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Insulin action in the brain and how this may
cause/exacerbate obesity or diabetes

Prasad S. Dalvi

The discovery and isolation of insulin by Banting, Best, Collip
and McLeod at the University of Toronto 90 years ago was
one of the greatest events in the history of medicine. Since
then, insulin has become the life-saving therapy for insulin-
deficient type 1 diabetes patients and also patients with
advanced type 2 diabetes. Presently, the incidence of type
2 diabetes has increased dramatically, from an uncommon
ailment a few centuries ago to a worldwide epidemic
affecting 350 million people globally. As per data published
by the WHO, worldwide, 90% of people with diabetes
suffer from type 2 diabetes that is developed largely due to
physical inactivity and excess body weight, or obesity. Thus,
obesity has become a global health issue and, as such, has
been recently termed by the WHO as ‘globesity’. Obesity
increases mortality risks due to related complications with
the main one being type 2 diabetes.! In the fight against
obesity, major efforts are currently underway to determine
the central mechanisms involved in the regulation of
complex processes such as appetite control and regulation
of energy balance.

The main control centre of energy balance in the brain is
the hypothalamus, which consists of neurons that integrate
signals arriving from peripheral organs and other neurons
of the nervous system to regulate appetite and maintain
energy balance.? The hypothalamic neurons are subdivided
into several nuclei that control many functions such as
hunger, satiety, fluid balance, and glucose regulation.
Within the arcuate nucleus (ARC) of the hypothalamus,
appetite-stimulating neuropeptide Y (NPY) / agouti-
related protein (AgRP) neurons promote an increase in
food intake and a decrease in energy expenditure leading
to the storage of energy in the form of fat. In contrast to
the NPY/AgRP neurons, the pro-opimelanocortin (POMC)
neurons of the hypothalamus release a-MSH, a major
appetite-suppressing neuropeptide. When POMC neurons
are stimulated, they promote a decrease in food intake and
body weight.

Insulin is a key regulator of food intake and energy
balance*** and a major metabolic hormone that regulates
glucose homeostasis in the body. Insulin’s role is to facilitate
transportation of the food-derived glucose to target
organs, such as muscle, liver or fat and make it available
as an energy source. In the periphery, insulin is secreted by
pancreatic beta cells. At present, there is a growing interest
in insulin action on the brain in the regulation of obesity
and type 2 diabetes.® Insulin enters the brain and interacts
with a number of key insulin receptor-expressing neurons
in the hypothalamus that play crucial roles in the control of
energy balance.”® In contrast to insulin’s peripheral anabolic
actions that increase energy storage, the central actions are
shown to be catabolic that cause reduction in food intake
and body weight.® Recent research, however, suggests that
there can be another side to the central insulin action, as
some recent findings demonstrate that the central action
of insulin may not necessarily be catabolic, but can be
anabolic depending on the diet affecting peripheral insulin
secretion. One study demonstrated a novel and previously
unknown role for the central insulin when the peripheral
insulin levels became higher than normal. When mice were
exposed to a high-fat diet, the central insulin activated
steroidogenic factor (SF)-1 neurons of the ventromedial
nucleus in the hypothalamus and activated SF-1 neurons
inhibited POMC neurons in the ARC, which resulted in
suppressing the feeling of satiety and thereby increasing
food consumption.® It is quite intriguing that when the
insulin receptors were deleted or inactivated in the SF-1
neurons, the mice remained lean despite consumption of
high-fat diet, while their counterparts with the functional
insulin receptors on the SF-1 neurons rapidly became
obese. This finding suggests that increased levels of insulin
during high-fat diet conditions may indirectly inhibit POMC
neurons via activation of SF-1 neurons. Future research
may reveal that inhibition or deletion of the insulin receptor
gene and subsequent inactivation of insulin action may
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potentially provide partial protection from high-fat diet-
induced hyperphagia, weight gain, and obesity.

Increased insulin levels that result from a high-fat diet have
been demonstrated to decrease insulin sensitivity leading
to insulin resistance in the hypothalamic neurons.?®%!?
Further, high insulin levels can develop insulin resistance
in the hypothalamic neurons that could contribute to
the development of obesity.* (In this context, it must be
noted that the hypothalamic obesity occurs due to insulin
resistance caused by hyperinsulinemia).’* In healthy
humans, the consumption of a regular diet stimulates
insulin to be released from the pancreas within the
normal range. In contrast, a chronic high-fat diet causes
excessive insulin release from the pancreas, exposing brain
structures to high levels of insulin, and thereby causing
insulin resistance in some neurons or over-activation of
insulin receptors in other neurons. Both actions can disrupt
insulin-mediated regulation of appetite and energy balance
that may result in excessive food intake, surplus energy
storage and obesity. This effect of exposure of hypothalamic
regions to high levels of insulin could constitute an effective
evolutionary adaptation by the brain to an irregular food
supply and extended periods of hunger. During a period
where an excess of food is available, the excessive insulin
release could potentially lead to an increase in appetite
and a reduction in calorie expenditure through temporary
insulin resistance in appetite-suppressing neurons, such as
POMC neurons, and overstimulation in neurons, such as
SF-1neurons, that further inhibit POMC neurons. The end
result was a surplus of energy reserves and weight gain
that were necessary to sustain life in the periods of food
deprivation. In the early human era, this evolutionarily-
conserved mechanism was turned “on” and “off” depending
on the availability of the food to properly regulate appetite
and energy balance. However, it seems that during the
present period of abundance in the developed world, this
mechanism is constantly turned “on” leading to an increase
in appetite and fat storage.

Overall, normal insulin actions in the brain are essential
in the regulation of energy balance; however, excessive
insulin exposure is harmful, as it may lead to obesity
and further to type 2 diabetes. Thus, if a well-balanced
and healthy diet is followed, the resulting normal levels
of insulin are beneficial, but as soon as the insulin levels
become excessive and chronically remain pathological,
the brain triggers reserved mechanisms, such as inhibition
of appetite-suppressing neurons, resulting in surplus of
energy intake and storage that may ultimately lead to

obesity or diabetes.
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Comment 1: On the role of brain insulin
action for obesity and diabetes

This article is outlining the relationship between a high
fat diet, resulting insulin action in the brain and the
development of diet related chronic disease including
obesity and diabetes. The author begins by describing
the shocking statistics that reflect present day burden of
obesity and highlights the World Health Organizations
(WHO) recent use of the term ‘globesity’ to emphasize the
global nature of the obesity epidemic. In fact obesity is not
the only health related outcome claiming ‘epidemic’ status.
Besides the global epidemic of obesity, the WHO also refers
to the epidemic of diabetes, cardiovascular disease (i.e.
heart attack and stroke) and cancer.!

In response to these epidemics, the author suggests that,
‘major efforts are underway to determine the central
mechanisms involved in the regulation of complex processes
such as appetite control and energy homeostasis’. This is
an important dimension of understanding obesity and
diabetes, however one could argue for other dimensions
of the aetiology of chronic disease includes broader
factors acting upon these aspects of human physiology.
For example, the WHO also makes reference to the
‘obesogenic environment’, which is a term to describe
the many dimensions of our ‘modern environment’ that
encourage consumption and discourage expenditure.? It is
characterized by plentiful access to cheap, energy dense,
nutritionally deficient foods that appeal to our pocket books
and taste preference for salty/fatty foods and our countless
technological conveniences including cars, elevators and
escalators to save us the trouble of expending precious
calories.?

Although the environment was not discussed directly,
the author acknowledged that our evolved physiological
mechanisms for dealing with energy imbalance remains
programmed for a world of scarcity and constant physical
work. In my view this is a profound statement; one that
leaves those of us interested in how we reverse these
global epidemics, vigorously scratching our heads. From the
perspective of human physiology within an evolutionary
context, as described in this article, it seems that there
are a few possible paths forward. One is to fundamentally
change human physiology (i.e. insulin actions in the brain)
to favour an environment of abundance; or begin system
level intervention to do the necessary political, economic,

social and cultural work needed to create more balance
in our modern environments so our physiology is not
overwhelmed by excess fatty diets, increased insulin in
the body and resulting obesity and diabetes. There is, of
course, one additional pathway. However, it is the pathway
we have been stumbling down for the past three decades,
the one that has left those of us in disease prevention
frustrated and with ever increasing prevalence of global
chronic disease. | am referring to the behavioural path. The
author of this article alludes to it when the author states,
“To control the detrimental effects of excessive insulin the
new mantra should be: low-fat food, less brain insulin,
lean body, and longer healthy life | would argue that this
mantra has been given serious scientific exploration and
testing over the past few decades, with modest and mixed
results.* It is often called the Eat-Less-Move-More (ELMM)
mantra and exclusively appeals to an individual’s behaviour
while simultaneously neglecting their physiology and the
environment in which that physiology evolved. In practice
a focus on isolated health behaviour can often result in not
only failure to make behavioural changes but stigmatization
of the individual seen as responsible for their own disease
status.’

As a scientific community, we need research that explores
the physiological processes as in this article. However, we
must also be mindful of applying a behavioural solution
to problems of primarily physiological and environmental
origins.

Tarra L. Penney (HSI Senior Editor)

Tarra L. Penney is a research associate and graduate student in
the area of chronic disease prevention and population health
intervention research at Dalhousie University.
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Comment 2: On the role of brain insulin
action for obesity and diabetes

While | agree with the overall sentiment of Dr. Dalvi that obesity
can lead to impaired insulin signaling in the brain, he only touches
on the positive role that insulin plays in maintenance of a lean
body composition. Before | expand on insulin’s role as a satiety
signal and vital glucostatic regulator, | would like to highlight its
evolutionary importance.

Insulin has been shown to play an important role in regulating life
span, growth, and reproduction, as well as energy homeostasis
in organisms as primitive as Caenorhabitis elegans (roundworm)
and Drosophila melanogaster (fruitfly).*?* Furthermore, it
has been shown that humans share the same conserved
molecular mechanism of insulin signaling used by these simple
organisms.* With that said, what positive roles does insulin
have within the brain that have allowed it to stay relatively
unchanged throughout many organisms and years of natural
selection. Firstly, as mentioned in Dr. Dalvi’s piece, insulin can
act as a satiety signal, making individuals feel full after eating
a meal. It is hypothesized that insulin’s direct induction of
the appetite supressing a-Melanocyte-stimulating hormone
(a-MSH) release from POMC neurons and suppression of the
orexogenic neuropeptide Y (NPY) release from NPY neurons
causes suppression of feeding behavior.>® Insulin has been shown
to regulate glucose homeostasis centrally by altering hepatic
glucose production (HGP). Infusion of insulin to the brain has
been shown to substantially decrease hepatic glucose output
in mice.” Furthermore, in mice lacking the insulin receptor (IR)
within the feeding-related agouti-related protein (AgRP) neurons
in the hypothalamus, the effect of central administration of
insulin is attenuated.® In whole body IR knockout mice that have
IR restored specifically within AgRP neurons, infusion of insulin
once again suppresses HGP.® This finding suggests that not only
does insulin play an important role in regulation of glucose within
the periphery, but can exert effects within the brain to regulate
peripheral tissue glucose utilization.

In 2010, Paranjape et al. proposed another mechanism by which
insulin regulates peripheral tissue glucose utilization, this time
by regulating release of glucagon (the hormone responsible for
decreasing glucose uptake in the periphery). This group found
that glucose acts centrally within a subset of ventromedial
hypothalamic neurons to regulate glucagon secretion within the
pancreas in both hypoglycemic and normal conditions.?® Taken
together, these findings suggest that the role of insulin in the brain
is to fine-tune the ability of peripheral tissues to uptake glucose,
thereby increasing the energy available to these neurons. By
decreasing hepatic glucose production, insulin increases energy
stores in the form of glycogen to be used in times of metabolic
stress. The decrease in glucagon secretion further decreases

the amount of glucose expelled from peripheral tissues into the
blood, further increasing total body glucose uptake. In a normal
individual, following a meal, insulin secreted by the pancreas
is sensed within the brain. Signals are then sent which modify
feeding behavior via NPY/POMC thereby decreasing the craving
to eat.

The evolutionarily conserved mechanism of insulin action is
in place to keep our bodies healthy and lean, and only after
severe damage or chronic abuse from sugary foods and drinks
does this highly ordered system malfunction. It is important to
acknowledge everything that insulin does to keep our body in
balance. Collectively, the vital role that insulin plays centrally in
energy balance and homeostasis has made it an evolutionarily
conserved component of our homeostatic system.

Sean A. McFadden (HSI Managing Editor)

Sean A. McFadden is a Master’s graduate student in the area of
diabetes research and neuroendocrinology at the University of
Toronto.
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| would like to thank Mr. Sean Mcfadden and Ms. Tarra L.
Penney for their thoughtful responses to my article and for
raising a number of valid points. | will address the responses
of each in sequence and clarify my points of view further.

Mr. Mcfadden notes quite rightly that | did not address
many beneficial insulin actions that are mediated via
central nervous system to regulate peripheral glucose
levels. Rather, | presented the relatively unknown actions
of the excessive insulin in the brain that may contribute
to development of obesity. | particularly focused on that
aspect, because it is the disruption of the normal insulin
signaling that leads to type 2 diabetes.

It is now known that the insulin and insulin signaling
pathways are evolutionarily well conserved among
multicellular organisms, including both vertebrates and
invertebrates.! Apart from insulin’s role as a major regulator
of intracellular and blood glucose levels, it plays a pivotal
role in cellular developmental processes such as growth and
aging.! Although all these functions are evolutionarily very
well conserved across almost all species, unlike humans,
most multicellular organisms are infrequently exposed to
high sugar and therefore high insulin levels. Thus, these
organisms may never suffer from the detrimental effects
of pathological levels of insulin. Recently, it was found
that altered insulin signaling resulting from brain insulin
resistance may play a major role in the pathogenesis of
neurodegenerative diseases, such as Alzheimer’s disease.>
There are several factors, such as toxic lipids, that may cause
impairment in brain insulin signaling and lead to neuronal
death. Therefore, it is tempting to speculate that increased
brain insulin levels also contribute to neurodegeneration
via insulin resistance.

In agreement with Mr. Mcfadden’s response, the satiety
action of brain insulin must not be ignored. Investigations
have shown that insulin and a fat cell-derived satiety
hormone leptin send signals, known as adiposity signals,
to the brain about peripheral energy status. However, the
signaling function of these hormones remains intact until
their respective levels are within physiological limits. Once
the levels become supra-physiological or pathological,
neurons develop resistance to both hormones and the
brain stops receiving the signals about the energy stores
in the body. The absence of adiposity signals may cause
the brain to perceive that there is a constant energy deficit
that further causes the brain to trigger appetite-stimulating

NPY/AgRP neurons to induce excess energy intake and
surplus fat storage. This can be exemplified by increased
appetite and fat mass in obese individuals, most of whom
have leptin and insulin resistance. As insulin resistance is
developed in humans who consume high-glucose or high-
fat diet, it is no wonder why wild animals remain immune to
obesity and therefore insulin resistance and all deleterious
effects associated with it.

Mr. Mcfadden mentions about the role of brain insulin in
glucose regulation by its action on liver. There is no doubt
that insulin and glucagon are potent regulators of glucose
metabolism mainly acting on liver. Although both exert
counter-regulatory actions on each other, during embryonic
stage, the cells that generate these hormones arise from a
common precursor cell.3* This suggests that evolutionarily
these hormones are closely related. It is the glucagon that
is 100-fold active than insulin during embryogenesis.?
This indicates that glucagon, the hormone that increases
glucose levels in the blood, predominates over insulin at
the initial development of an embryo. But as the embryo
grows and gradually the glucose levels increase in the
organism, insulin levels start rising to regulate the glucose
utilization and counter-regulate glucagon action. Insulin’s
direct action on muscle and liver, and its indirect regulation
via brain to increase glucose uptake by peripheral organs
are necessary to prevent harmful effects of high glucose
levels. However, with the development of peripheral and
brain insulin resistance, insulin’s counter-regulatory action
on glucagon is impaired, leading to a marked increase in
liver glucose output and break-down of fat to increase fatty
acid levels. Eventually, this may lead to metabolic crisis
such as diabetic coma. Thus, for healthy life it is imperative
to maintain optimal insulin levels at all times.

Ms. Tarra L. Penney reminds us that the world is facing
not only obesity epidemic, but also epidemics of several
other diseases, such as cardiovascular diseases and cancer.
Unfortunately, gathered epidemiological data suggest that
a major contributor of all these diseases and metabolic
disorders is the excessive fat mass and obesity. Indeed,
| agree with Ms. Penney that we live in ‘obesogenic
environment’ in the developed world. Absolutely, it is hard
to make healthy choices among multiple unhealthy life-
style choices that surround us in the “modern Western
environment”. The evolutionarily-conserved mechanisms
that were triggered rarely or intermittently are constantly
turned on and are reset to cope with this environment of
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abundance in such a way that is not beneficial to human
health. For example, recently, it was found that total
sperm count was significantly negatively correlated with
body mass index in young adults and sperm quality was
compromised in obese individuals.>®

Ms. Penney suggests two ways to deal with these global
epidemics. As mentioned in her response, one way is to
fundamentally change human physiology rather than
to change an environment of abundance. At present,
pharmacological manipulations to prevent brain insulin
resistance in humans are far from our reach. As mentioned
earlier, insulin is evolutionarily well conserved, and |
wonder about its function and overall fate over the next
hundreds or thousands of years, if human brains continue
to be exposed to high insulin levels.

Ms. Penney further points out the failures of the Eat-Less-
Move-More (ELMM) mantra in the combat against obesity
and diabetes. As obesity is a complex issue involving both
physiological and environmental factors, she recommends
focusing on the broader social and enviornmental factors.
Although this option may demand a lot of resources at
a population health level, it is quite feasible if strong
government and public initiative support are sought.
Finally, | feel that only proper education, counselling based
on scientific findings, and constant motivation to fight
against obesity will bring some hope.

Prasad S. Dalvi

as obesity and diabetes.
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