balance (77).

Insulin Resistance

Pathophysiology of Insulin Resistance

The term diabetes originates from the ancient Greek word diabainein (diapaiveiv), which
is roughly translated as ‘to go through’ or ‘siphon,’ in reference to the copious volume of
urine produced by affected individuals (81, 82). Mellitus was a term added by physician
Thomas Willis in 1675 used to describe the ‘honey-sweet” nature of blood and urine
from patients with diabetes-induced hyperglycemia resulting in excess glucose disposal
in the urine (82). The term diabetes mellitus is now used to describe a spectrum of
disorders arising from glucose dysregulation, including those caused by pancreatic -
cell dysfunction and/or insulin resistance (Figure 4) (83—86). Conditions associated with
pancreatic 3-cell dysfunction include pancreatic autoimmune disease in childhood (Type
1) or adulthood (Type 1.5), genetic mutations occurring typically in adults younger than
25 years of age (maturity onset diabetes of the young), pancreatitis (Type 3c), and
childhood malnourishment (Type 5) (Figure 4). Type 2 diabetes is characterized by
insulin resistance and B-cell dysfunction, which increase the risk for Alzheimer’s
disease, sometimes referred to as Type 3 diabetes (Figure 4). Type 4 diabetes is
associated with age-related insulin resistance in visual pathways, whereas gestational
diabetes is associated with insulin resistance or B-cell dysfunction during pregnancy
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(Figure 4). In contrast to diabetes mellitus, diabetes insipidus results from inadequate
or dysfunctional arginine vasopressin (aka: antidiuretic hormone) signaling, resulting in
excessive urination. Because the root cause is not associated with glucose, the term
insipidus (a Latin word for ‘tasteless’) was added to distinguish it from diabetes mellitus.
In 2022, the Endocrine Society and European Society of Endocrinology proposed
changing the name to either arginine vasopressin deficiency (AVP-D) to describe cases
of reduced arginine production in the central nervous system, or arginine vasopressin
resistance (AVP-R) to describe cases of resistance to the effects of the hormone (87)
(Figure 4).

Insulin resistance occurs when insulin is not able to activate intracellular signaling
pathways in target cells and can occur at the pre-receptor, receptor, or post-receptor
level (24). Pre-receptor insulin resistance occurs in response to defects in the secretion
or properties of insulin or the presence of insulin antibodies (24). Anti-receptor
antibodies or defects in the insulin receptor contribute to insulin resistance at the
receptor level, whereas dysfunctional intracellular signaling cascades are responsible
for post-receptor insulin resistance in tissues (24). Regardless of the level of defect,
resistance to the glucose-lowering effects of insulin result in hyperglycemia and
enhanced fatty acid oxidation due to limitations in the ability for cells to take up glucose
(88).

Diets high in saturated fats also promote fatty acid oxidation and can lead to
inflammation-induced insulin resistance as fat uptake exceeds the ability for adipose
tissue and skeletal muscle to store lipids, resulting in lipotoxicity (88). Similarly, insulin
resistance is suspected to be the main cause of non-alcoholic fatty liver, or steatosis, in
mammals (89). However, hyperinsulinemia appears to be a consequence of hepatic
steatosis as opposed to a cause (89). As insulin normally suppresses glucagon release
from pancreatic a-cells, hyperglycemia resulting from insulin resistance is often
compounded by hypersecretion of glucagon, which plays a major role in amino and fatty
acid metabolism, thermogenesis, appetite regulation, as well as cardiovascular health
(90). In fact, a study of individuals with diabetes found that 30% had elevated circulating
glucagon concentrations during fasting and delayed suppression of glucagon compared
to individuals with normal glucose tolerance (91). As a catabolic hormone, glucagon
increases circulating metabolic substrates during fasting by promoting hepatic
gluconeogenesis, glycogenolysis, and lipogenesis, while also stimulating proteolysis in
skeletal muscle to provide additional amino acids and fatty acids to support hepatic
gluconeogenesis (Figures 1 and 2) (92). As such, unrestricted glucagon release may at
minimum worsen, and at worst cause, metabolic disease and pathologies associated
with insulin resistance and type 2 diabetes (90).

The pleiotropic roles of insulin in the central nervous system help explain why insulin
deficiency and resistance in obesity, type 2 diabetes, and aging contribute to impaired
cognition, learning and memory as well as depression, anxiety, and vascular dementias
(Figure 3) (13, 39, 43). Even short term overnutrition can impair insulin signaling in the
brain (46). Moreover, central insulin resistance is associated with the accumulation of (3-
amyloid and hyperphosphorylation of tau protein, which are linked with Alzheimer’s
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disease, as well as impaired cholesterol biosynthesis of neurons and astrocytes (39).
Brain insulin resistance exacerbates systemic pathology as the normal nutrient and
appetite regulating effects of insulin in the brain are impaired leading to increased
appetite, food intake, and adipocyte lipolysis thereby providing excess fatty acids and
glycerol to encourage enhanced hepatic glucose production and lipogenesis (46).

Not all individuals with insulin resistance develop type 2 diabetes. A recent longitudinal
study showed that decreased insulin sensitivity precedes B-cell impairment even among
individuals with normal fasting glucose concentrations (93, 94). Western dietary patterns
(high in refined carbohydrates, saturated fats from domesticated meats, and low in
fibers), combined with sedentary behavior and environmental factors, contribute to the
development of obesity, low-grade inflammation, and insulin resistance (95-99).
Although insulin resistance is most commonly associated with obesity, it can manifest in
metabolically obese normal-weight individuals (100, 101). Similar to type 2 diabetes,
factors such as inactivity and increased central adiposity contribute to metabolic obesity
in these normal weight individuals (101). Additionally, the anaerobic gram-negative
bacteria Porphyromonas gingivalis, which causes periodontitis, can result in pathogen-
induced insulin resistance via systemic inflammation and alterations in adaptive and
innate immune responses (102). Thus, healthy dietary and oral hygiene habits along
with reduced sedentary behavior can help prevent type 2 diabetes in normal and
overweight individuals.

While interventions such as exercise and dietary modification reduce the risk of insulin
resistance and type 2 diabetes (103), several major clinical trials (ACCORD, ADVANCE,
and VADT) have shown that strict glycemic control alone does not consistently reduce
cardiovascular disease events such as stroke, heart attack or heart failure, in people
with type 2 diabetes (as reviewed by 101). The ADVANCE trial demonstrated improved
microvascular outcomes, but found no significant improvements in macrovascular
health or cardiovascular mortality with intensive glycemic control (104). In contrast, the
ACCORD trial found that intensive glycemic control (<6% hemoglobin A1c (HbA1c)) in
people with established diabetes and a higher risk of cardiovascular disease, many of
whom were prescribed insulin prior to enrollment, was associated with higher mortality
than a standard glycemic control (7-7.9% HbA1c) group (104). This increased risk was
not explained by more frequent hypoglycemic episodes, but rather may be attributed to
a combination of weight gain, advanced age (average 62 years) and more established
diabetes characterized by macrovascular disease and use of multiple medications
(104). In contrast, participants in the ADVANCE trial were characterized by less
advanced diabetes, lower glycated hemoglobin (HbA1c), and less use of insulin at
baseline in addition to nonsignificant weight gain during the trial (104). Together, these
findings suggest that early glycemic control reduces microvascular complications,
whereas advanced type 2 diabetes with established macrovascular disease may require
broader management of multiple cardiovascular risk factors rather than focusing solely
on intensive glycemic control (104).

Genetic and Epigenetic Modulators of Insulin Sensitivity and Type 2 Diabetes Risk
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Genetic factors can shape metabolic risk. For example, studies have found that over
50% of native Akimel O'odham individuals (historically known as Pima) develop insulin
resistance and type 2 diabetes without pancreatic -cell failure (105). Moreover,
genome-wide association studies (GWAS) have identified numerous loci linked to type 2
diabetes, as reviewed by Brown and Walker (106). The majority of variants influence -
cell function or insulin release, with only a few related to insulin resistance, supporting
the notion that insulin resistance is primarily caused by obesity whereas (-cell
dysfunction is more commonly linked to genetic risk factors (103). Variants associated
with insulin resistance identified thus far include loci near genes associated with the
insulin signaling pathway, intracellular vesicle trafficking, fatty acid metabolism, high
density lipoprotein (HDL) cholesterol, triglycerides, glycogen synthesis, circadian
rhythm, and body mass index (106—112). Some studies also found variations in genes
of individuals with lower body mass index (BMI) who had reduced insulin sensitivity
(106).

Epigenetic factors, such as DNA methylation and histone modifications affect the risk of
developing insulin resistance and diabetes (113). For example, maternal nutrition during
pregnancy plays a pivotal role as diets rich in refined carbohydrates and fats, but
deficient in proteins and micronutrients, can cause epigenetic modifications that
predispose offspring to impaired glucose regulation and metabolic disease as an adult
(113). Although maternal weight gain during pregnancy is positively associated with
obesity and insulin resistance in offspring (113, 114), a systematic review and meta-
analysis also found a positive correlation between pre-pregnancy maternal body mass
index and insulin resistance in offspring (114).

Environmental pollutants, such as heavy metals, persistent man-made organic
pollutants (e.g. PFAS), and fine particulate matter, may exacerbate insulin resistance.
Activation of the aryl hydrocarbon receptor by these pollutants stimulates cytochrome
P450 enzymes that drive oxidative stress, inflammation, as well as epigenetic
modifications leading to insulin resistance (115). For this reason, individuals living in
areas with higher environmental pollutants may have a greater risk of developing insulin
resistance.

Laboratory Models of Insulin Resistance

Experimental models have been essential for elucidating the pathophysiology of insulin
resistance. Recent reviews have provided thorough summaries of experimental models
of diabetes that include genetic, dietary, pharmacologic, surgical, and viral-induced
diabetes in mice, rats, African hamsters (Mystromys albicaudatus), Yucatan miniature
swine (Sus scrofa), sand rats (Psammomys obesus), tuco-tuco (Ctenomys talarum),
zebrafish, rhesus macaques (Macaca mulatta), and cell cultures (116—-122). These
models effectively replicate many aspects of human metabolic diseases such as
obesity, hyperinsulinemia, hyperglycemia, and fatty liver disease. However, such
traditional laboratory models often rely on artificial environments and induction of
pathologies through genetic manipulation, extreme diets, and toxins, which may limit
translational relevance. As Frangogiannis (123) noted, such models may not capture the

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

complexity and chronic progression of human metabolic diseases, and results observed
in these models may not translate into effective therapeutics.

Adaptive Insulin Resistance in Humans

Similar to other vertebrates, humans exhibit signs of adaptive insulin resistance in
response to a variety of stressors, which is the focus of this section. Factors that are
thought to have promoted insulin resistance in early humans include infections,
starvation, and perhaps cold exposure. In these situations, insulin resistance may have
promoted survival by activating the sympathetic nervous system to promote adipocyte
lipolysis, thereby providing substrates for hepatic gluconeogenesis to prevent
hypoglycemia (46). In addition, peripheral insulin resistance would have preserved
glucose bioavailability for essential brain functions. In modern environments, however,
insulin resistance is associated with a host of chronic stressors including sedentary
lifestyle, social stress, overnutrition, aging, as well as abnormal circadian rhythm, which
chronically activate the sympathetic nervous system leading to continuous activation of
adipocyte lipolysis and lipotoxicity as well as uncontrolled hepatic gluconeogenesis
thereby causing or worsening systemic insulin resistance (46).

Ontogenic Shifts in Fuel Use and Insulin Sensitivity

Developmental shifts in fuel use and insulin sensitivity are observed in many vertebrates
and humans are no exception. As glucose is the primary fuel utilized by a developing
fetus, healthy neonates must transition from consistent nutrients supplied by the mother
in utero to variable nutrients and an enteral diet rich in fats and milk sugars after birth
(124). At birth, insulin and glucose levels fall and glucagon rises as the neonate no
longer receives continuous nutrition from the mother (124). Although ketogenesis is low
at birth, ketones produced from fatty acid oxidation comprise as much as 25% of a
newborn’s energy needs (124).

Adaptive insulin resistance begins mid-childhood before the onset of puberty with insulin
sensitivity returning near the end of puberty (125). Insulin resistance during this
developmental stage is thought to result from increases in adiposity as well as rises in
insulin-like growth factor-1 and growth hormone, which induce insulin resistance (125).
It is also possible that increases in dehydroepiandrosterone (DHEA) contributes to
insulin resistance and fat accumulation, at least in girls (125). Insulin resistance during
puberty promotes fat oxidation in lieu of glucose and spares lean muscle mass for
growth (126).

In terms of aging, insulin resistance has been found to protect longevity in short-lived
animals such as nematodes and fruit flies. In humans, however, insulin resistance
appears to accelerate aging (127). Here too, dietary restriction and exercise are thought
to counteract the cellular stress responses that occur with aging and age-related insulin
resistance (127).

Diet
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Anthropological evidence suggests that hunter-gatherer populations and other
mammals evolved under alternating cycles of food abundance and scarcity. The
transition to agriculture, and later industrialized diets, is thought to have disrupted these
cycles, providing chronic nutrient surplus and sedentary behavior thus contributing to
the rise in obesity and insulin resistance (97, 128). While much research centers on
weight loss drugs and insulin-sensitizing therapies, Janssen (97) advocates for utilizing
an evolutionary approach to prevent obesity and insulin resistance through dietary
modification, personalized nutrition, and systemic changes in the food industry and
health systems.

As mentioned, epigenetics and genetic diversity may also predispose some populations
to insulin resistance, with particularly high prevalence of type 2 diabetes in Native
American, Australian Aborigine, Pacific Island, and other populations (129). For
example, variants of PPARa (peroxisome proliferator-activated receptor alpha) and
TCF7L2 (transcription factor 7-like 2) among African populations may have conferred
resistance to famine and inflammation by enhancing lipid mobilization and insulin
sensitivity (130). Adipose tissue distribution also differs in these populations, with less
visceral and more intramuscular stores (130). However, these same variants are
associated with diabetes and hypertension, likely predisposing individuals to metabolic
disease in modern environments (130). Interactions between an individual’s genes and
their environment may also induce epigenetic changes that promote maladaptive insulin
resistance. For example, chronic intake of a high fat diet has been shown to reduce
methylation of the melanocortin 4 receptor gene, thus increasing an individual’s appetite
(131).

Several hypotheses have attempted to explain the evolution of insulin resistance (see
review: (132)). The ‘thrifty genotype’ hypothesis posits that certain genes helped hunter-
gatherers store energy as fat to survive famine and proposes that these genes are ill-
suited to modern diets characterized by food abundance and predictability, predisposing
individuals to obesity and type 2 diabetes (129, 133). Others disagree, arguing that
insulin resistance in muscle may actually be protective in humans, since humans are
not well-adapted for gluconeogenesis (134). As such, insulin resistance allows animals
to survive low carbohydrate diets by shunting glucose away from the muscles and
preserving it for the ‘selfish’ brain (132, 134, 135). This idea aligns with the hypothesis
that a shift from carbohydrate-rich diets to meat and fish-based diets may have fueled
human brain development and evolution (136).

Similarly, the behavioral switch and carnivore connection hypotheses propose that
insulin resistance came about as an adaptation to low carbohydrate diets (133). Miller
and Colagiuri (137) noted that limitations in carbohydrate availability and increased
protein intake during the Ice Ages may have selected for insulin resistance. Additionally,
others suggest that insulin resistance may serve as a socio-ecological adaptation that
reduces ovulation and favors fewer offspring but with more investment in each (135).
Gestational diabetes has also been hypothesized to shuttle nutrients away from the
mother toward the offspring (135).
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Titov et al. (138) proposed yet another intriguing hypothesis that the primary
evolutionary role of insulin is to regulate fatty acid metabolism, with glucose regulation
being a secondary role. This hypothesis is based on the premise that cellular
metabolism of free fatty acids predates glucose metabolism by millions of years (138).
Consistent with this hypothesis, insulin resistance facilitates a switch in energy use from
glucose oxidation to fatty acids and ketones (139), a mechanism used by many species
to regulate fuel use. For example, seasonal feasting is used by some species to prepare
for hibernation (140). Insulin resistance during hibernation ensures these animals
oxidize stored fats for metabolism while reserving carbohydrates for essential functions
(141).

In times of nutrient surplus, resistance to insulin may help prevent excessive nutrient
influx into tissues and serve as an indirect antioxidant defense mechanism (24), at least
in the short term. Research suggests that overnutrition-induced insulin resistance may
be mediated by mitochondrial production of superoxide, which may function as a cellular
sensor of nutrient excess in tissues (142). In this context, resistance to insulin may act
as a protective mechanism to limit further nutrient uptake into stressed cells and to
reduce oxidative damage (142).

Chronic overnutrition, however, drives persistent hyperinsulinemia, inflammation, and
metabolic dysfunction, transforming an acute adaptation into a pathological state. High
caloric intake is not the sole contributor to insulin resistance. Individual host-specific
responses to nutrients can influence overconsumption behavior and adiposity
independently of total energy intake (131). Moreover some foods might promote obesity,
insulin resistance, and inflammation (e.g. fructose, saturated fats), while others may
provide protective effects (e.g. dietary antioxidants, plant-based nutrients, probiotics,
nuts, etc) (131). Thus, the balance of nutrients and their effects on metabolism may play
a more important role than calories alone, underpinning the rationale for personalized
nutrition approaches (131). Additional personalized factors include the gut microbiome
composition, which has been recognized as an important contributor to the risk of
developing obesity as these microbes play significant roles in gut permeability,
production of short chain fatty acids and other metabolites, as well as inflammatory
cytokines, thus impacting overall health and nutrient bioavailability (131).

While diet and fasting act as proximal mechanisms influencing insulin sensitivity within
an individual, patterns of nutrient availability over evolutionary timescales can function
as selective pressures when they differentially affect survival or reproduction and act on
heritable variation. In the short term, resistance to insulin and IGF-1 in yeast prolongs
longevity and facilitates a switch from reproduction to maintenance, which is thought to
help yeast survive fasting (143). Northern elephant seals (Mirounga angustirostris)
develop insulin resistance in response to fasting to promote lipid oxidation while
conserving proteins (144). Similarly, prolonged fasting has been shown to induce insulin
resistance in dogs and humans, which functions to mobilize energy reserves when food
intake is low (145, 146).
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Exercise and Energy Mobilization

Exercise may function as a physiological counterpoint to the anabolic actions of insulin.
During exercise, insulin secretion is reduced to maintain fuel availability (147). Exercise
also acutely lowers blood glucose through stimulation of AMP-activated protein kinase
(AMPK) resulting in the non-insulin dependent translocation of GLUT4 to promote
glucose uptake into skeletal muscles where it can be oxidized for energy (23, 148)
(Figure 1). Similarly, muscle contraction is the primary driving force for glucose uptake
by cardiac muscle fibers whereas deletion of cardiac insulin receptors has a minimal
impact on glucose uptake by GLUT4 (149). For these reasons, exercise may offer an
alternate pathway to lower blood glucose during insulin resistance.

After exercise, blood vessels and muscles are more sensitive to insulin, aiding in the
delivery and replenishment of energy stores (147, 148). In fact, adherence to current
guidelines of 30 minutes of moderate intensity exercise on 3-5 days per week is often
associated with improved insulin sensitivity, B-cell function and proliferation, as well as
anti-inflammatory effects (150, 151). Moreover, studies have shown that adaptations in
the vasculature, skeletal muscles, and adipose tissue ensure that physically trained
individuals are more sensitive to insulin than sedentary individuals (147). Timing of
physical activity may also be an important consideration as insulin resistance is reduced
up to 25% by moderate to vigorous physical activity in the afternoon or evening,
whereas no significant benefit was observed when overweight participants engaged in
morning activities (152). Consistent with these findings, the National Health and
Nutrition Examination Survey showed that participants who engage in high intensity
physical activity have lower insulin concentrations, especially in males (153).

Excessive exercise, however, can create a pro-inflammatory environment that damages
muscles and leads to insulin resistance, a condition dubbed ‘overtraining syndrome’
(154). For example, a study found that endurance athletes had reduced glucose
tolerance and increased insulin resistance the day after a 3-hour bout of high intensity
interval training on a cycle ergometer compared to non-endurance controls (155).
Interestingly, these athletes also had higher fasting concentrations of free fatty acids
and ketones as well as increased fat oxidation, suggesting a molecular switch to fat
metabolism (155). Even in healthy individuals, excessive exercise impairs mitochondrial
function, reduces glucose tolerance, and induces oxidative stress due to suppressed
expression of the anti-aging gene, nuclear factor erythroid 2-related factor 2 (nrf2) (155).

Pregnancy

In healthy women, insulin release is normally increased during the second and third
trimesters of pregnancy (156—158). Fasting glucose levels, however, are not
significantly increased in healthy pregnancy (157). These findings demonstrate that
sensitivity to insulin decreases as pregnancy progresses, requiring increased insulin
secretion to maintain euglycemia (156, 157). Such insulin resistance, while
physiological, may progress to gestational diabetes (Figure 4) and increase the risk of
preeclampsia (157).
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Comparative Physiology of Insulin Resistance

Natural Vertebrate Models

In addition to humans, diabetes and insulin resistance also occur in a variety of animals
in response to obesity, physical inactivity, advancing age, and glucocorticoid
medications (159). Surveys estimate that 25-50% of companion animals such as dogs
(Canis lupus familiaris), cats (Felis catus), and horses (Equus caballus) in developed
countries are overweight or obese (160). Consequently, it is not surprising that insulin
resistance has been reported in these animals as well as in captive dolphins (161, 162).
A sharp rise in research studies and reviews aimed at understanding glucose regulation
from a comparative physiology perspective have been published in recent years. An
overview of several natural vertebrate models of insulin resistance is shown in Figure 5.
While many reviews focus on isolated species, this review explores cross-species
patterns of glucose regulation and insulin resistance in attempt to identify common
themes.

Natural Insulin Resistance in Carnivores

Carnivores consume diets rich in proteins and fat but deficient in carbohydrates, which
shape their glucose regulation strategies as summarized in Figure 5 (163). Despite
their capacity to absorb and metabolize carbohydrates (137, 164), carnivores
predominantly rely on fat and protein metabolism for energy (137, 163). As the brain of
carnivores relies instead on glucose as a fuel source, they maintain insulin resistance in
peripheral tissues while sparing glucose for the central nervous system (163, 165).
Protein metabolism is strongly linked to glucose regulation in carnivores, as amino acids
provide a readily available substrate for gluconeogenesis, ensuring sufficient fuel for the
brain (163).

In carnivorous species such as cats and dolphins (Tursiops truncatus), high hepatic
glucose-6-phosphate enzyme activity facilitates continuous gluconeogenesis, unlike
non-carnivorous species in which gluconeogenesis primarily supports fasting
metabolism (163, 166). Continuous gluconeogenesis helps explain the relatively high
fasting glucose concentrations and insulin resistance measured in carnivores (162, 163,
166). In captivity, under human feeding regimes, carnivores are prone to diet-induced
obesity, fatty liver disease, diabetes, and metabolic syndrome (163, 167, 168). Free-
ranging dolphins, for example, spend 10-20% of their time foraging and consume fish
meals intermittingly, whereas captive dolphins are fed less frequently but receive larger
meals often consisting of frozen species of fish not typically consumed by dolphins in
the wild, thus increasing their risk of obesity (169).

Domestic dogs differ from obligate carnivores as they are primarily omnivorous and
have maintained a receptor for detecting sweet tastes (163). Although obesity can
induce insulin resistance in dogs, it seldom results in pancreatic 3-cell failure (159, 170).
Conversely, autoimmune-induced type 1 diabetes in cats is rare, whereas they readily
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develop obesity-induced type 2 diabetes, characterized by insulin resistance and
pancreatic 3-cell failure (159, 171).

The insulin-responsive glucose phosphorylating enzyme, glucokinase (GCK), is present
in the liver of most mammals, amphibians (frogs, toads, salamanders), and turtles (172).
The absence of GCK in healthy carnivores mirrors GCK deficiency in humans and
rodents with diabetes, reflective of diminished reliance on carbohydrate metabolism
(163). Overexpression of GCK in mice with high fat diet-induced insulin resistance
improves glucose tolerance, underscoring its evolutionary loss as a carbohydrate
sparing adaptation (173).

Studies of carnivores reveal that insulin resistance, reduced glucose metabolism, and
continuous gluconeogenesis represent adaptive metabolic strategies prioritizing glucose
conservation for the brain and other essential organs while supporting reliance on
proteins and fats as primary energy substrates. However, carnivorous species do not
consistently develop pancreatic p-cell failure or dysfunction typical of overt type 2
diabetes in humans.

Dietary Efficiency and Insulin Resistance in Hindgut Fermenters

Hindgut fermenters, such as horses and donkeys (Equus asinus), provide a contrasting
model of insulin regulation, more closely modeling the human condition as summarized
in Figure 5. Skeletal muscle biopsies from Shetland pony geldings and mares reveal
that insulin promotes glucose uptake via GLUT4 translocation, suggesting conserved
pathways (174, 175). Moreover, chronic hyperinsulinemia (6 hours) downregulates
GLUT1, insulin receptor, GLUT4, and CD36/FAT transcript abundance in adipose
tissues while increasing skeletal muscle insulin receptor, GLUT1, and CD36/FAT
abundance (176). Like humans, hindgut fermenters develop insulin resistance and
adipose tissue inflammation secondary to diet-induced obesity and inactivity (161, 177—
185). Similarly, maternal overnutrition is a significant risk factor for developing insulin
resistance in equine offspring (186).

Despite similar risks of insulin resistance, diabetes and atherosclerosis are rare in
obese horses. Instead, insulin resistance progresses to equine metabolic syndrome,
which increases the risk for developing laminitis (187). Laminitis is a condition
characterized by inflammation between the hoof and coffin bone that can cause
debilitating pain and lameness (187). Similar to humans, diet and exercise-induced
weight loss are effective interventions to mitigate the risk of insulin resistance and
equine metabolic syndrome in horses and donkeys (178, 180, 188, 189).

Breed-specific risk of insulin resistance and equine metabolic syndrome support a
potential underlying genetic component. For example, Welsh ponies, Morgan horses,
and Paso Finos exhibit higher risk of insulin resistance than Thoroughbreds (190-192).
Likewise, a study of stock mares and geldings found that 4.8% of normal-weight
animals had fasting hyperglycemia and hyperinsulinemia following an oral sugar
challenge (193). Additionally, donkeys have a higher risk of developing obesity than
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horses or ponies because they are more sedentary and have high digestive efficiency in
their hindgut, enabling them to more efficiently extract nutrients from fermented plant
fibers (194).

Hibernation-associated Insulin Resistance

Seasonal insulin resistance is a reversible adaptation used by hibernating species to
conserve energy when foods are scarce (Figure 5). Hibernating mammals, such as
bears (e.g. Ursus thibetanus, U. americanus, U. arctos), yellow-bellied marmots
(Marmota flaviventris), edible dormice (Glis glis), bats, and ground squirrels undergo
repeated cycles of feasting and lipogenesis to build fat stores in preparation for
prolonged periods of fasting and lipolysis when environmental conditions are harsh.
Prior to hibernation, adipose tissue becomes more insulin sensitive, promoting nutrient
uptake and accumulation of fats, before a later transition to insulin resistance. This
seasonal insulin resistance facilitates a switch toward fat oxidation while preserving
glucose for the brain and other essential tissues during the hibernation period (140, 141,
195-202). Even captive Ursus americanus bears that do not hibernate show signs of
insulin resistance during the winter months, with restoration of insulin sensitivity in the
spring, followed again by hyperphagia and fattening in the fall (203). The molecular
switch between insulin sensitive and resistant states is driven by changes in the hepatic
expression of genes and proteins that regulate insulin signaling as well as substrate
utilization and storage. For example, hepatic lipogenic enzymes (e.g. fatty acid
synthase, FAS; acetyl-CoA carboxylase, ACC) are upregulated to facilitate pre-
hibernation fattening, whereas pathways involved in fatty acid oxidation and energy
sensing (e.g. AMP-activated protein kinase, AMPK) and markers of insulin resistance
(e.g. microRNA 181a) dominate during hibernation to support nutrient mobilization
during the extended fasting period (200, 204, 205). In the spring, when fat stores are
depleted, insulin sensitivity returns. Although insulin levels may remain elevated during
hibernation, blood glucose concentrations are typically maintained within normal ranges
through tightly coordinated changes in insulin, glucagon, and substrate metabolism
(195, 196).

Similar cyclical transitions between insulin sensitive and insulin resistant states are
observed in primate hibernators such as grey mouse lemurs (Microcebus murinus) and
fat-tailed dwarf lemurs (Cheirogaleus medius) (140, 206). Unlike other hibernators,
however, seasonal changes in liver insulin signaling pathways do not appear to facilitate
this metabolic switch (206).

Although bats will be discussed in more detail in another section, limited studies have
shown that a shift in insulin may regulate fat accumulation and oxidation in hibernating
bats as well. For example, a study of insectivorous little brown bats (Myotis lucifugus)
found increased levels of both insulin and glucagon prior to hibernation with insulin
levels further increasing during hibernation (207). Similarly, a study of insectivorous
Greater Asiatic yellow house bats (Scotophilus heathii) demonstrated that high levels of
insulin during the pre-hibernation fattening period were associated with insulin
resistance, glucose intolerance, and hyperglycemia (208).
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In summary, seasonal insulin resistance in hibernating mammals represents a highly
regulated and reversible metabolic adaptation that coordinates nutrient storage, fat
oxidation, and glucose conservation to support prolonged fasting and survival during
harsh environmental conditions and food scarcity.

Stress-induced Insulin Resistance

Stress induces hyperglycemia in most organisms studied to date (139), a response
closely linked to the development of insulin resistance. During acute stress, the
sympathetic nervous system rapidly releases catecholamines, followed by a delayed
release of cortisol through activation of the hypothalamic-pituitary-adrenal axis (209).
Stress hormones facilitate fight-flight-freeze responses by promoting pupil dilation,
increased respiratory rates and blood pressure as well as mobilization of energy stores
driven by insulin resistance to support quick thinking and escape behavior. This stress-
induced insulin resistance promotes lipolysis, gluconeogenesis, and glycogenolysis,
thereby increasing the availability of metabolic substrates during acute stress (209). In
the short term, these metabolic effects of stress responses are not associated with side
effects whereas prolonged stress may lead to chronic hyperglycemia, insulin resistance,
and metabolic disease (209). Stress also induces hyperphagia and overeating in some
individuals, which increases the risk of obesity and type 2 diabetes (210). Given these
effects of cortisol, it is not surprising that depression and chronic stress are independent
risk factors for the development of type 2 diabetes (211, 212). These risks are also
observed in youth as research shows positive correlations between adverse
experiences during adolescence and the development of obesity and type 2 diabetes as
an adult (213).

Chronic stress resulting from social isolation or undernutrition in adult life has likewise
been shown to promote insulin resistance (Figure 5). For example, field studies of
chimpanzees (Pan troglodytes schweinfurthii) and bonnet macaques (Macaca radiata)
show that low-ranking, normal weight individuals develop insulin resistance, thought to
result from chronic stress and restricted access to foods leading to involuntary fasting
(195). Experimental work in mice confirms that social isolation alone activates
sympathetic pathways in white adipose tissue, resulting in metabolic dysregulation,
insulin resistance, glucose intolerance, and hyperglycemia (214). Parallel findings in
elderly humans link social isolation to increased risk of type 2 diabetes as well (215).
Stress and social isolation-induced insulin resistance differs from type 5 diabetes, which
is attributed to severe childhood malnutrition resulting in B-cell damage and
hypoinsulinemia, hyperglycemia, but not insulin resistance, in adults (Figure 4). Unlike
type 2 diabetes, individuals with type 5 diabetes are typically underweight (BMI <18.5
kg/m?), have low inflammation, and are resistant to ketosis (86).

These findings support the view that stress-induced insulin resistance is an

evolutionarily conserved adaptive response that transiently reallocates metabolic
resources to promote survival during acute stress. But when chronically activated,
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stress can contribute to obesity, hyperglycemia, and metabolic diseases, including type
2 diabetes.

Slow Insulin Responses in Ectotherms

In amphibians and reptiles (frogs, snakes and alligators), insulin-induced hypoglycemia
is conserved but occurs at a markedly slower rate than in mammals, in which blood
glucose levels typically decline within 30 minutes (Figure 4) (216—-222). For example,
insulin lowers blood glucose concentrations after 5 hours in frogs (Rana temporaria)
(222). Similarly, insulin induces hypoglycemia within 10 hours of insulin administration to
hissing sand snakes (Psammophis sibilans), with glucose concentrations returning to
normal after 18 hours (223). Insulin also lowers blood glucose within 12 hours in
juvenile alligators (Alligator mississippiensis), with peak hypoglycemia observed 24-36
hours after administration and normoglycemia not returning for up to 120 hours (218).

Despite the delayed response to insulin action, some ectothermic vertebrates exhibit
profound hypoglycemic responses to insulin. For example, insulin administration to
American bullfrogs (Rana catesbeiana) decreases glucose to near undetectable levels
within 12 hours, with normoglycemia taking up to 3 days to return (224). Despite the
dramatic decline in glucose, no overt adverse symptoms are detected possibly reflecting
the relatively low reliance of carnivorous adult bullfrogs on carbohydrate metabolism
(224). Similarly, mudpuppies (Necturus maculosus) naturally maintain very low blood
glucose (~9.3 mg/dL), and insulin further reduces blood glucose to <3 mg/dL within 12-
48 hours without resulting in adverse health effects (225). Such dramatic reductions
suggest a remarkably low dependence on circulating glucose and tolerance to
hypoglycemia in carnivorous mudpuppies and bullfrogs (225).

In contrast to glucose, insulin rapidly decreases circulating amino acids in juvenile
alligators, with reductions observed within only 2 hours (218). Studies of isolated tissues
from frogs confirm conserved insulin-mediated glucose and amino acid uptake into
skeletal muscle, suppression of glucose excretion from the liver, and enhanced
glycogen synthesis from glucose (226—234). The low affinity insulin-responsive glucose
sensor GCK is present in the liver of turtles, toads, frogs, and salamanders, but missing
from snakes and lizards (172). In place of glucokinase, snakes and lizards rely on the
high affinity, insulin independent enzyme, hexokinase (172). Thus, despite differences in
glucose utilization between ectotherms, the core anabolic and nutrient-regulating effects
of insulin are conserved.

Similar to mammals, green frogs (Pelophylax spp.) fed a high fat diet develop glucose
intolerance, insulin resistance, and fatty liver (235), whereas lipid accumulation in the
liver of bearded dragons (Pogona vitticeps) is not associated with insulin resistance
(236). Frogs (Rana tigrina) are also sensitive to the pancreatic 3-cell toxins alloxan and
streptozotocin, resulting in hypoinsulinemia and hyperglycemia (237, 238). In contrast,
although streptozotocin induces mild hyperglycemia, it does not result in insulin
deficiency or changes in pancreatic islet morphology in American bullfrogs (239), and
only 14% of turtles (Chrysemys dorbigni) develop hyperglycemia (240). Total
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pancreatectomy of lizards (Tupinambis teguixin, T. rufescens) causes transient
hypoglycemia lasting 4-6 days, followed by hyperglycemia within 2 weeks and eventual
mortality in less than 8 weeks (220). Similarly, total pancreatectomy of alligators results
in hyperglycemia and death due to ketosis within 2-4 months (241). Interestingly, insulin
administration to toads induces both hypoglycemia and hypothermia, likely resulting
from hypoglycemia within the central nervous system, linking insulin action to
thermoregulation in these animals (242).

Beyond glucose, and similar to mammals, insulin has been shown to regulate sodium
balance in amphibians. Studies have shown that insulin increases the recruitment of
Na-K-ATPase to the cell membrane via the PI3K pathway in amphibians, thereby
affecting cellular sodium and potassium balance (Figure 2) (15). For example, insulin
stimulates Na+ efflux in skeletal muscle via activation and translocation of Na-K-ATPase
the plasma membrane, resulting in hyperpolarization (243—-249). Insulin also modulates
Na+ permeability of the skin (250-252) and increases Na+ reabsorption in the urinary
bladder of amphibians (253—-255). Similarly, insulin promotes renal Na+ reabsorption
through the activation sodium transporters in the proximal tubule (Na+/H+ exchanger),
thick ascending limb (Na+/K+/2ClI- co-transport protein and Na-K-ATPase), distal
convoluted tubule (Na-Cl-cotransport protein), and collecting duct (ENaC) thereby
regulating whole-body sodium balance (Figure 2) (56, 256-259)).

Together, these findings demonstrate that insulin-mediated glucose regulation, nutrient
storage, ion transport, and thermoregulation are conserved in amphibians and reptiles
despite substantial differences in metabolic rate and fuel preference compared with
mammals.

Pathologic and Adaptive Insulin Resistance in Fish

Fish display diverse responses to insulin reflecting habitat and diet (Figure 5). Insulin
promotes the translocation of GLUT4 in adipose tissue of salmon, albeit at a slower rate
than mammalian GLUT4, which may explain why these fish clear glucose more slowly
(260). Similarly, insulin induces hypoglycemia in fasted carnivorous rainbow trout
(Oncorrhynchus mykiss) (261, 262) and reduces hepatic glucose production in
carnivorous gilt-head bream (Sparus aurata) (263). In contrast to trout, other teleost fish
such as tilapia (Oreochromis) were once thought to lack GLUT4 mRNA and proteins in
peripheral tissues, resulting in profound glucose intolerance as suggested by sustained
hyperglycemia during a glucose tolerance test (264). However, later molecular cloning
techniques revealed the presence of constitutive GLUT1 transport proteins in tilapia
(265). Moreover, studies have revealed that GLUT4 is present in tilapia where, similar to
mammals and other fish, it may be translocated from intracellular vesicles to the plasma
membrane in response to insulin (21). Slow-twitch oxidative muscles in fish have higher
rates of glucose uptake and more insulin receptors than fast twitch muscle fibers,
consistent with observations of insulin-mediated increases in glucose uptake by these
muscle fibers in trout attributed in part to the translocation of GLUT4 (21). Unlike
mammals, however, GLUT4 is present in the plasma membrane of fish even in the
absence of insulin as a result of variations in intracellular trafficking. A comparison of
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GLUT4 N-terminal amino acid sequences from mammals, coho salmon (Oncorhynchus
kisutch), and brown trout (Salmo trutta) reveal a F°QQI® targeting motif in mammals as
compared to F’QQL8 in coho salmon and F5QHL2 in brown trout. Whereas the F?QQI®
amino acid sequence facilitates the sequestration of newly formed GLUT4 proteins into
an insulin-responsive compartment, the fish sequences promote the trafficking of newly
formed GLUT4 directly to the plasma membrane (21).

Similar to mammals, high fat and high carbohydrate diets induce insulin resistance,
hyperglycemia, and fatty liver in zebrafish, Gibel carp (Carassius gibelio), grass carp
(Ctenopharyngodon idella), and rainbow trout (266—270). Further, administering insulin
to rainbow trout fed a high carbohydrate diet increases hepatic lipogenesis, which is
thought to create a sink for excess dietary glucose (271). High carbohydrate diets may
be beneficial for hypoxia tolerance in zebrafish, as evidenced by increased muscle
glycolysis and hypoxia inducible factor signaling (272). Such hypoxia tolerance is
important for aquatic organisms as water temperature and dissolved oxygen are
inversely related such that increasing temperatures reduce the amount of dissolved
oxygen in the water (272).

Blind Mexican cavefish (Astyanax mexicanus) generally have high blood sugar despite
living in nutrient-poor environments (195). Interestingly, populations of these fish living
in Pachon and Tinaja caves develop insulin resistance and chronic hyperglycemia,
which in turns results in obesity. This contrasts obesity preceding insulin resistance, as
occurs in mammals (195). In fact, these fish have higher body fat and lower metabolic
rates compared to surface fish (195). This insulin resistant state has been attributed to
mutations on the insulin receptor (P211L), which reduces insulin binding in response to
their nutrient-poor environment (195, 273). In contrast, while Mexican cavefish dwelling
in Molino cave in Guatemala also develop hyperglycemia, they do not develop insulin
resistance (195). Instead, their hyperglycemia is attributed to a loss of function mutation
(R42H) in the glycolytic enzyme, hexokinase 2 (274). Despite their hyperglycemic
states, these fish live relatively long lives and do not accumulate advanced glycation
end products or inflammation, which may be facilitated by elevated antioxidants and
metabolites associated with hypoxia and longevity (273, 275). These findings
demonstrate that metabolic adaptations promoting hyperglycemia are not necessarily
harmful when accompanied by reciprocal compensatory adaptations (275).

Insulin signaling and glucose transport mechanisms are broadly conserved in fish, while
species-specific adaptations in insulin signaling, glucose transport protein trafficking,
and metabolism enable diverse responses to dietary composition, hypoxia, and
unpredictable food availability across aquatic environments.

Bats and Birds: The Roles of Flight, Fuel Choice, and Metabolic Flexibility
Bats and birds are highly aerobic taxa that exemplify how glucose regulation and insulin
sensitivity have diversified in response to the extreme metabolic demands of flight. Both

groups demonstrate tolerance to high blood glucose, which will be explored in this
section (Figure 5).
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Bats

Dietary specialization plays a key role in shaping glucose regulation and insulin
sensitivity in bats (276, 277). The carbohydrate-rich diet of fruit and nectar bats results
in extremely high postprandial concentrations of glucose in the blood, often reaching
levels comparable to those of hummingbirds (>750 mg/dL) (278). Like hummingbirds,
fruit bats fuel flight almost exclusively with the oxidation of freshly ingested
carbohydrates (279). Such rapid carbohydrate utilization is facilitated by a combination
of transcellular and paracellular intestinal glucose uptake. A predominance of
paracellular uptake facilitates rapid glucose accumulation from the diet, as shown in
Egyptian fruit bats (Rousettus aegyptiacus), Great fruit-eating bats (Artibeus literatus),
Mexican free-tailed bats (Tadarida brasiliensis), and Lesser long-nosed bats
(Leptonycteris yerbabuenae) (280-285). Further adaptations in Microchiroptera include
longer and denser intestinal villi than rodents (286). Paracellular absorption and dense
intestinal villi benefit volant animals by permitting efficient nutrient absorption with
shorter intestinal lengths, favoring a lighter body mass for flight (286, 287).

Fruit-eating bats also exhibit an abundance of pancreatic (-cells (>50% of islet volume)
(282, 288) and adaptive modifications of glucose transporter proteins. Nectar-eating
bats display higher gene expression of SLC2A2 than bats consuming other diets, while
fruit bats have greater expression of SLC2A1 and SLC2AS, facilitating efficient sugar
transport across membranes (278, 288). Moreover, genomic analyses identified 11
amino acid substitutions in the ancestral sequence for SLC2A4 in Old World fruit bats
(Pteropodidae), suggesting that this gene underwent changes that enabled fruit bats to
consume high carbohydrate diets (289).

As mentioned, flight is a major regulator of glucose in fruit and nectar-consuming bats
as shown in a study of Greater short-nosed fruit bats (Cynopterus sphinx) and Cave
nectar bats (Eonycteris spelaea), wherein a negative correlation was observed between
postprandial glucose concentrations and flight time (290, 291). Although hovering flight
is fueled by glucose oxidation in the fed state, these dietary specialists switch to fatty
acid oxidation in the fasted state, demonstrating remarkable metabolic flexibility (292).
Muscle and liver glycogenolysis provide an important source of glucose during short
bouts of fasting in fruit and nectar bats (e.g. A. literatus, A. jamaicensis, G. soricina),
whereas longer periods of fasting (>48h) are supported by hepatic gluconeogenesis
(293, 294). In addition, comparative studies show that frugivorous bats are better
adapted for glucose regulation than insectivorous bats (288, 295). To minimize body
mass, bats and birds rely heavily on fat storage and metabolism, while limiting glycogen
stores (and water) (276). Such small glucose stores help reduce body mass, which is
favorable for flight, but not for prolonged fasting (293).

While fuel utilization to support migration has been well-studied for many species of
birds as discussed in the next section, very little research has examined these
processes in bats (see review: (296)). Unlike migratory birds that can sustain
continuous multi-day flights, bats typically migrate over shorter distances providing

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.



1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241

periodic opportunities to eat, drink, rest, and in some species, enter torpor to conserve
energy (296). Similar to migratory birds, bats primarily rely on lipids and amino acids to
fuel migration. For example, a study of insectivorous Nathusius’ pipistrelle bats
(Pipistrellus nathusii) found that these animals fuel migratory flight with proteins from
recently ingested insects consumed in flight as well as stored fats (297). Likewise,
Mexican free-tailed bats (Tadarida brasiliensis) become hyperphagic prior to migration
to build adipose stores (298), while hoary bats (Lasiurus cinereus) upregulate lipid
metabolism during migration (299).

Dietary specialization in bats is accompanied by distinct metabolic adaptations that
reflect the nutrient composition of their food sources. Genomic analyses of neotropical
insectivorous bats also reveal positive selection for trehalase, a digestive enzyme
responsible for breaking down trehalose sugar found in insects (278). Moreover,
skeletal muscles of insectivorous bats (Pteronotus mesoamericanus) are rich in
triglycerides to support the metabolic demands of flight (300). Carnivorous bats, such as
the common vampire bat (Desmodus rotundus), obtain glucose from blood meals and
store very little glycogen, which may explain their inability to survive 2-3 days of fasting
(301, 302). In fact, blood glucose levels decline within 12 hours of fasting in these
animals (301). Oral glucose tolerance tests stimulate very little insulin secretion in
common vampire bats compared to other mammals, likely due to fewer pancreatic -
cells (303). This contrasts with hairy-legged vampire bats (Diphylla ecaudata), which
feed on carbohydrate-rich birds and have a high abundance (>55%) of pancreatic 3-
cells (304). These findings highlight how dietary ecology has shaped nutrient
metabolism in bats to support specialized feeding strategies.

In summary, bats exhibit remarkable metabolic flexibility and dietary specializations, with
adaptations in intestinal glucose absorption, insulin signaling, fuel storage, and
substrate utilization enabling diverse feeding strategies while meeting the extreme
energetic demands of powered flight, migration, and fasting.

Birds

Birds offer the most striking examples of glucose regulation and natural insulin
resistance. In fact, a recent surge in review articles exploring various aspects of avian
glucose regulation and diabetes has appeared in the last few years, with increasing
attention on its complexity and clinical relevance in veterinary care (305-309). Thus, the
intent of the present review is not to replicate these efforts, but rather to integrate avian
research within the framework of adaptive insulin resistance, highlighting mechanisms
that enable birds to sustain exceptional aerobic performance, oxidative stability, and
longevity.

Birds first evolved from theropod dinosaurs around 165-150 million years ago in the
middle to late Jurassic period (310). A mass extinction event at the end of the
Cretaceous period (about 66 million years ago) eliminated non-avian dinosaurs and
drastically reduced avian diversity (310). Modern birds arose from several superorders
including ancient Palaeognathae (rheas, ostriches, emus and kiwis) as well as
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Neognathae, the latter of which gave rise to modern Galloanserae (chickens, turkeys,
ducks, geese) and Neoaves (modern birds) (310). Much of what is known about avian
glucose regulation comes from poultry species, with evidence suggesting that insulin
responsiveness may vary with both age and genetic factors.

Birds in general maintain chronically high blood glucose concentrations that are 1.5-2
times higher than those of similar sized mammals, suggestive of extraordinary
metabolic adaptations (311-314). Many studies document natural resistance to the
glucose lowering effects of insulin in birds (for review: (305-309, 312)), which may
represent an adaptive mechanism (306, 308). Despite these characteristics, birds rarely
exhibit pathologies seen in mammals with hyperglycemia, such as tissue damage or
glycation (308, 311-317). Birds are also typically longer-lived than mammals of similar
mass (318-322). Interestingly, glucose levels are positively correlated with maximum
lifespan in birds, such that longer-lived species have higher blood glucose
concentrations (313).

Although rare, clinical cases of diabetes mellitus have been reported in birds and are
mainly documented in the Psittaciformes order comprising parrots (305, 309). A
systematic review by Van de Weyer and Tahas (309), identified only 16 published case
studies showing clinical characteristics of diabetes in birds, including one domestic
goose (Anser anser domesticus), one Emperor penguin (Aptenodytes forsteri), five
macaws (Ara ararauna, A. militaris, A. severus), one parrot (Eclectus roratus), one Bali
myna (Leucopsar rothschildi), one Nanday conure (Nandayus nenday), two cockatiels
(Nymphicus hollandicus), one Grey parrot (Psittacus Erithacus), two toucans
(Ramphastos sulfuratus, R. toco), and one red-tailed hawk (Buteo jamaicensis). Avian
symptoms of diabetes mellitus mirror those in mammals and include hyperglycemia,
glucosuria, polyuria, polydipsia, polyphagia, weight loss, and lethargy (305, 309).
Sustained elevations in plasma glucose concentrations (>800 mg/dl) are diagnostic of
diabetes in companion species of birds, whereas even healthy birds may have some
glucose in the urine limiting the utility of glucosuria as a diagnostic factor (309). Most
cases of avian diabetes develop secondary to an underlying pathology such as viral
infection, lymphoplasmacytic pancreatitis, pancreatic cell carcinoma, or hepatic
accumulation of iron, and the majority show signs of pancreatic islet pathologies more
closely resembling mammalian type 1 diabetes (305, 309).

Unlike mammals, birds do not appear to tightly regulate glucose concentrations such
that “normal” glucose concentrations vary widely across and within species (308, 311,
312). Moreover, the ability for insulin and other putative glucoregulatory agents to alter
blood glucose in birds have had varying success (305, 308). Like mammals, insulin
exerts pleiotropic effects in birds (323). For example, inhibition of insulin reduces food
intake in chickens (324-326). Although the effects on food intake may depend on
genetics as insulin reduces food intake in 4-day old male broiler chicks but not layer
chicks (327). As the names imply, broiler chickens are selectively bred to overeat and
rapidly gain lean muscle mass for meat production, whereas layers are raised for egg
production (328). Although birds exhibit less stringent glycemic regulation than
mammals, insulin nevertheless retains some central effects in birds.
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Potential for Species and Age-related Changes in Insulin Sensitivity

The role of insulin in avian glucose regulation has long been debated because birds
often exhibit unusual physiology in this regard, at least compared with mammals. Like
mammals, increases in plasma glucose suppress glucagon and increase insulin release
in ducks, geese, and Hubbard chickens (329-331). However, studies reporting transient
or minimal effects of pancreatectomy and administration of pancreatic (3-cell toxins
(streptozotocin or alloxan) on glucose regulation in Galloanserae, led to early
speculation that insulin was not very important to glucose regulation in birds, or that an
extrapancreatic source of insulin existed (66, 312, 332-335). Focusing mainly on
chickens, however, does not tell the whole story, as horned owls (Bubo virginianus),
belonging to the Neoaves superorder, succumb to hyperglycemia-related complications
following pancreatectomy (336).

Even within chickens, glucose regulation appears to shift across the lifespan (337). As
in mammals, insulin is thought to play an anabolic role during avian development.
Although chicken embryogenesis is fueled mainly by fats and proteins, levels of insulin
begin to rise between embryonic day 10 (E10) and hatch, likely to support the anabolic
functions of insulin, whereas glucagon levels remain low until late development and
increase 3-fold at hatch (338). These hormonal changes are matched by a rise in
plasma glucose concentrations late in embryonic development (338). Unlike adult birds,
embryonic chickens are sensitive to insulin, as administration to E11 chicks decreases
blood glucose concentrations (339). Moreover, insulin administration to E18 chicks
shows greater recovery of glucose than newly hatched chicks (340). These glucose
lowering effects may be mediated at least in part by insulin-induced increases in GLUT1
mMRNA and protein expression in tissues as shown in a study of isolated chick
embryonic fibroblasts (341).

Insulin sensitivity in chickens continues to progressively decline after hatch in both layer
and broiler chicks (340). For example, co-administration of glucose and insulin to 8-day
old male broiler Cobb chicks significantly lowers blood glucose and enhances glucose
uptake by skeletal muscles, though unlike mammals, cardiac muscle and adipose
tissues are unresponsive (342). Similarly, pancreatic 3-cells from 5-6 day old chicks
release insulin in response to insulin secretagogues and glucose similar to mammals,
whereas this response diminishes in pancreatic islets from 4-6 week old chickens (343).
In addition, others have shown that 6-8 week old male white Leghorn chickens are more
insulin sensitive than adult male chickens (344).

Insulin also significantly decreases blood glucose in White Leghorn hens under fed and
16-hour fasting conditions (345, 346). Intriguingly, the cerebrospinal fluid of White
Leghorn chickens contains higher glucose concentrations than mammals, and
administration of bovine insulin to chickens reduces glucose levels in the cerebrospinal
fluid (347), indicating that insulin helps regulate brain glucose metabolism. Nir and Levy
(348), in contrast, found that insulin did not change plasma triglycerides in 6-month old
male New Hampshire x Leghorn chickens, although it did result in transient
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hypoglycemia, with glucose returning to normal within 6 hours (348). As commercial
broiler hens are selectively bred to overeat and rapidly gain lean muscle mass this can
result in obesity, hyperinsulinemia, hyperleptinemia, inflammation and other changes
consistent with metabolic syndrome as adults (328).

The hypoglycemic effects of insulin appear to induce a rebound hyperglycemic
response in some chickens, however. Administration of a low dose of insulin to 1-day
old Jersey buff turkey poults results in hypoglycemia, as seen in mammals, whereas a
high dose results in prolonged (5h) hyperglycemia (349). In addition, administration of
insulin to 5-6 week old single comb White Leghorns induces hypoglycemia followed by
a rebound hyperglycemia 24 hours later (350). In contrast, Nir and Levy (348), found
that insulin did not change plasma triglycerides in 6-month old male New Hampshire x
Leghorn chickens, although it did result in transient hypoglycemia, with glucose
returning to normal within 6 hours (348). The hyperglycemic rebound effect of insulin in
some chickens appears to be caused by hypoglycemia-induced hyperactivity of the
adrenal gland prompting an increase in gluconeogenesis (350), similar to stress-
induced activation of the sympathoadrenal system in mammals.

Nutrient regulation is altered by selective breeding of domestic chickens for egg and
meat production. For example, insulin administration to chickens bred to accumulate fat
supports hepatic lipogenesis (351). Fat chickens also have normal insulin
concentrations but lower or similar glucose concentrations in both fed and fasting states
than lean chickens at hatch (352, 353). By 5-8 weeks, fat chickens release more insulin
in response to a meal than lean chickens and by 17 weeks, fat chickens actually clear
glucose faster (352, 353). However, a comparison of PI3K signaling in skeletal muscle
following a 48-hour fast or 30-minute refeeding found no differences between lean and
fat chickens, with the exception of phosphorylation of the adaptor protein, Shc (351).
These findings demonstrate ways in which nutrient regulation has been altered by
selective breeding in chickens while providing a glimpse into the plasticity of avian
glucose metabolism.

Waterfowl (Anseriformes) have a hypoactive analog of insulin (Glu A8), whereas all
other birds have a hyperactive analog (His A8) (354). Studies of overnight fasted geese
reveal that plasma insulin levels increase even before glucose following a meal,
suggesting cephalic-mediated release of insulin as seen in mammals (355). Moreover,
administration of insulin antibodies to Pekin ducks (Anas platyrhynchos domesticus)
induces hyperglycemia (356) and administration of bovine insulin to 6-month old male
domestic geese (Anser domesticus) increases plasma free fatty acids and induces
prolonged hypoglycemia lasting more than 6 hours (348).

Studies of Neoaves further demonstrate the diversity of avian nutritional physiology. For
example, insulin does not promote glucose uptake into skeletal muscles of Mourning
doves, House sparrows (Passer domesticus), or Hummingbirds (308). The next section
explores possible explanations for such avian resistance to the glucose lowering effects
of insulin.
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Potential Mechanisms Underlying Avian Insulin Resistance

The “Missing” GLUT4 and Functional Compensation

Although insulin can lower blood glucose in certain species of birds, these effects are
often transient, species-specific, or dependent on unusually high insulin concentrations
as noted in the prior section. Likewise, pathologies such as pancreatitis or infections
can produce a diabetes-like state in birds. Despite these exceptions, a long-standing
question in avian physiology remains: why do adult birds often appear resistant to the
glucose lowering effects of insulin at physiologically-relevant doses? Naturally, the
canonical insulin-dependent GLUT4 protein has been at the center of this question, with
many studies failing to detect either gene or protein expression, especially in Neoaves
(25, 308, 312, 357, 358). Although, some studies report varying expression patterns for
GLUT4 throughout development in birds.

Molecular studies have documented the expression of GLUTs 1-3 and 5 in
Galloanserae and Neoaves (for review: (308)). Avian skeletal muscles continuously take
up glucose with the assistance of constitutively expressed (i.e. non-insulin dependent)
GLUT1 (25, 312, 358). This uptake is supported by naturally high plasma glucose
concentrations that establish a high concentration gradient that drives facilitated
diffusion (308, 312, 357). Insulin-responsive GLUTs 8 and 12 have been detected in
chickens (25), and GLUT4 was reportedly detected in Galloanserae (5-week old
Muscovy ducklings (Cairina moschata) and broiler chicks) (359, 360). Aside from these
two reports of GLUT4 in ducklings and broiler chicks, however, the majority of studies
until recently have failed to detect an avian ortholog of the mammalian GLUT4 gene or
protein in birds, leading some to speculate that it may be among the suspected
“missing” genes. Missing genes are those expressed in mammals but do not have a
clear ortholog in birds (306, 361). Hidden genes, on the other hand, are those that were
previously thought to be missing in birds, but have been identified in specific tissues or
in GC-rich, repetitive, or rapidly evolving regions of the genome, making them difficult to
detect using conventional methods or mammalian references (359).

Huttener et al. (359) suggested that GLUT4 may be a hidden gene that has experienced
rapid selective pressures resulting in high GC% and poor conservation of the insulin
binding domain, which may explain variations in the insulin-responsive nature of this
protein and difficulty in detecting its presence. Luo et al. (337) amplified cDNA and
utilized bioinformatic approaches to predict the GLUT4 mRNA sequence in Arbor Acres
broiler chickens, bred for rapid growth. Using this sequence, Luo et al. (337) examined
the distribution of GLUT4 in liver and striated muscles of chickens (embryonic days 14
and 19 as compared to posthatch days 7, 21 and 49). They found that the GLUT4 gene
is subject to complex polyadenylation and alternative splicing, resulting in 14 different
transcripts ranging from 65 to 519 amino acids in length (337). For reference, the
human GLUT4 transcript is about 509 amino acids (29). Comparisons of the predicted
519 amino acid sequence of chicken GLUT4 with humans and rodents showed only
58.2% homology (337). GLUT4 mRNA expression was most prominent in pectoralis and
leg muscles as well as cardiac muscle. Moreover, expression was dynamic throughout
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development with low expression in embryonic chickens, a rise in expression between
embryonic day 14 and post hatch day 21, followed by a sharp decline in expression by
posthatch day 49 (337). This pattern of change in GLUT4 expression matches that of
insulin’s effects on glucose regulation throughout development as discussed in the prior
section. Alternate splicing of the gene combined with variations in expression patterns
may also help explain why GLUT4 has been reported in chicks and ducklings but has
remained elusive in adult birds.

Recent advances in long read sequencing technologies have allowed researchers to
distinguish true gene loss from previously hidden genes (362). Using these approaches,
researchers identified high proportions of repetitive DNA sequences and extensive gene
loss within avian dot chromosomes, which are much smaller than typical chromosomes
(362). Moreover, genes located within these regions are characterized by what
researchers term “sequence stuttering”, a form of genetic instability in which short
repeated DNA sequences expand within the non-coding introns and may, in some
cases, originate from a nearby exon (362). Using this technique, researchers again
detected a GLUT4-encoding gene on dot chromosome 35 in chickens, however, they
noted in their supplemental file that presence of a gene “does not guarantee that the
sequences of the gene are complete and the gene is functional” (362). Similarly,
comparative genome analyses and gene family identification support the loss of GLUT4
in birds in general and the loss of GLUT8 in passerine species, which they suspect may
have evolved in response to high sugar diets (363), reducing the need for insulin-
mediated uptake. Researchers also point to potential errors in the reference sequence
used to create early annotations of the chicken genome, which included GLUT4, noting
the removal of GLUT4 in more recent annotations (363). The absence of GLUT4 in
common snapping turtles (Chelydra serpentina) and saltwater crocodiles (Crocodylus
porosus) suggests that GLUT4 has been missing at least as far back as a common
ancestor of crocodiles and birds (363).

In contrast to GLUT4, Coudert et al. (364) identified the expression of GLUT isoforms 1,
8, and 12 in chicken skeletal muscles. Consistent with variations in insulin sensitivity
during development, expression of GLUT8 peaks at hatching and is thought to facilitate
the transition from yolk lipid metabolism to carbohydrate metabolism (364). In contrast,
GLUT12 expression increases from E12 to 5 days post-hatch in chicken pectoralis
muscles (364). In sartorius muscles, GLUT1 and 8 expression do not change during
development, whereas GLUT12 increases (364). Unlike mammals, Seki et al. (365)
detected minimal expression of GLUT8 mRNA in skeletal muscles, adipose tissue,
heart, or liver samples from chickens. Thus, GLUT8 does not appear to play a
significant role in glucose responses of adult birds. In contrast to GLUT8, GLUT12 gene
and protein expression have been localized to chicken skeletal and cardiac muscles
(366). Moreover, insulin stimulates the translocation of GLUT12 to the plasma
membrane of chickens within one hour of treatment, which is a slower response than
mammalian GLUT4 (20, 366). When insulin is immunoneutralized, GLUT12 expression
decreases providing further evidence that GLUT12 may act as an insulin-responsive
paralog partially compensating for the loss of GLUT4 in chickens (20, 366).
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In a recent landmark study, Xiong and Lei (20) identified six new SLC-related genes in
non-mammalian vertebrates (Table 1), forcing revision of the existing classification
system while confirming a possible paralogous role for GLUT12 in birds. They detected
evidence of selection pressures resulting in the loss of GLUT4 and enhanced GLUT12
expression in extant birds to support the high metabolic needs of birds by favoring
constitutive glucose transporters (GLUTs 1 and 5) and GLUT12 which has lower insulin
sensitivity than GLUT4 (20). The paralogous role for GLUT12 was supported by
experiments depleting SLC2A12 in skeletal muscles of tree sparrows resulting in
glucose intolerance, lower sensitivity to insulin, and increased resting oxygen
consumption (20). The researchers suspect that this adaptation may have also helped
birds adapt to high altitude environments (20).

Although maximal glucose uptake is observed in isolated skeletal muscles from House
sparrows and Mourning doves after 60 min of exposure to glucose, neither insulin, IGF-
1, nor exercise mimetics increased uptake (367, 368). Additionally, another study
showed that insulin significantly lowered blood glucose in doves but did not increase
glucose uptake into any tissues examined. Rather, insulin administration was
associated with increased glomerular filtration rate resulting in glucose excretion in the
urine and reductions in circulating concentrations, similar to rodents (51).

Similar to bats, hummingbirds fuel hovering flight with recently ingested sugars and
switch to lipids (made from sugars) during overnight fasts and migration (369). A study
of Ruby-throated hummingbirds (Archilochus colubris) identified positive selection for
fructose-specific SLC2A5 and genes involved in insulin signaling, possibly in lieu of
GLUT4 and GCK in these birds (369). Likewise, comparative genomics analyses
suggest that sugar-feeding birds rely heavily on constitutively expressed GLUT1 and
GLUTS to support glucose and fructose metabolism (370).

Consistent with the apparent loss of GLUT4 in birds, the insulin receptor and PI3K
signaling pathway are downregulated compared to mammals (322). This may explain
Duchéne et al.’s (371) observation that insulin activates p70 S6 kinase (S6K1) in
mammals through the PI3K pathway, whereas S6K1 is instead activated by the
ERK2/MAPK pathway in chicken muscle (371). Although baseline tyrosine
phosphorylation of the insulin receptor and PI3K are higher in skeletal muscles from 5-
week-old male broilers compared to rats, insulin does not increase phosphorylation,
demonstrating insulin resistance in the PI3K pathway (372). Rather, activation of
MAPK/ERK may represent a functional compensation for the loss of PI3K signaling in
birds. Moreover, phylogenetic analyses and examination of avian genomes suggest that
chickens and zebra finches have “lost” several other genes associated with insulin
sensitivity including tumor necrosis factor alpha (TNFa), plasminogen activator inhibitor-
1 (PAI-1), and resistin, as well as the insulin sensitivity gene omentin in chickens (373).

These studies support the idea that adult birds regulate glucose metabolism through

mechanisms substantially less dependent on insulin than mammals including an
apparent loss or functional divergence of GLUT4, reliance on constitutive glucose
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transport proteins, and altered downstream signaling pathways. Many species of birds
additionally have higher circulating glucagon concentrations than insulin.

A Preponderance of Glucagon

Although a recent review reported that birds have more glucagon-producing a-cells
compared to B-cells in the pancreas, this observation was based on a study of chickens
(305). As summarized in Supplemental Table S2, many species of birds do indeed
have more a-cells than 3-cells, although some carnivorous and omnivorous species
have a greater abundance of 3-cells than a-cells. Moreover, glucagon concentrations
decline with age in chickens as evidenced by significantly higher pancreatic levels (136
+ 15 ug/g) in 4-week-old chicks as compared to 10-week-old chicks (29 * 2.4 ug/g)
(374). As a catabolic and lipolytic hormone, higher glucagon levels ensure that
metabolic nutrients are readily available in birds and favors fatty acid oxidation for
metabolism (375). Garden warblers (Sylvia borin), for example, have a higher glucagon-
to-insulin ratio that promotes lipolysis and fat oxidation (376). In contrast, carnivorous
birds resemble mammalian carnivores with high glucose, insulin resistance, and a
reliance on liver and renal gluconeogenesis, which may preserve glucose for the brain.

More recently, Mahnam et al. (377) identified a glucagon mutation (p.Thr16Ser) in both
Galliformes and Strigiformes that increases receptor binding affinity, consistent with
higher blood glucose levels in Galliformes and Strigiformes compared to Anseriformes,
which lack this mutation (377). Further, Zhang et al. (378) discovered that the hepatic
glucagon receptor (GCGR) is constitutively active in birds independent of circulating
glucagon concentrations, such that increases in glucagon further amplify hepatic
glucose output and hyperglycemia. Moreover, interfering with the expression of the
glucagon receptor gene (GCGR) in the liver of Budgerigars (Melopsittacus undulatus)
prompts a decline in blood glucose without altering circulating glucagon concentrations
(378). Thus, continuous activation of the hepatic glucagon receptor, even in the
absence of ligand binding, may provide a continuous source of glucose and fatty acids
via gluconeogenesis, glycogenolysis, and lipolysis (378). In fact, when the constitutively
active form of the glucagon receptor was expressed in hepatic cells from several
species of fish, mammals, birds, and reptiles, it increased glucose, hepatic fatty acid
metabolism, and metabolic rates (378). These findings also help explain earlier
observations demonstrating rapid glucose carbon recycling in birds. For example,
fasting chickens for 72 hours does not significantly change blood glucose
concentrations despite increases in B-hydroxybutyrate (a marker of fatty acid oxidation)
(379, 380). This observation suggests that chickens maintain “futile” recycling of
glucose carbons, mainly through sustained gluconeogenesis even during fasting,
preserving circulating glucose concentrations (379). Consistent with this interpretation,
Riesenfeld et al. (381) examined heat production in fasted chickens and found that
glucose contributed to 31% of total heat production in fed chickens but only 12% in
chickens fasted for 24 hours. During fasting, lipids and proteins instead accounted for
79% and 21% of total heat production, respectively (381). Reliance on alternative fuels
during fasting may therefore help birds maintain high metabolic rates and body
temperatures while conserving glucose (381).
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A Reliance on Fatty Acids

Satoh (306) hypothesized that preferential oxidation of fatty acids may have been an
early adaptation to hypoxic environments. Such an adaptation in avian ancestors might
help explain the “Bird Paradox,” noting the unusually low free radical production in birds
despite their high metabolic rates. Insulin resistance in avian ancestors, and a switch to
fatty acid oxidation, would have been favorable in a hypoxic environment to limit
carbohydrate-induced oxidative stress (306). As environmental oxygen levels increased,
Neoaves evolved constitutively active nrf2 (nuclear factor erythroid 2-related factor) due
to a mutation in the regulatory gene KEAP1 (Kelch-like ECH-associated protein 1) to
prevent oxidative stress (306). This mutation along with a reliance on fatty acids helps
explain the low oxidative stress noted in birds despite their naturally high blood glucose
concentrations.

High levels of glucagon in birds complement a strong reliance on lipid metabolism. For
example, administering glucagon to turkey hens increases plasma free fatty acids by
50% within 2 minutes whereas glucose rose only 13% within 10 minutes (382). When
administered to fasted White Leghorn hens, insulin increased adipose and plasma free
fatty acids by stimulating lipolysis (346). Such mobilization of fatty acid reserves
provides further evidence of an avian reliance on fatty acid metabolism and may
preserve glucose utilization for the brain, as seen in mammalian carnivores and
hibernators. Consistent with this observation, a study of Mourning doves found that
aside from the kidney, glucose uptake was highest in the brain (368). Intriguingly,
inhibition of fatty acid lipolysis reduced glucose uptake by the brain suggesting that
glucose may be at least partially derived from fatty acids in these birds (368).

Flapping flight is energetically expensive, and a study showed that racing pigeons
primarily oxidize fats (RQ=0.73), although trained racing pigeons also show
upregulation of SLC2A 11 (383). A comparison of glucose and oleic acid uptake by
isolated skeletal muscles of House sparrows similarly revealed preferential uptake of
oleic acid (384). Moreover, mitochondria isolated from House sparrow pectoralis
muscles oxidize palmitoyl-L-carnitine twice as fast as rat mitochondria but cannot
oxidize glycerol-3-phosphate (385). In addition, avian mitochondria preferentially oxidize
fats, resulting in fewer free radicals as compared to carbohydrate oxidation (385).
Migratory birds accumulate fat to sustain the high energetic demands of migratory flight,
while glucose levels remain consistent (386, 387), perhaps revealing futile cycling in
these birds as well.

Neoaves appear to have purged several other solute carrier genes (SLCs) related to
branch chain amino acid transport (SLC3A2, SLC7A5, SLC7A7, SLC7A8, SLC7A10,
SLC1A4, SLC1AS), which decreases their ability to transport amino acids across cell
membranes (388). They also appear to have purged branched-chain amino acid
aminotransferase, a change that supports the hepatic conversion of amino acids to
triglycerides and glucose (388). Moreover, birds have duplicated ketone and lactate
transport proteins (SLC16A3 and SLC16A7) (388). Fatty acids provide a more efficient
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energy source for birds because they yield more ATP per mole and weigh less than
other energy sources, thereby increasing the fuel-to-weight ratio in birds (388). In fact,
studies have revealed that fatty acids provide roughly eight times greater energy per
unit wet mass as compared to either carbohydrates or proteins (296). These changes in
birds shift fuel utilization away from a reliance on carbohydrates toward a preference for
fatty acids (388). Such a high reliance on fatty acid oxidation may also explain the
observation that birds have the highest expression of the insulin-responsive fatty acid
transport protein CD36/FAT among vertebrates (386).

High Aerobic Activity

As discussed in the prior section, fatty acids provide an ample supply of ATP to support
the energetically expensive demands of flapping flight. The high mitochondrial density in
avian tissues (277, 385), together with the exceptionally high aerobic activity of birds,
may help explain the evolutionary shift away from insulin-mediated glucose uptake
(277). Reliance on lipid oxidation supports the high demands of flight while sparing
circulating glucose and reducing the risk of developing oxidative stress. Additionally, the
abundance of mitochondria in avian tissues may provide a sink for reactive oxygen
species, further reducing the risk of oxidative stress and potentially preventing neoplasia
and cancer development (277, 389).

High glucagon levels in birds may additionally drive activation of sirtuins, which are
proteins associated with longevity and calorie restriction (277). Binding of sirtuins 2 and
4 to telomeres may support DNA repair, potentially explaining the extraordinary
telomere length in some species of birds (277). Consistent with these adaptations, birds
age slowly and outlive mammals of comparable size (277, 318-320, 322).

Lack of Glucokinase

Similar to ruminants, modern birds lack the hepatic glucose phosphorylating enzyme
GCK and instead rely on the high affinity, insulin-independent enzyme hexokinase
(172). In mammals, GCK expression increases in response to high carbohydrate diets,
whereas expression is decreased by fasting or low carbohydrate diets (172, 390, 391).
Neimeyer et al. (172) speculated its absence in birds may be related to their constant
gluconeogenic activity. Consistent with this idea, carnivorous birds have continuously
active hepatic and renal gluconeogenesis, whereas other species upregulate
gluconeogenesis within just a few hours after eating (392).

Dietary Ecology and Metabolic Flexibility

Kapsetaki et al. (389) examined data for 70 species and found no overall relationship
between diet type (animal, plant, herbivore, invertivore, carnivore) and plasma glucose
in mammals, amphibia, elasmobranchs, reptiles, or birds. Similarly, no significant
relationship between plasma glucose and diet were found when broadly grouping
mammals and birds into herbivore, carnivore, and omnivore categories (389). However,
a larger review of 202 avian species categorized birds into dietary trophic guilds and
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found that carnivorous and insectivorous birds have the highest body mass corrected
blood glucose concentrations, likely attributed to high rates of gluconeogenesis as
suggested in the prior section (393). In contrast, birds with higher dietary intake of
carbohydrates (frugivores and nectarivores) had the lowest mass corrected blood
glucose concentrations, likely reflecting a low reliance on gluconeogenesis (393).
Planktivorous, benthivorous, and piscivorous birds with chitin-rich diets also maintain
low levels of mass corrected glucose concentrations, although they are able to increase
gluconeogenesis when necessary, such as during fasting (393).

Like nectar bats, some birds have high rates of paracellular sugar absorption (394).
High paracellular uptake of glucose in the gut of passerines and hummingbirds (higher
than rodents), is thought to be a primary mechanism for carbohydrate absorption from
the diet (394, 395). During feeding, hummingbirds and nectarivores oxidize newly
ingested sugars directly to power flight and switch to stored fats created from previously
ingested sugars when fasting (394). Exercise in both bats and hummingbirds prevents
hyperglycemia-induced tissue damage (394). Although exercise in non-volant mammals
provides an insulin-independent pathway driving glucose uptake into tissues via
activation of GLUT4 translocation, exercise mimetics failed to upregulate glucose
uptake into muscles from House sparrows (367). Thus, the role of exercise in regulating
glucose uptake by avian muscles varies among species.

Like mammals, overfeeding (especially carbohydrate-rich diets) promotes obesity and
hepatic steatosis in many waterfowl (396, 397). Not all species respond the same way
to overfeeding, however. Studies show that Landes geese (Anser anser) fed a high
sugar diet develop insulin resistance and fatty liver (398). Pekin ducks maintain stable
glucose concentrations and insulin sensitivity, although they store excess lipids in their
tissues (397). In contrast, mule and Muscovy ducks develop hyperglycemia and insulin
resistance (397, 399). Despite the hyperglycemic responses to overfeeding,
administration of 2 U insulin/kg significantly reduces blood glucose concentrations in
each species after 2-14 days of overfeeding, although insulin does not prevent
hypertriglyceridemia (397).

Liver is the main site of lipogenesis in chickens, which differs from mammals in which
adipose tissue is the prominent site (400). Rather, free fatty acids are converted to
triglycerides in the liver and then transported to the adipose tissue for storage (400). In
chicks, adipose tissue is relatively insensitive to insulin when it comes to lipogenesis
from varying substrates, including glucose (401, 402). Goodridge (403) also showed a
lack of insulin-induced lipogenesis in the abdominal adipose tissue of House sparrows
and White-crowned sparrows. Moreover, McCumbee and Hazelwood (401) showed that
chicken adipocytes are resistant to insulin-mediated glucose uptake.

Unlike ducks and geese, feeding wild-caught Mourning doves a diet high in saturated fat
(60% kcal fat) for four weeks had no effect on blood glucose and did not result in any
major changes to metabolic pathways (404). Similarly, a four-week white bread (high
carbohydrate) diet resulted in increased liver glycogen but did not alter metabolic or
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1700 vascular physiology pathways (405). These findings highlight the metabolic flexibility of
1701 some avian species.

1702

1703  In summary, adaptive insulin resistance in birds (especially Neoaves) optimizes

1704  endurance, fuel flexibility, and longevity as opposed to tight glycemic regulation. In fact,
1705 low insulin concentrations and reduced insulin signaling are associated with longevity in
1706  diverse organisms, from nematodes to mice (127). Moreover, avian physiology

1707 integrates high glucagon, a reliance on fatty acid oxidation, potential for GLUT12

1708 compensation, high mitochondrial density, and constitutive gluconeogenesis to support
1709 the high metabolic demands of flight.

1710

1711 Common Themes in Adaptive IR

1712

1713  As we have seen throughout this review, insulin resistance has emerged as an

1714  evolutionarily conserved and context-dependent survival mechanism. Rather than a
1715  strictly pathological condition, adaptive insulin resistance often represents a normal
1716  response to physiological, environmental, and psychological stressors such as life
1717  history (development, aging), variations in food availability, pregnancy, hypoxia,

1718 hypothermia, and illness (Figure 6) (24, 132, 139, 195, 406). During stress, the anabolic
1719  functions of insulin are downregulated to mobilize stored energy for immediate survival
1720 (24, 99). This adaptive shift ensures glucose availability for critical functions such as the
1721  brain and immune system, even when peripheral tissues become transiently insulin
1722  resistant (24). Conditions such as hibernation/hypothermia, hyperglycemia, obesity,
1723  feasting, and fasting not only induce peripheral insulin resistance but also decrease
1724  insulin transport at the blood brain barrier (43). Although insulin uptake by the brain is
1725 saturated under normal glucose concentrations, uptake is increased in type 2 diabetes
1726  and infections (43). Whereas adaptive insulin resistance may be compensatory, this
1727  compensation unravels with chronic insulin resistance, and hyperglycemia in mammals
1728 increases the risk of cardiovascular diseases (the leading cause of death from

1729 diabetes), as well as cancer and neurodegenerative diseases.

1730

1731  Conclusions and Future Directions

1732

1733  As discussed in this review, insulin resistance often plays a critical role in survival and
1734  stress resilience, which helps explain why it has been preserved throughout vertebrate
1735  evolution (132, 134, 139). As such, insulin resistance should not be seen as merely a
1736  pathological endpoint but rather as an evolutionarily conserved adaptive response.
1737  Comparative research reveals remarkable diversity in insulin signaling pathways. From
1738 hibernating mammals and carnivorous diets to bats and birds, insulin resistance has
1739 emerged as a strategy to ensure nutrient balance is maintained. Although an adaptive
1740 response, prolonged insulin resistance, sedentary behaviors, overconsumption of

1741  nutrient-dense foods, and exposure to chronic stressors may shift what was once a
1742  physiological adaptation into a pathological response.

1743

1744  Comparative and evolutionary physiology reframes insulin resistance as a spectrum of
1745 adaptive responses that are fine-tuned to various stressors and ecological pressures.
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Such reframing highlights the utility of interventions such as intermittent fasting and
exercise in the treatment of pathological insulin resistance and type 2 diabetes. Insights
from hibernating animals also help explain the progression of obesity to insulin
resistance and type 2 diabetes. Unlike hibernators, however, humans do not undergo
prolonged fasting periods, such that chronic insulin resistance paired with obesity is not
an adaptive response for humans.

In conclusion, insulin resistance should not be viewed as simply a metabolic failure but
rather as a flexible evolutionary strategy that, when unbalanced in modern society, can
result in pathology. By searching for clues beyond the human pathology and instead
integrating comparative and evolutionary biology with modern OMICs, bioinformatics,
and other advanced approaches, researchers may uncover novel physiological
mechanisms involved in the evolution and etiology of disease. Such advancements in
understanding may, in turn, lead to novel therapeutics.

Figure Legends

Figure 1. Canonical metabolic effects of insulin following nutrient ingestion, with
a focus on glucose regulation. Following a meal, dietary macronutrients are absorbed
into the bloodstream. The rise in nutrients, and particularly glucose, is sensed by
pancreatic 3-cells inducing the release of insulin. Paracrine actions of insulin inhibit the
release of glucagon from neighboring a-cells. Insulin promotes vasodilation and aids in
nutrient uptake by target tissues for metabolism and storage. Abbreviations: BAT, brown
adipose tissue; GLUT2, glucose transport protein member 2; GLUT4, glucose transport
protein member 4; UCP1, uncoupling protein 1. *Muscle contraction also increases
GLUT4 translocation in both skeletal muscle and cardiac muscle. Created in BioRender.
Sweazea, K. (https://BioRender.com/8p61v0i) is licensed under CC BY 4.0.

Figure 2. Overview of intracellular insulin signaling pathways and physiological
outcomes. Insulin binding to its receptor activates PISK/PKB(Akt) and MAPK/ERK
signaling pathways with downstream effects dependent on cell type. The majority of
insulin-mediated outcomes occur through activation of the PI3K/Akt pathway resulting in
nutrient uptake and storage (glucose and fatty acid uptake, lipogenesis, glycogen and
protein synthesis), vasodilation, thermogenesis, wound healing, salt balance, and
inhibition of gluconeogenesis and apoptosis. Whereas activation of the MAPK/ERK
pathway promotes growth and gene expression. Abbreviations: Bad, Bcl-2 associated
agonist of cell death; CD36/FAT, cluster of differentiation 36 (fatty acid translocase);
eNOS, endothelial nitric oxide synthase; FOXO1, forkhead box protein O1; G6Pase,
glucose-6-phosphatase; GCK, glucokinase; GLUT4, glucose transport protein member
4; GSKa3, glycogen synthase kinase 3; MAPK/ERK, mitogen-activated protein
kinase/extracellular signal-related kinase; mTOR, mechanistic target of rapamycin
kinase; NO, nitric oxide; PEPCK, phosphoenolpyruvate carboxykinase; PISK/PKB/Akt,
phosphoinositide 3-kinase/protein kinase B (Akt); Rac1, Rho-family guanosine
triphosphatase; SHC, Src-homology/collagen (De Felice et al., 2014; Wen and Wan,
2021). Created in BioRender. Sweazea, K. (https://BioRender.com/95v67k8) is licensed
under CC BY 4.0.
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Figure 3. Central roles of insulin signaling in the brain. Central insulin signaling
promotes neuroprotection, cholesterol biosynthesis, learning and memory, while
reducing anxiety and depression-linked pathways. Insulin also helps regulate
reproduction through activation of the hypothalamic-pituitary-gonadal axis. In parallel,
insulin targets the hypothalamus increasing brown adipose tissue (BAT) thermogenesis
and energy expenditure. Created in BioRender. Sweazea, K.
(https://BioRender.com/vvs68jd) is licensed under CC BY 4.0.

Figure 4. Spectrum of classical and emerging forms of diabetes in humans.
Overview of established and emerging forms of diabetes characterized by pancreatic
dysfunction, insulin resistance, or antidiuretic hormone dysregulation (83—-86). This
figure highlights the distinct etiologies associated with each form of diabetes and their
effects on glucose and insulin. Created in BioRender. Sweazea, K.
(https://BioRender.com/n3u7r7d) is licensed under CC BY 4.0.

Figure 5. Spectrum of adaptive insulin resistance in animals. Comparative overview
of physiological and adaptive insulin resistance mechanisms observed across animal
taxa showcasing its role in adaptation, survival, and metabolic flexibility without resulting
in metabolic disease. Created in BioRender. Sweazea, K.
(https://BioRender.com/cjuim1r) is licensed under CC BY 4.0.

Figure 6. Common themes of adaptive insulin resistance in humans and other
taxa. Examples of unifying factors driving adaptive insulin resistance responses in
humans and animals. In these situations, insulin resistance serves as an adaptive
response to facilitate metabolic flexibility and thermogenesis, ensure adequate glucose
delivery for the brain, and facilitate growth and development. Each factor listed is
relevant to humans and at least one other species but may not apply to all animal taxa.
This figure is limited to current knowledge and common themes. As such, it does not
include themes found in only one species. In addition, other common themes may
emerge that are not captured in this figure. Created in BioRender. Sweazea, K.
(https://BioRender.com/du4zunt) is licensed under CC BY 4.0.
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Table 1. General expression patterns of SLC2A genes across vertebrate classes.

trehalose; insulin

Class | Subclass Gene Mammals | Birds | Reptiles | Amphibians Fish Features Ref.
| 1 SLC2A1 v v N4 v v Transports mainly (19,
glucose; low affinity for 20, 25)
fructose and sorbose
SLC2A2 v v N v v Transports glucose and (19,
fructose 20)
SLC2A3 v v N4 v v Transports glucose (19,
20)
SLC2A4 v X N4 v v Insulin-responsive (19—
(not glucose transport 22)
detected | protein in mammals,
in reptiles, and amphibia;
zebrafish) | mutated gene in birds;
In teleosts, insulin
targets different pathway
than mammals, some
GLUT4 is constitutively
present at plasma
membrane where it
transports diverse
sugars
SLC2A14 Only X X X X Transports glucose (19,
humans 20)
SLC2A20 X X X X Only 2
teleosts
2 SLC2A5 v v N v v Higher affinity for (19,
fructose than glucose 20)
SLC2A7 v X X X X Substrate unclear; (19,
Negligible fructose 20)
transport
SLC2A9 v N v Transports urate (19,
20)
SLC2A11 N4 N4 N4 N4 N4 Transports glucose and (19,
fructose 20)
SLC2A15 X v Only Related to ancestral (20)
teleosts SLC2A9 gene; solute
unclear
SLC2A16 X v N X v Related to ancestral (20)
SLC2A11 gene
SLC2A17 X N4 X N4 N4 Related to ancestral (20)
SLC2A11 gene
SLC2A18 X X X X Only Solute unclear (20)
teleosts
SLC2A19 X X X X Only Solute unclear (20)
teleosts
Il SLC2A6 N4 N4 N4 N4 N4 Solute unclear (19,
20)
SLC2A8 v v N4 v v Transports glucose, (19,
fructose, lactose, and 20)

Downloaded from journals.physiol ogy.org/journal/physiologyonline at Researchdlife (158.232.240.063) on July 2, 2026.




1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876

responsive similar to
GLUT4,; upregulated by
high fat diet

[ SLC2A10 Transports (19,
dehydroascorbate 20)
SLC2A12 Insulin responsive (19,
similar to GLUT4 20)
v SLC2A13 Transports myo-inositol (19,
(aka 20)
HMIT)

SLC2- Present in Arthropods, (20)

like brachiopods, Chordata,

Coelenterate,
Hemichordate,
Mollusca,
Platyhelminthes,
Priapuloidea,
Pseudocoelomata,
Spongia; transport a
variety of sugars
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