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Abstract

Obesity, primarily a consequence of poor dietary choices and an increased sedentary lifestyle, has
become a global pandemic that brings with it enormous medical, social, and economic challenges.
Not only does obesity increase the risk of cardiovascular disease and certain cancers, but it is also
recognized as a key driver of other metabolic syndrome (MetS) components. These components
include insulin resistance, hyperglycemia with prediabetes or type 2 diabetes, dyslipidemia, and
hypertension, and are underlying contributors to systemic metabolic dysfunction. More recently,
obesity and diet-induced metabolic dysfunction have been identified as risk factors for the
development of a wide variety of neurological disorders in both the central and peripheral nervous
systems. An abundance of literature has shown that obesity is associated with mild cognitive
impairment and altered hippocampal structure and function, and there is a robust correlation
between obesity and Alzheimer’s type dementia. Similarly, many reports show that both the
autonomic and somatic components of the peripheral nervous system are impacted by obesity. The
autonomic nervous system, under control of the hypothalamus, displays altered catabolic and
anabolic processes in obese individuals attributed to sympathetic-parasympathetic imbalances. A
close association also exists between obesity and polyneuropathy, a complication most commonly
found in prediabetic and diabetic patients, and is likely secondary to a combination of obesity-
induced dyslipidemia with hyperglycemia. This review will outline the pathophysiological
development of obesity and dyslipidemia, discuss the adverse impact of these conditions on the
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nervous system, and provide evidence for lipotoxicity and metabolic inflammation as the drivers
underlying the neurological consequences of obesity. In addition, this review will examine the
benefits of lifestyle and surgical interventions in obesity-induced neurological disorders.

Introduction

Recent data estimate that roughly 2.1 billion individuals are overweight or obese.! Although
genetic background does predispose certain individuals/ethnicities to developing obesity,?
the current pandemic that promotes weight gain is largely driven by an environment which
arose in developed Western countries in the latter part of the 20" century.3 This obesogenic
environment is attributable to a number of factors, including the overconsumption of
processed, affordable, heavily marketed, highly palatable, energy-dense foods combined
with an increased sedentary lifestyle. Though there are indications that the exponential rise
of obesity has plateaued in developed countries, numerous regions worldwide that have
adopted the lifestyle of a Westernized society continue to show an increase in obesity, which
is reflected by a worldwide increase. Currently, it is projected that over 18% of adults will
be obese by 2025.4

Defined as an increase of fat mass that adversely affects health, obesity is a known risk
factor for cardiovascular disease and certain cancers. Central obesity, which is accompanied
by a low-grade metabolic inflammation in visceral adipose tissue, is also recognized as both
a component and a driver of the metabolic syndrome (MetS).> MetS is defined by the
presence of multiple comorbidities, including dyslipidemia, decreased insulin sensitivity,
hyperinsulinemia, hyperglycemia, and hypertension; thus, obesity is an underlying promoter
of systemic metabolic dysfunction. Multiple tissues, including the liver, pancreas, kidney,
and vasculature, exhibit dysfunction as a consequence of obesity via direct and/or indirect
mechanisms. Accumulating evidence also links obesity with a wide array of neurological
disorders in a manner that is complex and multifactorial (Box 1). Though the central (CNS)
and peripheral (PNS) nervous systems are quite distinct in form and function, both are
susceptible to obesity-driven dysfunction, suggesting that common mechanisms contributing
to disease progression may be perpetuated by visceral adiposity. It is also important to
recognize that obesity drives other components of the MetS which are strongly linked to
neurological deficits (for example, strong associations exist between insulin resistance and
cognitive decline). As a result, it is likely that multiple mechanisms may be interacting to
culminate in neurological dysfunction, and ascertaining direct causality of visceral adiposity
on neurological complications thus remains challenging.

Mechanistic insight provided by animal models of obesity suggests that excess dietary fat
compromises hypothalamic control of energy homeostasis. This contributes to adipose tissue
dysfunction, leading to elevated free fatty acids (FFA) and systemic dyslipidemia (Figure 1).
Chronic caloric excess also impacts multiple organs, including the liver, and drives an
increase in circulating triglycerides. This dyslipidemia can result in FFA-induced
lipotoxicity — changes in lipid-induced intracellular signaling or changes in lipid utilization
that result in tissue pathophysiology — that drives neurological dysfunction and
neurodegeneration. While these events likely impact the CNS and PNS in a multifactorial
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fashion, however, recent clinical and preclinical advances have fueled improved insight into
the potential neurological complications that occur with obesity. This review will outline the
pathophysiological development of obesity and dyslipidemia, discuss the CNS and PNS
diseases that arise as a consequence, present evidence for lipotoxicity and metabolic
inflammation as the principal mechanisms underlying these neurological consequences of
obesity, and address potential treatment methods.

Physiological to Pathophysiological Obesity

Adipose Tissue Biology

Adipose tissue is localized into distinct anatomical regions and performs functions that
include the storage and release of energy, thermal insulation, and protection of internal
organs from trauma. In addition, it also possesses endocrine activity that is mediated by
adipokines, a diverse set of signaling molecules which includes hormones, cytokines, acute
phase reactants, and growth factors. These species are critical in regulating complex
metabolic processes in metabolically active tissues involved in maintaining energy
homeostasis, such as adipose tissue and the liver, pancreas, and brain. Adipose tissue is
composed of adipocytes and a stromovascular compartment containing pre-adipocytes,
fibroblasts, endothelial cells, resident immune cells, blood vessels, and nerve terminals. The
adipocytes themselves are highly efficient fat-storing cells that stockpile energy in the form
of triglyceride-rich lipid droplets. Regulation of adipocyte energy uptake and storage is
primarily maintained by insulin that mediates FFA uptake and lipogenesis but inhibits
lipolysis. During periods of negative energy balance, when non-adipose tissues require
energy, stimulation of adipose tissue by sympathetic nerves promotes lipolysis of the stored
triglycerides within adipocytes to FFA, which are released into the circulation to serve as
fuel for these tissues.8 However, during prolonged periods of positive energy balance (i.e.
caloric excess), adipocytes undergo hypertrophy (adipocyte enlargement), hyperplasia
(adipose progenitor cells proliferate and differentiate into new adipocytes), or both, resulting
in adipose tissue expansion in order to accommodate the storage of surplus calories.

Significant increases in adipose mass, particularly in the visceral depots, contribute to
adipose tissue dysfunction and promote metabolic disease via a low-grade metabolic
inflammation that underlies systemic metabolic dysfunction.> Consequences of adipose
tissue inflammation include altered adipokine secretion profile, impaired insulin signaling,
compromised triglyceride storage, and increased basal lipolysis. These events culminate in
increased circulating adipokines and FFA and are central to obesity-induced peripheral- and
nervous-tissue dysfunction (Figure 1). Metabolic inflammation occurs primarily in
hypertrophied adipose tissue as a consequence of sustained caloric excess that initiates
stress-signaling pathways and consists of activated resident macrophages. Local adipose
tissue inflammation is characterized by increased expression of pro-inflammatory
adipokines, including C-reactive protein, interleukin (IL)-1, IL-6, IL-1pB, tumor necrosis
factor (TNF)-a., and leptin. Furthermore, chemotactic adipokines such as monocyte
chemoattractant protein (MCP)-1 can further amplify local inflammation by promoting the
infiltration and accumulation of circulating leukocytes to the adipose tissue. Specifically,
activation of resident macrophages can trigger the recruitment of circulating monocytes/
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macrophages, T cells, natural killer T cells, B lymphocytes, and mast cells.” Moreover,
chronic adipose tissue inflammation can lead to ‘spillover’ of pro-inflammatory mediators
into the circulation; hence, obese patients typically display an increase in circulating pro-
inflammatory adipokines that correlates with adipose mass. Metabolic inflammation also
promotes adipose tissue insulin resistance, a state of decreased responsiveness to insulin that
is mediated by TNF-a signaling.® As adipose uptake and storage of circulating FFA is
insulin-dependent, compromised insulin signaling within adipose tissue impairs clearance of
circulating FFA,? thus contributing to increased circulating FFA (palmitic, oleic, linoleic
acid) in obesity.

Obesity and Dyslipidemia

In addition to the increase in adipose-derived FFA, both liver- and diet-derived very low
density lipoprotein (vLDL)-triglycerides significantly contribute to dyslipidemia in obesity.®
FFA-induced liver dysfunction leads to an increase in production of liver-derived vLDL-
triglycerides, while caloric excess increases circulating chylomicron-derived vLDL-
triglycerides. These vLDL-triglycerides are hydrolyzed to their constituent long chain fatty
acids (LCFA) by lipoprotein lipases present in vascular endothelium, neurons, and glia,
therefore adding to the FFA load on all organ systems, including the CNS and PNS. These
bioactive lipids can also become deposited along blood vessels, compromising blood flow
and tissue perfusion via atherogenesis, can accumulate ectopically in tissue to compromise
structure and cellular signaling, and can dysregulate local metabolism to compromise energy
production. Obesity-induced dyslipidemia can therefore result in dysfunction in numerous
types of tissues, including the CNS and PNS.

Effects of Obesity on the Central Nervous System

Clinical Evidence

Accumulating evidence demonstrates that the CNS and cognitive function are adversely
affected by obesity. For example, a meta-analysis has shown a strong association between
obesity and neurological disorders such as dementia and Alzheimer’s disease (AD).10.11
Studies indicate that obesity doubles the risk of AD when compared to individuals of normal
weight!0 and that a higher BMI in midlife predicts greater risk of dementia in later life.12
Furthermore, a post-mortem study showed that elderly, morbidly obese patients display
higher levels of hippocampal markers associated with AD (B-amyloid, p-amyloid precursor
protein, tau) than non-obese individuals.13

It is well established that mild cognitive impairment (MCI) occurs well before frank
dementia, and several prospective studies (Table 1;14-18) have demonstrated that obesity
confers increased risk of MCI, independent of age. Though there is some controversy (one
study reported that lower weight in later life predicts MCI® and another demonstrated no
increase of MCI risk with high BMI29) the majority of studies indicate that a high BMI is
associated with attention deficits, poor executive function, impaired decision-making, and
decreased verbal learning and memory. Individuals with severe obesity have MCI,2! and
obese children and adolescents, as well as those with MetS,22 display lower cognitive
function, 23 further distinguishing obesity-associated MCI from age-related dementia.
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Reports also suggest that obese males are more susceptible than females to MCI,14 with
males also displaying greater brain atrophy,24 which may be due to estrogen-dependent
protection from MetS components.2>

In both AD and MCI, impaired neurological function in the CNS may be a consequence of
structural changes in the brain and decreased cerebral integrity, particularly in the
hippocampus, a structure essential for learning and memory that is susceptible to aging-
related atrophy.26 AD patients display brain atrophy in the medial temporal lobe, which
contains the hippocampus, while patients with MCI display a similar pattern of hippocampal
loss, but to a lesser degree than AD patients.2’ In patients with obesity or MetS, there is also
evidence for a decrease in hippocampal volume.28 Using computed tomography, a cross-
sectional analysis demonstrated that women with temporal lobe atrophy had higher BMI,26
while longitudinal analysis of the same cohort revealed that BMI was a predictor for
temporal lobe atrophy.28 Magnetic resonance imaging (MRI) analysis has also shown an
inverse relationship between BMI and brain volume2® and neuronal viability,30 as well as
gliosis in the hypothalamus that is coincident with obesity.3! Likewise, voxel-based
morphometry has similarly revealed a relationship between BMI and gray matter ratio, with
gray matter volume of the bilateral medial temporal lobes, anterior lobe of the cerebellum,
occipital lobe, frontal lobe, precuineus, and midbrain displaying negative correlations with
BMI.2432 More recently, use of tensor-based morphometry to examine gray matter and
white matter volume in a bivariate analysis of elderly patients with normal cognitive
function linked increased BMI, hyperinsulinemia, and type 2 diabetes to atrophy in frontal,
temporal, and subcortical brain regions.33 In the same study, an Analysis of Covariance
model showed atrophy in the frontal lobes, anterior cingulate gyrus, hippocampus, and
thalamus of obese patients.33 Even individuals with a high BMI and no apparent cognitive
defects displayed brain atrophy in the frontal lobe, hippocampus and thalamus when
compared to non-obese individuals.33 Children and adolescents with high BMI also exhibit
decreased volume of frontal and limbic cerebral gray matter regions3# and decreased
hippocampal volume compared to children with healthy BMI.22 The hippocampus and
prefrontal cortex, which are particularly vulnerable to obesity-related changes,3® are
essential for learning and memory, and changes in hippocampal volume correlate with
declines in memory performance.36 In fact, increased hippocampal atrophy in MCI patients
predicts the development of AD.37

Mechanisms Underlying Obesity-Mediated Cognitive Impairment: Role of the
Hypothalamus

Consistent with clinical data, numerous experimental studies using animal models of high
fat diet (HFD)-induced obesity reveal altered hippocampal structure and function, with
animals displaying learning and memory deficits and impaired executive function.38-44
These animal models provide insight into the mechanisms underlying obesity-induced
cerebral changes. For example, long term potentiation, considered to be a major mechanism
that contributes to learning and memory, in the hippocampus is impaired in HFD-fed mouse
models.#>46 HFD feeding also leads to a reduction in markers of neurogenesis, synaptic
plasticity, and neuronal growth, including brain-derived neurotrophic factor.47:48
Interestingly, many studies that involve the use of these animal models provide strong

Lancet Neurol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Brien et al.

Page 6

evidence that hypothalamic inflammation is an early step in a vicious feed-forward cycle of
CNS dysfunction leading ultimately to cognitive decline.3!

The hypothalamus is pivotal in maintaining global energy homeostasis by regulating food
intake and energy expenditure.4® To rapidly monitor and regulate metabolic homeostasis, the
hypothalamus senses circulating nutrients and hormones via the median eminence, which
contains a unique capillary system, and, importantly, integrates these signals of satiety and
nutritional status to maintain metabolic homeostasis via neuroendocrine and autonomic
signaling.>Y Notably, the median eminence is not protected by the blood-brain barrier, which
likely contributes to its vulnerability to circulating factors such as FFA and inflammatory
adipokines.

Early markers of inflammation, including TNF-a. and microglial activation, are present in
the arcuate nucleus (ARC) of the hypothalamus.5! Hypothalamic inflammation is an early
acute response to elevated FFA: after one day of HFD feeding, inflammatory markers,
including TNF-a, are present in the mediobasal hypothalamus,3! and HFD-induced
inflammation occurs in the hypothalamus before the adipose tissue or peripheral blood.>2
Glial cell activation is an early critical step in diet-induced hypothalamic inflammation, with
microglial and astrocyte reactivity occurring after HFD feeding.3! In particular, microglia
have been proposed as the sensors of diet-induced hypothalamic inflammation since they
express toll-like receptor (TLR)-4, which recognizes LCFA.53 In animal models of obesity,
activation of TLR4 signaling promotes cytokine production (TNF-a, IL-1p, and 1L-6)%4,
activation of endoplasmic reticulum (ER) stress,®® and subsequent activation of the c-Jun N-
terminal kinase (Jnk)>Yinhibitor of kB kinase-B/nuclear factor-xB (IKKB/NF-xB)>33:55.56
pathways, resulting in the propagation of pro-inflammatory signaling and promotion of
gliosis in the hypothalamus.3!

Inflammation can drive further downstream dyslipidemia by compromising the neural
circuitry governing satiety control (Figure 2a).>* In obese animals, leptin-induced satiety is
blunted;> although leptin positively correlates with adipose tissue mass, increased
hypothalamic inflammatory signaling leads to leptin-resistance. This can impair appetite
control mediated by hypothalamic proopiomelanocortin (POMC) neurons, which function to
reduce appetite and increase energy expenditure. Moreover, HFD feeding leads to a
reduction in POMC neurons, resulting in decreased inhibition of feeding.%8 Dysregulation of
satiety signaling promotes hyperphagia, increasing susceptibility to obesity development,®’
while loss of POMC neurons contributes to weight gain.>?

In addition to inflammation, altered FFA metabolism may contribute to changes in CNS
function. Cerebral uptake of FFA is higher in obese subjects,? and evidence from animal
studies suggest that FFA are not completely catabolized in the hypothalamus but instead
accumulate as long chain (LC)-acyl CoA esters and other bioactive lipids.>8 Indeed,
diacylglycerols and ceramides are present in the hypothalamus of HFD-fed miceb! and
Zucker fa/farats,52 with direct palmitate-induced ceramide production demonstrated in
hypothalamic neurons /n vitro.53 These bioactive lipid species can promote ER stress and
subsequent activation of IKKp.%6:61.62 Moreover, improving p-oxidation in hypothalamic
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neurons /n vitro decreases neuronal inflammation by decreasing production of bioactive
lipids®3 strengthening the association between lipotoxicity and hypothalamic dysfunction.

Hippocampal Injury in Obesity
While hypothalamic injury occurs early in obesity3! as discussed above, unresolved
inflammation, metabolic dysfunction, and a lack of satiety, in combination with alterations
in FFAs, triglycerides, and insulin resistance, could all contribute in a multifactorial manner
to establish a feed-forward cycle of injury that eventually affects other brain regions, most
importantly the hippocampus. Hippocampal injury in response to increased blood-brain
barrier permeability occurs in HFD-fed animals® as a consequence of reactive glial cytokine
production and circulating pro-inflammatory adipokines.8°> FFA and triglycerides have also
been demonstrated to directly alter hippocampal function and activity,*® and insulin
resistance has been linked to neurocognitive dysfunction®® and been demonstrated to
decrease hippocampal function.8” Unchecked entry of pro-inflammatory proteins into the
hippocampus can initiate or amplify neuroinflammation and promote
neurodegeneration.58:69 Indeed, loss of the blood-brain barrier and markers of hippocampal
inflammation, including microglial activation, are present by 20 weeks of age in HFD-fed
animals.”® Over time, continued increased blood-brain barrier permeability and unchecked
entry of neurotoxic cytokines and chemokines, as well as immune cells,”! FFA, and
triglycerides*8 during obesity further potentiates HFD-induced hippocampal injury and
subsequent atrophy. These findings provide a mechanistic link between the observed blood-
brain barrier breakdown and impaired cognition in obesity.

Effects of Obesity on the Peripheral Nervous System

The PNS is divided into the autonomic nervous system (ANS), containing the sympathetic
and parasympathetic divisions, and the somatic nervous system, composed of the sensory
and motor peripheral nerves. Autonomic and sensory ganglia along with unmyelinated fibers
and synaptic terminals of the PNS are not protected by the blood-brain (nerve) barrier and
are therefore susceptible to the pathophysiological consequences of obesity.

The ANS plays a critical role in regulating energy balance through its control of anabolic
and catabolic processes and its close relationship with the hypothalamus. The ANS is
particularly sensitive to obesity-induced perturbations, and ANS dysfunction is often present
in young overweight individuals.”? Obesity is associated with an imbalance between the
sympathetic and parasympathetic divisions of the ANS. Increased sympathetic outflow to
neuro-adipose junctions stimulates lipolysis via stimulatory G-protein coupled -
adrenoceptors. This triggers a downstream signaling pathway that ends with activation of
adipose triglyceride lipase, resulting in triglyceride hydrolysis. Thus, sympathetic
hyperactivation, as seen in obesity, can promote a feed-forward mechanism leading to an
increased pool of circulating LCFA.”3 Increased sympathetic outflow to the cardiovascular
system also results in increases in heart rate, blood pressure, and microvasculature tone. It is
speculated that a sustained sympathetic outflow decreases perfusion, and in turn these
physiological changes also promote further neurological dysfunction in both the CNS and
PNS.
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Obesity and Polyneuropathy

Polyneuropathy is clinically defined as the distal-to-proximal loss of sensory perception,
affecting initially the feet, but over time also the hands. Frequently referred to as a
“stocking-glove” loss of sensation, polyneuropathy occurs when there is a corresponding
distal-to-proximal loss of sensory axons, with motor axons only involved in very severe or
end stage disease. The most common causes of polyneuropathy in Western societies are
prediabetes and type 2 diabetes. However, a Cochrane systematic review of all clinical trials
of patients with diabetes where polyneuropathy was measured, including several large
multicenter trials, revealed that glucose lowering therapies have little effect on the
prevention of polyneuropathy in patients with type 2 diabetes’4. These unanticipated results
suggest that other MetS components, which are present in over 75% of patients with type 2
diabetes, play a role in the pathogenesis of polyneuropathy.

In support of this idea, we recently reported that the likelihood of polyneuropathy increases
as the number of MetS components increases in the 2,382 participants of the Health, Aging,
and Body Composition (Health ABC) study, independent of glycemic control.”® Our study
supports several reports that obesity alone is an independent risk factor for
polyneuropathy,’8 including multiple clinical studies linking obesity with polyneuropathy
(Table 2).75-80 Indeed, lipid profiles are often abnormal early in type 2 diabetes and
correlate with early polyneuropathy onset,81 and triglycerides are associated with
polyneuropathy progression in diabetes.82 Moreover, elevated triglycerides are significantly
higher in patients with idiopathic polyneuropathy,83 and prediabetes, which is highly
prevalent in obese individuals, is also associated with polyneuropathy.’?84-86 Taken
together these data suggest a role for obesity, prediabetes, and dyslipidemia in the
pathophysiology of polyneuropathy.

Mechanisms Underlying Obesity-mediated Peripheral Nervous System Injury

Sensory nerves are comprised of neurons within the dorsal root ganglia (DRG), axons, and
supporting Schwann cells, with each nerve covered by a connective tissue layer known as
the epineurium. A second connective tissue layer known as the perineurium surrounds
groups of nerves to form nerve fibers, and bundles of nerve fibers along with blood vessels
are encapsulated by the final layer of connective tissue, the endoneurium, to form a pure
sensory, pure motor, or mixed sensorimotor nerves. Like the blood-brain barrier, the PNS
has a blood-nerve barrier consisting of the endoneurial microvessels and the perineurium.
The blood-nerve barrier protects the peripheral nerve in the same fashion as the blood-brain
barrier protects the CNS, except for two important exceptions: DRG and all sensory nerve
endings in the skin lack the blood-nerve barrier. These two unprotected components of the
PNS along with the endoneurial microvessels and the perineurium of the blood-nerve barrier
are susceptible to initial obesity-mediated inflammatory injury with corresponding loss of
function (Figure 2b).

To reveal the mechanisms underlying obesity-mediated PNS injury, we and others have
employed HFD-fed mice that develop obesity, dyslipidemia, prediabetes, and
polyneuropathy without developing frank type 2 diabetes.8” LCFA and inflammatory
mediators, that are found in HFD-fed animals®8, can injure and penetrate the blood-nerve
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barrier and activate neurogenic inflammation8°. In response, DRG neurons release
vasoactive and chemoattractant signals to increase vasculature permeability and attract
innate and adaptive immune cells to sites of damage. While this response is initially
protective, chronic dysfunction secondary to obesity-mediated inflammation can lead to
changes in nerve structure and subsequent pain.89 Moreover, HFD-fed mice exhibit
increased accumulation of macrophages in peripheral nerves, increased TNF-a and IL-1p
mRNA, and polyneuropathy,88 all without developing type 2 diabetes.8”

Studies using animal models of obesity and type 2 diabetes with microvascular
complications also support a role for lipotoxicity in polyneuropathy. Gene expression
analyses of peripheral nerves of ob/0b and db/db mice identified common dysregulation of
inflammation and immune-related functions as early as 5 weeks.%° In ab/db mice,
pioglitazone treatment improved small fiber function and cutaneous innervation,®! and in
Zucker fa/farats, acipimox treatment normalized sensory nerve conduction velocities and
alleviated thermal and mechanical hypoalgesia, independently of prediabetes.92 These drugs
are known to lower triglycerides and reduce FFAs, respectively; however, they also exert
effects on other metabolic and endocrine measures which may contribute to their
effectiveness for polyneuropathy. Together, these data suggest a role for obesity and lipid-
induced inflammation in polyneuropathy.

As with the CNS, there is evidence that obesity- mediated increases in FFA and LCFA alter
normal lipid metabolism in the PNS. Excess LCFA promote increased Schwann cell
mitochondrial B-oxidation?3:94 that is coincident with polyneuropathy.%>9 Products of
LCFA metabolism, LC-acylcarnitines, accumulate in peripheral nerves of mice® and these
bioactive lipids are associated with Schwann cell dysfunction,?3 axonal degeneration,®* and
polyneuropathy. Accumulation of LCFA or LC-acylcarnitines in non-obesity-mediated
diseases affecting mitochondrial p-oxidation also results in polyneuropathy, strengthening
the association between aberrant lipid metabolism and PNS dysfunction.®’

Injury to the PNS by LCFA is not limited to metabolism but also occurs when excess LCFAS
in Schwann cells induce a cascade of ER dysfunction that includes a decrease in ER Ca2*
content followed by ER stress, mitochondrial depolarization, and generation of toxic reactive
oxygen species.®8 As anticipated, these LCFA-mediated markers of ER dysfunction are
present in the PNS of fa/fa rats and HFD-fed mice with polyneuropathy, supporting their
role in disease pathogenesis.9 In parallel, LCFA induced ER dysfunction also negatively
impacts mitochondrial ATP production in nerves, a function required for normal nerve
physiology. It is well established that tightly regulated ER Ca?* release is critical for proper
mitochondrial Ca2* uptake and ATP production. This delicate balance is disrupted in the
nerves of HFD-fed mice with polyneuropathy where disruption of ER-mitochondrial
tethering results in mitochondrial Ca2* overload and impaired ATP productionl®. In
aggregate, these results suggest that disruption of interorganellar Ca2* transport between the
ER and mitochondria in the PNS contributes to obesity-mediated polyneuropathy and
supports the idea that LCFA-induced ER stress in Schwann cells acts in a feed-forward
manner to disrupt ATP mitochondrial energy production and to promote further nerve injury.
Finally, mitochondrial trafficking from neuronal cell bodies along the length of the axons is
required to deliver ATP for normal nerve function, and in man, this distance can be greater
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than one meter. Because mitochondrial trafficking is an ATP-dependent process,10
compromised ATP generation during obesity can disrupt mitochondrial trafficking in a feed-
forward loop, resulting in even greater peripheral nerve damage.

Neurological Benefits of Targeting Obesity

As the neurological consequences of obesity and dyslipidemia are highly morbid, the
optimal disease-modifying therapy is to target obesity itself. Lifestyle interventions,
consisting of dietary modification combined with exercise, provide an accessible and
inexpensive strategy that is effective in combating obesity and restoring neurological
function (Table 3). The physiological benefits of lifestyle interventions, greatest when
dietary and exercise regimens are used in concert, improve the systemic metabolic profile
and strongly correlate with improved cognitive function and improved nerve function.
Global physiological benefits include improved cellular metabolism, restoration of glucose
and insulin homeostasis, decreased metabolic inflammation, and improved lipid profiles.

For example, weight loss via a 12-month regimen of decreased caloric intake in obese
elderly patients with MCI resulted in improved verbal memory, verbal fluency, executive
function, and global cognition.192 Moreover, a randomized control trial consisting of dietary
intervention, coupled with increased exercise and cognitive training over a two year period,
prevented cognitive decline.103 Combined effects of omega-3 fatty acid supplementation,
aerobic exercise, and cognitive stimulation also positively benefited brain structure and
function in patients with MCI.194 In terms of polyneuropathy, obese patients placed on a diet
and exercise regimen exhibited increased cutaneous nerve fibers as a marker of
polyneuropathy improvement along with decreased neuropathic pain.1%5 Indeed, increased
exercise alone can increase cutaneous nerve density in type 2 diabetic patients without
neuropathy19¢ and in patients with the MetS.107 The sympathetic and parasympathetic
nervous system imbalance that is observed in obesity is also modifiable by dietary
intervention.198 Finally, animal studies support the findings in man and also demonstrate
that resolving obesity improves cognitive performance.199-111 Switching mice from a HFD
to a regular diet to reduce caloric intake results in improved metabolic health, with increased
insulin sensitivity and improvement in cognitive function. These improvements are
associated with reduced blood brain barrier-leakage, decreased glial activation, and
increased vascular perfusion.109-111

While diet and exercise interventions provide the ideal therapeutic regimen, compliance is
an issue supporting a role for both pharmacotherapy and bariatric surgery in the treatment of
obesity-mediated neurological disorders. An observational study of 342 AD patients
reported that treatment with lipid lowering agents (statins and/or fibrates) is associated with
a slower cognitive decline in AD.112 In parallel, the Fremantle Diabetes Study demonstrated
that statin or fibrate treatment may protect against the development of polyneuropathy,113
and the FIELD study showed that fenofibrate treatment resulted in fewer non-traumatic
distal amputations, a consequence attributed to improved polyneuropathy.114 Despite these
studies, more definitive clinical trials are needed, and there are no clinical guidelines on the
use of statins or fibrate in the treatment of CNS or PNS disorders.
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Bariatric surgical procedures, such as Roux-en-Y Gastric Bypass are a highly effective and
accepted treatment for patients who are morbidly obese.15 Although many patients regain
weight and medical complications are frequent, post-operative patients display profound
improvements in metabolic homeostasis and exhibit improved neurocognitive function!16
(Table 3) due to improvement in adipokine,117 insulin,118 and inflammation signaling.11®
One study demonstrated decreased inflammation and reduced p-amyloid precursor protein
expression in peripheral blood of patients following bariatric surgery, leading the authors to
speculate that a similar benefit could be occurring in the hippocampus.120 Roux-en-Y
Gastric Bypass surgery also improves polyneuropathy one year post-procedure.}21 These
surgical intervention studies support the pathogenic role of obesity in both the CNS and
PNS, but are not the treatment of choice due to the high prevalence of obesity worldwide.
Performing invasive surgical procedures in a large population is also not practical, so
feasible alternatives focused on lifestyle intervention are urgently needed.

Clinical Implications and Future Directions

While extensive data exists to support obesity as a mediator of CNS and PNS injury, we
currently do not know the ideal intervention to prevent cognitive impairment, AD,
autonomic neuropathy, and polyneuropathy. Future studies are needed to determine the
comparative effectiveness of pharmacologic, medical weight loss, surgical weight loss, and
exercise interventions using rigorous study designs and patient oriented outcomes. These
studies will also have to evaluate the cost-effectiveness of these different interventions. A
combination of approaches may be ideal, but also requires multiple life-altering changes in
behavior, which makes implementation more difficult. Given the available data to date,
clinicians should advise obese individuals, especially those that already have early evidence
of CNS and PNS injury, to pursue at least one of the obesity interventions listed above.

Conclusion

In conclusion, increased visceral adiposity is a risk factor for the development of a wide
range of neurological conditions, and obesity and the resulting metabolic disorders will be
one of the greatest medical challenges of the 215t century. Though the precise mechanisms
of obesity-induced nerve and cognitive dysfunction need to be fully elucidated, it is clear
that obesity, insulin resistance, and dyslipidemia converge at the CNS and PNS as FFA-
induced lipotoxicity, resulting in inflammation, neurological dysfunction, and
neurodegeneration. And while inflammation may play a critical role in the development of
neurological dysfunction, it is also likely that it impacts and can be influenced by the other
proposed mechanistic pathways linked to obesity, such as oxidative stress, ER stress,
sympathetic alterations, and metabolic dysfunction. Additional research is needed to identify
the best treatment targets and most efficient and practical combination of approaches to
ensure sustained positive health outcomes. While pharmacotherapy and bariatric surgery
have shown promising results, more research is necessary, and in the case of bariatric
surgery large-scale application is not feasible. Based on published reports, we maintain that
lifestyle intervention consisting of dietary changes and increased activity should be adopted,
as it is both inexpensive and highly accessible.
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Panel 1: Obesity Screening

In clinical research, accurate and absolute methods for obesity quantification include dual
energy X-ray absorptiometry (DEXA), magnetic resonance imaging (MRI), and computed
tomography (CT). However, as it is not feasible to perform these routinely in the clinic and
for large population studies, body mass index (BMI) and, to a lesser degree, waist-hip ratio
(WHR) are used to assess the degree of obesity as they are inexpensive, easy to perform, and
act as adequate surrogate markers. For Caucasian males, a BMI of 25-29 kg/m? is defined as
overweight, a BMI > 30kg/m? is defined as obese, and a BMI > 40 kg/m? is defined as
morbidly obese (as adipose distribution varies depending on age, sex, and ethnicity, different
criteria are used for children, women, and ethnic groups). Though routinely used to screen
for obesity, BMI does not reveal differences in fat distribution, and therefore BMI can give
an inaccurate assessment of disease risk. For example, a subgroup of individuals who are
obese according to BMI criteria (BMI >30) still remain relatively metabolically healthy with
low fasting insulin, glucose, and triglycerides and exhibit protection from diseases related to
metabolic dysfunction.122 This protection can likely be attributed to increased adiposity in
lower fat depots than in abdominal regions; these depots (e.g. gluteal, femoral,
subcutaneous, and intramuscular) exhibit distinct physiological features from abdominal
depots and are comprised of adipocytes which have greater capacity to deal with an
increased metabolic load.123 Moreover, both obese and non-obese individuals'24 with excess
fat in the intra-abdominal region (visceral fat comprised of omental and mesenteric depots)
are more susceptible to obesity-related diseases. For these reasons, clinical assessment of
abdominal waist circumference, a surrogate marker of abdominal adipose fat mass, is a
better marker for disease risk than BMI.
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Box 1
Neurological Consequences of Obesity
Central Nervous System

Structural
. Brain atrophy and reduced grey matter volume in frontal and temporal lobes
and enlarged orbitofrontal white matter

. Decreased hippocampus and hypothalamus integrity

Psychological and Behavioral
. Altered feeding behavior and satiety control
. Mild cognitive impairment (attention, learning, and memory deficits;

impairments in decision making), cognitive decline and increased risk of
dementia and Alzheimer’s disease

. Mood disorders including anxiety and depression
Physiological

. Cerebral ischemia and hypoperfusion

. Decreased brain metabolism and nerve function

Peripheral Nervous System

Structural
. Organ damage due to chronic activation of sympathetic nervous system
. Loss of peripheral sensory neurons and small intraepidermal nerve fibers

Psychological and Behavioral

. Symptoms of sensory polyneuropathy, including early onset pain,
paresthesias, allodynia, and hyperalgesia, that over time converts to frank
numbness and loss of perception of sensory modalities

. Symptoms and signs occur in a stocking-glove distribution
Physiological
. Blunted but chronic activation of sympathetic nervous tone resulting in:
@) Increased efferent muscle activity, cardiac output, adrenaline release

from adrenal medulla, adipose tissue lipolysis, liver
gluconeogenesis, and decreased release of pancreatic insulin

. Gastroparesis and intestinal dysmotility

. Decreased motor and sensory nerve function
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Figure 1. Neurological consequences of obesity: an overview
Increased caloric intake and decreased energy expenditure result in a net energy overload,

leading to adipose tissue expansion (hyperplasia and hypertrophy). Sustained caloric excess
in visceral adipose tissue activates resident adipose tissue macrophages, contributing to the
development of adipose tissue dysfunction and metabolic inflammation. As a consequence,
circulating FFAs rise, are lipotoxic to peripheral tissues, and contribute to the development
of metabolic dyshomeostasis. High FFA flux into the liver increases vLDL-triglyceride
production, further promoting dyslipidemia, while ectopic fat deposition in the muscle and
pancreas promotes insulin resistance and pancreatic p-cell dysfunction, respectively.
Collectively, these impairments lead to the MetS. Similarly, the CNS, ANS, and PNS are
also detrimentally affected by obesity and obesity-induced metabolic dysfunction, which we
hypothesize is driven by the lipotoxic effects of dyslipidemia and increased circulating FFA.
In the CNS, dysfunction leads to MCI and Alzheimer’s disease while in the ANS and PNS,
the end result is autonomic and peripheral neuropathy, respectively. FFA = free fatty acid.
vLDL = very-low-density lipoprotein. TG = triglyceride. MCI = mild cognitive impairment.
MetS = metabolic syndrome.
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Figure 2. Neurological complications associated with obesity and dyslipidemia
A. Diet-induced hypothalamic function in the CNS. Located in the CNS, the hypothalamus

is responsible for controlling global energy balance by monitoring metabolic homeostasis.
Diet-derived saturated fatty acids (SFA) can enter the CNS via the median eminence and
accumulate in the mediobasal hypothalamus. In response to SFA, resident hypothalamic
microglia that protect against pathogenic species become activated, resulting in
inflammation, gliosis and neuronal stress. Pro-inflammatory signaling in the arcuate nucleus
is associated with the development of impaired leptin signaling in pro-opiomelanocortin
(POMC) and Agouti-related peptide (AgRP) neurons that in turn can affect second order
neurons that govern energy balance. Hypothalamic inflammation alters satiety control, thus
increasing the risk of developing obesity.

B. Overview of obesity-mediated PNS injury. As a consequence of obesity, increased levels
of FFA lead to decreased neurotrophic support and increased neurodegeneration in
peripheral nerves. Long-chain fatty acids and inflammatory mediators directly injure DRG
neurons, C-fiber cutaneous nerve endings, and the blood-nerve-barrier. As the blood-nerve-
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barrier is increasingly compromised, axons and their associated Schwann cells become
vulnerable to injury, leading to neurogenic inflammation, mitochondrial dysfunction and ER
stress. In aggregate, these changes alter nerve function and structure, contributing to the
development and progression of polyneuropathy. FFA = free fatty acids. SFA = saturated
fatty acids. CNS = central nervous system. ARC = arcuate nucleus. POMC = pro-
opiomelanocortin. AgRP = Agouti-related peptide. DRG = dorsal root ganglia. FFA = free
fatty acid.
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Table 1
Prospective clinical studies demonstrating associations between obesity and cognitive deficits, independent of
dementia
Study/Age/Sample Size Design/duration Cognitive tests/diagnosis Observation Ref.

Framingham Heart Study; 55-88yrs;
551 males and 872 females divided
into normal, overweight or obese
groups; 18 year duration; USA

Prospective 22 yr

8 subtests: logical memory-immediate
recall, visual reproductions, paired
associates learning, digit span forward/
backward, word fluency (Controlled Oral
Word Associations), similarities, and
logical memory-delayed recall

Adverse cognitive effects
seen in obese men, not 14
women

32-62yr baseline; 1660 male, 1576
female; France

Prospective 5 yr

Word-list learning and recall; DSST test,
attention test; delayed free recall test

Cross-section: higher
BMI = lower cognitive
scores; Prospective: 15
higher BMI predicted
cognitive decline

White men/women; Whitehall 11
Study; aged 35-55 at baseline; n =
5131; UK

Prospective ~36 yr

Mini-Mental State Examination and tests
of memory and executive function

Cumulative effect of 16
obesity on cognition

Men/women; Swedish twin registry;
aged 50-60 yr at baseline;; n=417;
Sweden

Prospective 30 yr

Testing of long-term memory, short-term
memory, speed, verbal and spatial ability

Midlife overweight is
related to lower overall 17
cognitive function in old
age

Men/women; Swedish Adoption/Twin
Study of Aging; aged 25-50 at
baseline; n=657; Sweden

Prospective ~20 yr

Verbal, spatial/fluid, memory and
perceptual speed were tested

Early midlife
overweight/obesity =
lower cognitive function 18
and predicts cognitive
decline in late life

DSST - Digit-Symbol Substitution Test
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