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Mass extinctions occur frequently in natural his-
tory. While studies of animals that became extinct
can be informative, it is the survivors that provide
clues for mechanisms of adaptation when condi-
tions are adverse. Here, we describe a survival
pathway used by many species as a means for
providing adequate fuel and water, while also
providing protection from a decrease in oxygen
availability. Fructose, whether supplied in the diet
(primarily fruits and honey), or endogenously (via

activation of the polyol pathway), preferentially
shifts the organism towards the storing of fuel (fat,
glycogen) that can be used to provide energy and
water at a later date. Fructose causes sodium
retention and raises blood pressure and likely
helped survival in the setting of dehydration or
salt deprivation. By shifting energy production
from the mitochondria to glycolysis, fructose
reduced oxygen demands to aid survival in situa-
tions where oxygen availability is low. The actions
of fructose are driven in part by vasopressin and
the generation of uric acid. Twice in history,
mutations occurred during periods of mass extinc-
tion that enhanced the activity of fructose to
generate fat, with the first being a mutation in
vitamin C metabolism during the Cretaceous—
Paleogene extinction (65 million years ago) and
the second being a mutation in uricase that
occurred during the Middle Miocene disruption
(12-14 million years ago). Today, the excessive
intake of fructose due to the availability of refined
sugar and high-fructose corn syrup is driving
‘burden of life style’ diseases, including obesity,
diabetes and high blood pressure.

Keywords: fructose, metabolic syndrome, metabolic
water, uric acid, vasopressin.

Introduction

During the last 450 million years, there have been
at least five mass extinctions that have occurred
due to a variety of causes, including changes in
atmosphere gases, changing global temperatures,
volcanic activity and an asteroid impact [1]. While
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often the focus is on those species that failed to
survive, in many respects it is the survivors that
deserve the most attention, for many of these
animals have developed remarkable means of
survival. Today, there are many examples of ‘ex-
tremophile’ species that can survive under remark-
able situations, such as the Pompeii worm that can
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survive inferno (176°F) temperatures [2], or the
occellated icefish that lives in the Antarctic seas in
the absence of red blood cells [3], or the wood frog
in northern Canada who freezes in winter, surviv-
ing because of the production of glycerol that acts
as an antifreeze to allow slow circulation of blood in
the freezing conditions [4].

One of the most important means for survival is to
have sufficient food and water, as well as the
necessary minerals, electrolytes and nutrients to
maintain muscle mass and body functions. It is
also important to be able to adapt in conditions
where oxygen levels may decrease. One means for
doing this is to store caches of food in one’s den,
but there is always the danger that the cache could
be stolen, or that the den itself may become unsafe
if discovered by predators. Thus, the ideal means
for assuring survival is for the body itself to aid in
the storage of food, water and other critical needs.

There appears to be a common mechanism by
which many animals survive, and that it involves a
unique metabolic pathway mediated by fructose, a
simple sugar present in fruit [5]. Fructose is also
produced in the body under conditions of stress. In
turn, the metabolism of fructose uniquely activates
processes that stimulate survival, and it works
through specific hormones (such as vasopressin)
as well as metabolic products (uric acid) to mediate
its effects. Here, we provide a brief description of
this central pathway that appears to have a key
role in the evolution of species (Fig. 1).

Fructose as a survival factor

Fructose is unique from all other nutrients as its
metabolism results in an intracellular alarm signal
that triggers the organism to go into a ‘safety mode’
[S]. Specifically, while fructose can be metabolized
by hexokinase, the enzyme fructokinase C (also
known as ketohexokinase, or KHK) is the primary
enzyme that metabolizes fructose, generating fruc-
tose-1-phosphate so rapidly that ATP and intracel-
lular phosphate levels fall (Fig. 2). The effect is
dependent on the concentration of fructose and
can result in significant reductions (20-60%) of
intracellular ATP as well as GTP [6] in the organs
where fructokinase C is expressed, which includes
the liver, kidney, brain, pancreatic islets and
adipose tissues [7, 8]. Fructokinase C can also be
induced in tissues, such as the ischaemic heart [9].
The loss of intracellular phosphate activates the
enzyme AMP deaminase, and this accelerates the

production of inosine monophosphate (IMP) and
uric acid [6]. The effect is further amplified by the
inhibition by IMP of aldolase B, whose role is to
metabolize the fructose-1-phosphate to eventually
release the sequestered phosphate. The metabo-
lism of fructose also drives production of vaso-
pressin, in the supraoptic nucleus of the
hypothalamus [10], and circulating levels of vaso-
pressin, noted by the stable metabolite, copeptin,
are also regulated in part by fructose [11, 12].

While fructose is found in the diet, which in the
wild is principally from fruits and honey, another
source of fructose is from production via the polyol
pathway. Aldose reductase converts glucose to
sorbitol which is then metabolized to fructose by
sorbitol dehydrogenase (Fig. 2). In turn, aldose
reductase can be stimulated by high glucose levels
(such as in diabetes), by high-salt diets (which
increases osmolality, a known stimulant of aldose
reductase), heat, tissue hypoxia, oxidative stress
and by fructose and uric acid [13-17]. In western
societies, the main sources of fructose are from
table sugar (sucrose) and the sweetener, high-
fructose corn syrup (HFCS). Table 1 summarizes
the main sources of exogenous and endogenous
fructose.

Fructose stimulates fat and glycogen storage

Fructose can increase weight and fat stores by
several mechanisms [18]. First, ingesting fructose
generates a poor satiety response as it does not
directly stimulate insulin or leptin [19]. However, of
greater significance is the observation that fructose
metabolism drives the development of central
leptin resistance, resulting in persistent hunger
(and/or impaired satiety) which results in exagger-
ated food intake [20]. The mechanisms are not fully
understood, but the generation of uric acid and the
development of intracellular oxidative stress may
play a role [21].

In addition, fructose drives the production of
fatty liver, which is mediated both by an
increase in hepatic lipogenesis and a reduction
in fatty acid oxidation [22]. These effects result
from intracellular and mitochondrial oxidative
stress driven by NADPH oxidase, leading to a
decrease in aconitase-2 and a rise in citrate that
stimulates the lipogenesis pathway [23], and a
reduction in enoyl CoA hydratase (a component
of the fatty acid beta-oxidation pathway) [24].
Further, fructose metabolism leads to the
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Fig. 1 A Common Survival Pathway. The simple sugar, fructose, likely had a major role in evolution due to its unique
metabolism that activates processes that prepares the animal for pending shortage in food, water or oxygen. Specifically,
fructose shifts the energy provided in nutrients towards fuel storage (fat, glycogen) and away from energy (ATP) production
by downregulating mitochondrial metabolism and the favouring of glycolysis. The fat and glycogen provide a source for
energy and metabolic water when food and water are scarce. The switch towards glycolysis is associated with a reduction
in energy demand and results in protection from hypoxic and ischaemic states. Gluconeogenesis and insulin resistance
occur to raise serum glucose levels to provide fuel to the brain. Sodium is retained, and vasoconstrictors are stimulated to
increase blood pressure, and innate immunity is also stimulated. Foraging develops, and thirst and hunger occur as a
mechanism to increase weight, largely from the development of leptin resistance and hyperosmolality-driven thirst. These
processes are mediated by endproducts of fructose metabolism that include vasopressin, lactate and uric acid. While
providing a key survival advantage in conditions of scarce resources, excessive fructose can stimulate metabolic diseases,
dementia and cancer.

accumulation of malonyl CoA and decreases the
uptake of fatty acids into mitochondria by
decreasing the activity of carnitine palmitoyl
transferase la activity [22].

Fructose also stimulates gluconeogenesis and
glycogen accumulation. Much of the fructose is
metabolized to glucose and lactate, the latter which
is also a gluconeogenic substrate. While fructose
increases glucose production, much of the glucose
is taken up by the liver via stimulation of glucok-
inase to make glucose-6-phosphate [25, 26] and
then used to produce glycogen [27, 28].

The increase in fat and glycogen driven by fructose
metabolism is much greater than that observed
254  © 2019 The Association for the Publication of the Journal of Internal Medicine
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with glucose alone and is consistent with a relative
reduction in mitochondrial energy (ATP) produc-
tion with preferential storage of the energy as a fuel
[22, 24]. As such, fructose metabolism is a primary
nutrient used by many animals to gain fat mass.
This has been shown to occur in long-distance
migrating birds before their flights [29], in bears
and other mammals preparing for hibernation [30],
and also in certain types of fruit-eating fish such as
the Pacu [31].

Fat and glycogen as a source of metaholic water

While fat and glycogen are used as fuel (ATP)
sources during food shortage, they are also a major
source of water in settings where water is less
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Fig. 2 Biochemical Basis of Fructose Metabolism. Fructose can be obtained either from the diet or can be produced from
glucose endogenously via the aldose reductase-sorbitol dehydrogenase (polyol) pathway. The unique feature of fructose
metabolism is that it reduces the energy (ATP) and intracellular phosphate in the cell during its metabolism that sets off an
‘alarm’ signal that triggers the survival pathway. Specifically, fructose is metabolized by fructokinase C (KHK-C) in various
tissues including the intestine, liver, kidney, islets, adipose tissue and brain, where it causes a rapid phosphorylation of
fructose to fructose-1-phosphate. Fructose-1-phosphate is then metabolized further by aldolase B and other enzymes to lead
to the production of glucose, lactate, glycogen and triglycerides. However, the initial phosphorylation of fructose by KHK-C
results in a fall in intracellular phosphate that activates AMP deaminase-2 that triggers the degradation of AMP to IMP and
eventually uric acid. Vasopressin is also stimulated by fructose metabolism, although it is not known if it is mediated by the
energy depletion pathway. These processes lead to mitochondrial dysfunction and a shift from energy production to energy
storage.

Table 1. Sources of dietary and endogenous fructose fat and glycogen is critical for any animal that has a
Dietary sources of fructose lack of water availability, but especially for mam-
Ripe fruit mals living in the desert and salt water oceans and
Honey for animals that do not drink during prolonged
periods of hibernation or long-distance migration.

Refined sugar (sucrose) (Sugarcane, Sugar Beets) Indeed, desert mammals, such as the jerboa, sand
High-fructose corn syrup rat and camel, have some of the highest fat content
Palm Sugar, Maple Sugar among all mammals, only to be surpassed by
Nectar hibernating animals such as the grizzly bear and

marine mammals such as the whale. The high-fat
content in these species provides a key source for
water, especially for the marine mammals that

Endogenous sources (Aldose Reductase Dependent)

High-glycemic carbohydrates

Hyperglycaemia (Diabetes) cannot drink sea water (Fig. 2) [34]. While the foods
Hyperuricemia (or increases at the organ level) these animals ingest provide some water, some
Heat Stress studies suggest that 20-40 per cent of water in
Oxidative stress ﬁae:egtsﬁnd ocean mammals may derive from fat

Hyperosmolality (from dehydration or high-salt diet)

Hypoxia The mechanism for the fat accumulation in these

Ischaemia mammals likely involves fructose. First, we have
found that heat stress, dehydration or high-salt
diets all induce hyperosmolality which activates
the enzyme aldose reductase leading to the gener-

available, as fat generates about 1.1 g of water for ation of fructose in tissues such as the kidney,
every g of fat oxidized, while for glycogen the ratio is liver and brain [10, 36-38]. These same processes
about 34 g of water per g of glycogen oxidation of heat stress and dehydration are likely to be
[32, 33]. Being able to produce water from stored present in desert animals while dehydration and
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hyperosmolality are likely common in marine
mammals in the hypertonic sea environment.
The endogenously produced fructose then stimu-
lates fat production which would provide a source
of water.

As mentioned earlier, both dietary and endogenous
fructose stimulate vasopressin production. For
example, dehydration-induced hyperosmolality
induces fructose generation in the hypothalamus
where it mediates the release of vasopressin [10]. In
turn, our group has found that vasopressin has a
majorrole in driving obesity and fatty liver in fructose
fed animals (unpublished data). Since desert mam-
mals and marine mammals have some of the highest
vasopressin levels known, it is very likely that the
obesity in these animals is mediated by endogenous
fructose generation and vasopressin.

Thus, one of the primary functions of fructose is to
conserve water by stimulating vasopressin which
reduces water loss via the kidney while also stim-
ulating fat and glycogen production as a source of
metabolic water [5]. Furthermore, there is some
evidence that vasopressin may reduce nonsensible
water losses by acting on vasopressin-2 (V2) recep-
tors in the lung to reduce water loss through the
lungs [39, 40] and through its temperature lower-
ing (antipyretic) effects (mediated by the V1b vaso-
pressin receptor) [41], and in frogs the ancestral
vasopressin (vasotocin) may reduce water losses
through the skin [42]. Thus, fructose may coordi-
nate, through its action on vasopressin, a host of
responses to help conserve water [5].

Interestingly, fructose ingestion may also increase
thirst, which would act as another mechanism to
stimulate a further increase in water content. When
fructose is ingested, serum vasopressin is stimu-
lated that will reduce urinary water losses by
stimulating urinary concentration [36]. However,
while water is retained, serum osmolality does not
fall, but remains elevated (Fig. 3). The reason is that
the water shifts from the extracellular to intracel-
lular space, likely due to the rapid generation of
glycogen. Since serum osmolality remains elevated,
thirst continues to stimulate water intake.

Fructose induced insulin resistance as a mechanism for providing
fuel to the brain

Fructose induces insulin resistance in animals
[43], and the mechanism is due in part to enhanced
gluconeogenesis mediated by fructokinase-
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dependent activation of the AMP deaminase path-
way with the generation of uric acid [44]. This
specific pathway results in inhibition of AMP
activated-protein kinase by malonyl CoA and uric
acid, and activates AMP deaminase, due to low
intracellular phosphate levels, that keeps this
process persistent [22, 44]. In addition, fructose
metabolism results in oxidative stress, mitochon-
drial dysfunction and lipid accumulation in the
liver affecting insulin sensitivity in this tissue [45].
While these changes result in higher levels of
insulin in the circulation, over time fructose may
cause low-grade islet damage leading to a fall in
insulin secretion [46].

There is a survival benefit to becoming insulin
resistant, for during starvation glucose as a fuel
may be limited and hypoglycaemia could develop.
However, the insulin resistance will result in
decreased uptake of glucose into insulin-dependent
tissues such as skeletal muscle, which can rely on
fatty acids, resulting in maintaining or even increas-
ing serum glucose. This is critical for brain function,
as the brain prefers glucose as its major fuel source,
and will continue utilizing glucose as uptake of
glucose into the brain does not require insulin.

Fructose maintains blood pressure by retaining sodium and effects
of uric acid

Fructose ingestion has been shown to increase
blood pressure acutely in humans (as opposed to
glucose) [47]. The mechanism likely involves stim-
ulation of salt reabsorption in the kidney [48],
increasing serum vasopressin levels [11] and the
production of uric acid [49, 50]. Indeed, the effects
of uric acid to raise blood pressure are mediated
by the induction of oxidative stress and decreasing
the biological activity of endothelial nitric oxide
[51, 52].

There is some evidence that endogenously pro-
duced fructose may regulate blood pressure. A high
serum osmolality, such as occur in dehydration or
high-salt intake, has been found to stimulate
endogenous fructose pathway through the activa-
tion of aldose reductase. In this regard, blood
pressure rise can be prevented in hyperosmolar
animals lacking fructokinase [15]. High-salt intake
also interacts with dietary fructose to raise blood
pressure [53].

While there is increasing evidence that salt intake
may acutely regulate blood pressure via osmolality
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Fig. 3 Fructose Stimulates Thirst by Shifting Water into the Cell. The administration of fructose (such as in a soft drink)
following heat stress is associated with remarkable stimulation of vasopressin (noted by serum copeptin) compared to
intake of water. The increased vasopressin is associated with an amplification in urinary concentration compared to water
hydration. However, serum osmolality fails to decrease because the water retained through the action of vasopressin shifts
into the cell, resulting in a persistently contracted extracellular volume with increased intracellular volume (measured by
bioimpedance). This is likely because glycogen is being rapidly made, and glycogen incorporates water into its lattice
structure [33, 95]. The original study excluding the bioimpedance data is from Ref [36].

and potentially endogenous fructose production,
the long-term elevation of blood pressure appears
to be mediated by intrarenal inflammation that
results in persistent renal vasoconstriction that
impairs sodium excretion [54]. Of note, there is
also some evidence that high blood pressure
mediated by uric acid might transition to this
mechanism over time [55].

Fructose as an activator of the innate immune response

Fructose has been shown to activate immune
responses in nonimmune cells, such as by induc-
ing leucocyte adhesion molecules (intercellular
adhesion molecule-1, ICAM-1), in vascular
endothelial cells and by stimulating chemokine
secretion (monocyte chemoattractant protein-1,
MCP-1) and inflammasome, and oxidative stress
in tubular cells [56-58]. In the setting of heat
stress, hydration with fructose also preferentially
increases the expression of inflammasomes and
interleukin-1 beta (IL-1B) compared to water
hydration alone [59]. Fructose has also been
reported to activate immune cells in vitro, resulting
in increased IL-18 and IL-6 secretion from den-
dritic cells and interferon-y from T cells in associ-
ation with a shift towards glycolysis [60].

One of the mechanisms by which fructose may
activate the immune system is via the production
of advanced glycation endproducts [60], but there
is also increasing evidence that uric acid, a

metabolite generated during fructose metabolism,
may also have a critical role. While crystalline uric
acid is a well-known activator of the immune
system, leading to stimulation of inflammasome-
dependent IL-1B secretion [61], soluble and/or
microcrystalline uric acid can also can activate
dendritic cells [62] and T cells [63, 64] and mono-
cytes [65, 66|, as well as stimulate inflammasome
generation and NF-kB activation in nonimmune
cells [57, 67, 68].

Fructose as a mechanism for enhancing survival under hypoxic
conditions

One of the key effects of fructose is to enhance
glycolysis and reduce mitochondrial metabolism
[22, 24]. This effect might be amplified by the high
lactate generation induced by fructose that can
further reduce mitochondrial function [69]. The
increase in glycolysis with reduced mitochondrial
function allows for less oxygen utilization and has
been shown to be beneficial under conditions of
hypoxia. Indeed, hypoxia is a stimulus for endoge-
nous fructose production as aldose reductase is
activated by hypoxia through a HIF-1 alpha depen-
dent pathway. Some animals, such as the naked
mole rat, will start producing fructose when it is in
hypoxic burrows and uses the fructose to help
maintain survival [70]. Fructose is also used by
some animals in utero, including whales and other
cetaceans where it has concentrations similar to
glucose in other species [71]. While the function of
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fructose is not specifically known, we speculate
that it likely helps as a means to both survive
under low oxygen conditions during diving but also
to stimulate fat as a means for generating meta-
bolic water when they are born.

While the shunting to glycolysis provides some
protection from hypoxia, lactate and uric acid,
which are other products of fructose metabolism,
also aid survival. For example, both substances
have been reported to improve oxygen affinity for
haemocyanin, the haemoglobin equivalent in crus-
taceans, that may aid improving oxygen delivery
brackish water in which oxygen levels are low [72].

Other survival pathways

The fructose survival pathway likely was an impor-
tant method for increasing fat stores in preparation
for times when food or water shortage was likely.
However, almost all species try to maintain some
fat stores at all times, and in humans, this
approximates to about 25% in women and 20% in
men [73]. Women tend to carry more fat, likely as a
protective mechanism to assure sufficient fat
stores to sustain a successful pregnancy.

A consequence of activating the fructose survival
pathway, however, is the induction of oxidative
stress which is utilized to shift from an energy
production to an energy storage state [23]. In turn,
chronic oxidative stress has been postulated to
have a role in ageing and cancer [74]. Thus, there is
likely a fine balance between activating the survival
pathway to provide critical needs and super stim-
ulation of the pathway where it may cause delete-
rious consequences.

Caloric restriction has been reported to increase
lifespan [75]. The reduction of oxidative stress
associated with storing fat would predict this.
Nevertheless, while it might increase survival in a
laboratory setting in which food is provided daily,
in the wild the potential for periods of food or water
deprivation could act to increase mortality in the
setting of absent or low-fat stores.

Because fructose has the downside of inducing
oxidative stress, some animals that use fructose for
survival upregulate antioxidant pathways as a
protective mechanism to counter the effects of
chronic fructose-dependent or independent oxida-
tive stress in animals [76]. One such system is
upregulation of the transcription fact, nuclear
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factor erythroid 2-related 2 (NRF2) which has been
observed in hibernating bats, deep-sea diving seals
and naked mole rats [76]. The antioxidant effects
may block some aspects of fructose metabolism
(such as fat storage) while allowing the benefits of
other systems (such as generation of lactate and
uric acid that may aid survival in hypoxic settings).

Evolution and survival during major extinctions

As mentioned, mass extinctions have occurred
intermittently during the history of life, and adap-
tation is often critical. One of the major mecha-
nisms of adaptation has been through genetic
changes driven by evolution, and more recently,
the power of epigenetic modifications has also been
appreciated. For humans, there appear to have
been two major mutations that occurred during
extinctions that appear to involve the fructose
pathway, and likely acted by enhancing our fat
stores.

Around 65 million years ago, an asteroid fragment
(the Chicxulub meteorite) crashed in the Yucatan,
causing a massive impact that spewed dust into
the air, covering much of the globe and driving
temperatures down 7°C [77]. The world became
like a nuclear winter, and more than 75 per cent of
all life became extinct, including the nonavian
dinosaurs (known as the Cretaceous—Paleogene
extinction) [78]. Early mammals existed during
this period, including the earliest primates [79],
and one group of primates (the dry nosed haplor-
rhines) acquired a mutation in vitamin C synthesis
(L-gulonolactone oxidase) that rapidly took over the
whole family, suggesting a survival benefit [80].

While vitamin C has many functions, one action is
to block the effects of fructose to stimulate fat
synthesis, likely by blocking the mitochondrial
oxidative stress mediated by fructose [23, 81].
Our group has found that fructose induced meta-
bolic syndrome in vitamin C deficient mice can be
blocked dose dependently by increasing doses of
vitamin C (unpublished data).

This may lead to the interesting question of why
vitamin C is present in fruits, given the observation
that many species use fruits as a source of fructose
to gain fat in preparation for long-distance migra-
tion or hibernation. However, the vitamin C content
is highest early in the season, and as a fruit ripens,
it sweetens (by increasing its fructose content)
while its vitamin C content falls [82]. Thus, when
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animals ingest fruit in the fall, prior to winter, the
fruit is maximally sweet with the lowest vitamin C
content.

The other major extinction was the ‘Middle Mio-
cene Disruption’ that occurred around 12-14 mil-
lion years ago in Europe, and led to the extinction
of many mammals including the apes that were
living in this region [83]. During this time, there
was a period of global cooling with a fall in
temperatures of approximately 5°C, that resulted
in a reduction in fruit, which was primary food for
the ancestral apes. In particular, the loss of the fig
tree, which can fruit all year long, resulted in
periods of starvation during the cooler months
[83]. The middle Miocene witnessed the death knell
of the uricase gene for the entire ape lineage [84,
85]. Uricase is the enzyme that degrades uric acid,
and the uricase gene had been slowly losing its
activity via the accumulation of deleterious amino
acid replacements during the preceding Oligocene
along with its transporter URAT1 [86], but the
complete pseudogenization of uricase during the
mid-Miocene led to the ultimate loss of enzymatic
activity [85]. One of the consequences of the loss of
uricase in early hominoids was a greater uric acid
response to fructose, which in turn is associated
with greater stimulation of fat and glucose pro-
duction from the same dose of fructose [44, 85].
Thus, the uricase mutation has been hypothesized
to act as a survival factor for the European apes
during this period of global cooling and food
shortage [87]. Indeed, it appears that apes bearing
these mutations subsequently migrated to Africa
where they became the ancestors of humans and
the African great apes, and to southeastern Asia
where they became the ancestors of the orangutan
(88, 89].

A survival pathway gone wrong: the role in obesity today

The geneticist, James Neel, proposed more than 50
years ago that mutations acquired during periods
of starvation in our past might have a role in the
epidemic of diabetes that is occurring today [90].
Our data support this ‘thrifty gene hypothesis’ and
suggest that mutations affecting the fructose sur-
vival pathway may have enhanced the ability of
ancestral humans to survive when food sources
were limited, but that today it may increase our
risk for obesity and diabetes. Indeed, we have
proposed that the primary culprit is the dramatic
increase in fructose intake from the introduction of
refined sugar and HFCS, but diets high in salt,

umami and alcohol (representing foods that rapidly
generate uric acid) are also contributing. Interest-
ingly, fructose is likely not only involved in driving
obesity and diabetes, but also hypertension, and
cardiovascular disease. Furthermore, the ability to
stimulate aerobic glycolysis (Warburg effect) likely
explains the increasing association of fructose as a
fuel for various cancers.

Climate change and survival of life on the planet

While fructose is a survival nutrient, as is vaso-
pressin a survival hormone, the behaviour of these
molecules may change as the world around us
changes. Global warming will place new stresses
on both humans and animals in the wild. Given
that heat stress can activate fructose-vasopressin
pathways, we suggest that this may be important
in driving the obesity and diabetes epidemic.
Indeed, others have already reported an associa-
tion between global warming and obesity [91].
Furthermore, heat stress and global warming have
been linked with epidemics of chronic kidney
disease in hot regions in Central America, Mexico,
and India [92], and experimental studies suggest
that they may be mediated by activation of the
fructose-vasopressin pathways in the kidneys [37,
38].

Knowledge of the fructose survival pathway, how-
ever, may become important as we try to both
adapt to the changing world and also try to help
animals in the wild cope with changing climates
and food and water availability. Thus, studies
investigating these pathways in different species
and in different environments can provide new
insights into the physiology of survival. Biomimi-
cry, or the study of the adaptation of species to
different types of stress, may provide key insights
that may aid the survival of humans and other life
on our planet [30, 93, 94].
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