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Abstract

Obesity is a chronic, multifactorial, and morbid disease. In the United States, 69% of adults
are overweight or have obesity and the global prevalence of obesity is increasing. Obesity

is influenced by genetic, neurologic, metabolic, enteric, and behavioral processes. It remains

a key maodifiable risk factor for many comorbid diseases, including cardiovascular disease,
diabetes mellitus, and cancer. While there are recent and significant advances in obesity
therapy, including diets, lifestyle modifications, pharmacotherapies, endoscopic procedures, and
bariatric surgeries, there is an immense need for a better understanding of the heterogeneity

in obesity pathophysiology and outcomes. Here we review salient pathophysiology underlying
the development and morbidity of obesity, as well as pathophysiologically based classification
systems that inform current obesity management and may inform improved and individualized
management in the future.

Keywords
Obesity; Bariatric; Obesity Comorbidities; Adipose

BACKGROUND

Obesity is a chronic and multifactorial disease and has become a worldwide epidemic with
devastating health and economic consequences. In 2015, there were an estimated 603.7
million adults and 107.7 million children with obesity worldwide and the rate of obesity had
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doubled in nearly half of countries since 1980.1 Projections estimate that obesity will affect
about 1 in every 2 adults in the United States by 2030.2 Further, in the United States alone,
obesity costs the healthcare system an estimated $480 billion annually.

The World Health Organization defines obesity as an excess of adiposity that increases
health risks. Obesity is usually classified by a body mass index (BMI) greater than 30
kg/m.* Obesity affects essentially every organ system in the body and obesity is a risk
factor for many morbid conditions, the most impactful of which are type 2 diabetes
(T2DM), hypertension (HTN), dyslipidemia, cardiovascular disease (CVD), and some
cancers.5 Obesity also directly decreases life expectancy.8” Furthermore, it is one of the
most severe risk factors for hospitalization and mortality from coronavirus disease 2019
(Covid-19).8 Although smoking remains the leading risk factor for global disease burden in
several countries, high BMI became the leading risk in several parts of the world including
Australasia and southern Latin America.®

Obesity outcomes and responses to weight loss interventions (i.e., lifestyle modifications,
anti-obesity medications [AOM], endoscopic procedures, and bariatric surgery) vary
significantly between individuals. Advances in our understanding of obesogenic processes,
the pathophysiology of obesity related comorbidities, and how these processes vary between
individuals help explain some of this heterogeneity. Recently developed physiologic and
risk-based obesity categorizations serve as tools to classify individuals based on some

of these differences, including the degree of central obesity, metabolic dysfunction,
abnormalities in mechanical gastric functions, and satiation. These advances enhance the
assessment of individual patient risk and have also allowed for the identification of variable
obesogenic processes that may be therapeutic targets in afflicted groups. This review will
discuss the pathophysiology and comorbidity of obesity, heterogeneity in etiology and
outcomes, and impactful obesity classification systems.

METHODS

We searched PubMed and Google Scholar for articles published in English relating to the
epidemiology, physiology and pathophysiology, and comorbidity of obesity. Our search
focused on recent genetic and physiologic studies in human subjects and, where human
trials were insufficient, animal models, as well as cross-sectional epidemiologic studies,
systematic reviews and meta-analyses, randomized clinical trials (RCTs), and prospective
and retrospective cohort studies. There was no specified range of publication dates to restrict
this literature search though preference was given to studies published within the last 10
years.

OBESITY PATHOPHYSIOLOGY: ENERGY REGULATION

Energy homeostasis can be divided into energy intake and expenditure. A positive

energy balance drives weight gain.10 Established genetic and environmental factors are
associated with a positive energy balance and the development of obesity. Physiologically,
energy regulation involves complex, reciprocal processes including enteric sensory-motor
processes, peripheral hormonal signaling, and peripheral and central neurologic pathways.
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Understanding these obesity related traits and processes is crucial to a functional
understanding of obesity itself.

Genetics—Obesity can be partially explained by a combination of genetic factors and
environmental conditions. The hereditability of BMI is estimated between 40-70% based
on twin, family, and adoption studies.1! However, single-gene mutation (monogenic) obesity
is rare and occurs in less than 1% of cases'? Most of the single-gene mutations identified
are connected to the leptin-melanocortin pathway and may be present in as many as 6% of
individuals with severe, childhood onset obesity.}® Genome-wide association studies from
large-scale cohorts and biobanks have identified numerous genetic variants associated with
obesity-related metrics, behaviors, and processes, including BMI, food preference, energy
regulation, lipid metabolism, and neurologic pathways involved in feeding.11 However,
only about 5% of the variability in individual obesity measures can be attributed to these
genesl4-16

There are multiple apparent obesogenic gene-environment interactions that contribute

to the hereditability of obesity. To date, more than 1,100 independent loci have been
associated with a range of obesity traits. However, only 12 loci have been identified

in gene-by-environment interaction analysis, and whose effects on obesity are attenuated

or exacerbated by non-genetic factors, including physical activity, diet, and smoking.1’

For example, increased physical activity or a balanced diet can reduce the influence of

the obesity-associated (FTO) locus on obesity risk by 30-40%.18 Obesity hereditability

is also influenced by epigenetics, which describes reversible DNA alterations that can
affect gene expression regardless of nucleotide sequence changes.1® Epigenetic studies have
demonstrated tissue-specific methylation pattern alterations associated with environmental
and behavioral factors, including exercise, diet, weight gain, and bariatric surgery.11
Epigenome-wide association studies revealed a link between methylation modifications and
obesity-related anthropometrics. However, association analyses suggest that these epigenetic
changes are predominantly the consequence, as opposed to the cause, of elevated adiposity.
Little is known about the mechanisms that cause these alterations.20

Environment—Obesogenic environmental factors, such as increased availability of
palatable food, changes in the food supply, altered consumption patterns, decreased physical
activity in both occupational and leisure settings, use of medications with the potential

side effect of weight gain, and alterations in sleep patterns, have all contributed to and
sustain this epidemic.1® There are also significant social factors that appear to influence
obesity prevalence. Communities affected by poverty have significantly higher rates of
obesity and obesity-related comorbidity. An analysis of the National Health Interview
survey demonstrated that a greater burden of unfavorable social determinants of health
related to financial stability, community cohesion, food security, educational attainment, and
health care access, was associated with greater rates of obesity, with the most burdened
quartile having 50% and 75% greater relative rates of BMI of 30-40 and > 40 kg/m?,
respectively.?! Studies in pediatric populations show that non-Hispanic black and Hispanic
children, children in households with a single parent or where the primary language is not
English, and other factors were associated with increased rates of obesity.22 More research
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is needed to understand the etiology of these trends and identify ways to remedy the social
inequities as well as their contribution to obesity.

Energy Balance—There are numerous reciprocal and redundant pathways that regulate
food intake and energy expenditure. Communications between the brain and peripheral
tissues, including adipose tissue and the gut, are at the center of these processes (Figure 1).
Energy intake is regulated by enteric sensory pathways that result in vagal afferent signaling
and endocrine cascades which activate, among other things, brain regions controlling
appetite and feeding behavior. Energy expenditure is moderated by many of these same
pathways. Resting metabolic rate accounts for around 70% of total energy expenditure and is
closely correlated to fat free mass.23 The remainder of energy expenditure is attributable

to the thermic effect of food and physical activity. Specific hormonal and neurologic
pathways mediate these domains of energy expenditure 23 24 and these pathways may be
consequential in obesity.

Peripheral Regulation

GASTRIC SENSORY FUNCTIONS: The stomach provides important information
regarding the quantity of meal intake and controls the rate of introduction of meal contents
to the small intestine, a mechanism known as gastric emptying (GE). The neurosensory
capacity of the stomach involves a network of diverse cell and tissue types, including
interstitial cells of Cajal, fibroblast like cells, smooth muscle layers, and the enteric nervous
system.2® The vagal nerve detects distention of various structures located in the muscular
layers and submucosa, including widely distributed afferent nerve endings, intra-ganglionic
laminar endings, and intra-muscular arrays.26

Gastric distention results in the release of neurotransmitters, both via the intrinsic (enteric)
and extrinsic (vagal) neural networks, that moderate meal-related gastric secretomotor
processes and CNS signaling. Distention-related signals are primarily transmitted through
afferent vagal nerves whereas intrinsic signalling within the enteric nervous system

is mediated by interneurons which connect primary afferent neurons with motor and
secretomotor neurons.2

These processes largely account for the measurable effect of distention on feeding behavior.
Regardless of caloric content, distention is an important source of negative feedback in food
intake regulation. Distention decreases appetite and food intake 27 and studies have shown a
correlation between tolerated gastric volumes and weight.28

GASTRIC MOTOR: GE controls the transit of meal contents from the stomach to the
intestine, thereby mediating gastric distention and the introduction of nutrients to the
neurohormonally active intestinal lumen. This allows GE to modify important signaling
processes, in particular vagal signaling and hormonal feedback, which, in turn, reciprocally
influence GE. Several associations emphasize the role of GE in feeding behavior and energy
regulation. In adults, fasting gastric volume and accelerated GE are associated with obesity
29 and with subsequent weight gain.3° Rapid GE has also been associated with obesity and
alterations in satiety and increased hunger 31 and greater weight loss in bariatric endoscopic
procedures.32
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ENTERIC and ADIPOSE HORMONES: Upon entry of meal contents to the duodenum,
various nutrients trigger enteroendocrine cell nutrient-specific receptors and result in the
release of hormones that influence motility, including GE, and regulate food intake.33
Some of these hormones are appetite inducing (orexigenic), such as ghrelin, whereas others
are satiety inducing (anorexigenic), such as peptide YY (PYY), glucagon-like peptide

1 (GLP-1), oxyntomodulin, cholecystokinin (CCK), and amylin, as has been extensively
reviewed elsewhere.34 These peptides influence the function of neighboring cells, activate
autonomic neural pathways, and enter circulation to act on distant sites.

These general processes are well represented by the specific action of GLP-1. GLP-1 is
secreted by L-cell enteroendocrine cells in the small intestine and colon in response to
intraluminal nutrients, in particular glucose and fat.3> GLP-1 further influences nutrient
utilization, as do other incretin hormones, by promoting insulin secretion and inhibiting
glucagon secretion.3* GLP-1 activates vagal afferent nerves and myenteric neurons which
decrease GE rate 36 and have an anorexigenic effect through promotion of satiety and
decreased energy intake.34 Other enteroendocrine produced peptides have similar effects,
including CCK, which also activates vagal afferents, promotes meal termination, and
slows GE.3* While circulating meal related peptides, such as amylin, are known to enter
circulation and act directly on the CNS postrema and nucleus tractus solitarii (NTS) (i.e. not
solely via vagal afferent signaling),3’ it is less clear whether other major enteroendocrine
hormones such as GLP-1 and CCK behave in a similar fashion.

Ghrelin is an orexigenic peptide hormone secreted by P/D1 enteroendocrine cells. It
activates the vagus nerve and ultimately stimulates food intake and alterations in various
gastrointestinal functions. In addition to altering energy intake, rat models show that
injection with ghrelin results in a significant decrease in physical activity 38 and may
mediate decreases in energy expenditure that can contribute to an energy surplus, weight
gain and obesity.

It is unclear whether many hormones, such as PYY and CCK, directly contribute to obesity.
Despite the clear meal-time related functions of PYY and CCK, studies show contradictory
results with inconsistently lower baseline hormone levels and blunted post-prandial secretion
in patients with obesity.39 Other hormones, like GLP-1, have a clear role in weight loss.
Physiologic studies show that post-meal GLP-1 levels are blunted in individuals with
obesity and essentially normalize following weight reduction,3® though these studies do

not discern causation from correlation. However, drug trials consistently demonstrate that
GLP-1 receptor agonism results in significant weight loss.*0 GIP, like GLP-1, is an incretin
hormone though it has previously been shown to have a minimal effect on weight.40
However, combination GIP and GLP-1 agonism results in robust weight loss, potentially
related to GIP’s unique alterations in adipose cell lipid cycling 41 and attenuation of the
nauseating effects of GLP-1 monotherapy.#0 The effect of this combination emphasizes that
these hormones function in dynamic biological systems. Additional physiologic studies are
needed to clarify the role of meal-related peptides in feeding and energy regulation.

Another major modulator of energy regulation and potential driver of obesity is adipose
tissue itself. Leptin and adiponectin are among the best understood and most impactful
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adipose-derived signals. Leptin is largely, though not solely, produced by adipocytes. Its
production is closely correlated to white adipose mass.42 The physiological role of leptin is
signaling nutritional status, particularly energy depletion. Accordingly, fasting and weight
loss are associated with a drop in leptin levels. There are also human and animal models
that demonstrate leptin’s ability to mediate neuroendocrine adjustments to decrease energy
intake.*3 Leptin modulates satiety and energy expenditure through binding receptors in the
arcuate nucleus, hypothalamus, and brainstem. Homozygous loss-of-function mutations that
decrease leptin synthesis, secretion, or biological activity or alter signaling through the
leptin receptor cause severe obesity.** Leptin also appears to alter energy expenditure. In rat
models, disruption of leptin signaling pathways in the arcuate nucleus results in decreased
thermogenesis. Stimulation of these pathways results in increased thermogenesis.*® This
shows how leptin may oppose a positive energy balance and weight gain via both alterations
in energy intake and expenditure.

The impact of leptin is empirically demonstrated in the weight loss and metabolic effects
of exogenous leptin therapy 46 and the MC4R receptor agonist setmelanotide 47 in patients
with severe hypoleptinemia or receptor deficiency. However, while leptin resistance and
hyperleptinemia are present in the majority of patients with obesity, exogenous leptin does
not promote significant weight loss in these patients based on existing studies.*6 There is
active research into other hormones implicated in these signaling pathways, such amylin,
which may enhance leptin signaling, though the of the underlying physiology and clinical
implications are still uncertain.*6

Adiponectin is produced exclusively by adipocytes and plays a major role in weight
homeostasis and metabolic functions, including insulin sensitivity, lipid regulation, and fatty
acid oxidation. Lower plasma adiponectin concentrations are associated with obesity as well
as visceral adipose burden.?8 In fact, diet and weight loss are associated with increased
adiponectin concentrations.*?

Central Regulation—The CNS receives peripheral signals from afferent autonomic
pathways (e.g., vagal afferents), peripherally secreted hormones (e.g., leptin, CCK, GLP-1,
PYY3-36), and circulating nutrients (e.g., free fatty acids [FFA]). There are multiple brain
regions implicated in integrating and processing these signals.

Many enteric hormonal and neuronal signals, such as distention and CCK, converge in the
vagus afferent nerves which terminate at the NTS. The NTS projects to multiple important
appetite centers, including the parabrachial nucleus, central amygdala, stria terminalis, and
medulla.®? These brain centers moderate complex reward signaling pathways and feeding
behaviors.

An overlapping, yet distinct, regulatory pathway involves the arcuate and paraventricular
hypothalamic nuclei which contain orexigenic agouti-related peptide (AGRP) and
anorexigenic proopiomelanocortin (POMC) expressing neurons. These are essentially
opposing pathways that converge at melanocortin 4 receptor (MC4R) expressing cells in
the paraventricular nucleus (PVN) of the hypothalamus, among other targets. Mice models
show certain stimuli, including fasting 51 and ghrelin,2 result in stimulation of AGRP
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neurons. AGRP neurons project to the paraventricular hypothalamic nucleus, anterior bed
nucleus of the stria terminalis, lateral hypothalamic area, and periventricular thalamus and
antagonize MC4R actions.>3 Targeted stimulation of AgRP neurons provokes instant and

dramatic increase in feeding in mice.5*

POMC neurons have an essentially opposite effect. Stimulation is mediated by hormones
including leptin,5® whereas fasting decreases POMC expression in these brain regions.>®
POMC neurons project to multiple regions and cell types and appear to stimulate MC4R
expressing cells in the paraventricular nucleus which mediate satiety via subsequent
projections, including to the parabrachial nucleus and subsequent reward centers33:57 POMC
and AGRP pathways also reciprocally influence peripheral pathways involved in appetite
and eating behavior, such as through direct projections to the dorsal vagal complex.%® This
region controls vagal efferent output, which is known to regulate enteric functions such as
GE. The dorsal vagal complex has a high density of MC4R and targeted stimulation of

these receptors results in marked alterations to feeding in animal models.5%:60 The impact of
these CNS pathways is empirically evident in the robust weight loss and metabolic effects of
therapeutics targeting the leptin-MCA4R pathway as reviewed above. More research is needed
on the role of these pathways in various forms of obesity.

Related neurologic pathways are also implicated in energy expenditure. Activation of orexin
neurons in the lateral hypothalamus results in increased spontaneous physical activity and
overall energy expenditure.1 Stimulation of NPY neurons in the arcuate nucleus alters
signaling to the PVN and decreases sympathetic output to brown adipose tissue and
decreases thermogenesis.®2 While the full implications of these effects are not known, the
involvement of these neurologic domains in physical activity and thermogenesis further
supports the role of the gut-brain axis in controlling energy intake and expenditure.

OBESITY PATHOPHYSIOLOGY: MORBIDITY: The pathophysiological impact of
positive energy balance, as described above, results in the excess of calories stored
predominantly in adipose tissue. The excess of adiposity seen in obesity is associated

with various metabolic, inflammatory, immune, and mechanical changes that mediate tissue
injury (Figure 2) and obesity associated comorbidities (Figure 3). The most notable obesity
related comorbidities are CVD, T2DM, and cancer, with the majority of obesity-related costs
attributable to the former two.53 Here we review major obesity related pathophysiologic
changes and impactful comorbidities associated with these changes.

Dyslipidemia and Inflammation—Obesity results in systemic and local inflammation.
Markers of inflammation are strongly associated with measures of adiposity and
cardiometabolic risks.®* This inflammation may be largely caused by lipid pathway
dysfunction and adipokine alterations which promote potent immune and inflammatory
pathways. While the inciting processes remain somewhat theoretical, elevated intracellular
lipid loads appear to overwhelm oxidative pathways and result in the build-up of fatty acids
and fatty acid intermediates, such as ceramide,%° contributing to inflammation and metabolic
dysregulation.86-68 Obesity is also associated with altered adipose structure and hypoxia,
which may each further contribute to inflammatory and metabolic derangement.®9 Studies
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have demonstrated increased adipose secretion of IL-6 and tumor necrosis factor-a (TNF-a.)
in patients with obesity related insulin resistance.”®

Obesity is also marked by tissue specific immunogenic alterations. FFA and intermediates
may trigger toll-like receptor 4 receptors and immune cell recruitment.’? Adipose tissue
from patients with obesity is marked by both innate and adaptive immune responses,
characterized by increased macrophage 2 and T-cell 3 infiltration and activity.

Insulin Resistance—This obesity-associated inflammatory milieu, marked by elevated
inflammatory cytokines and immune cell activity, promotes insulin resistance via multiple
mechanisms. Inflammatory signals, including TNF, result in altered activity of kinases
involved in insulin-mediated glucose uptake 74 and inhibit insulin receptor signaling through
altering receptor phosphorylation patterns.” Elevated FFA intermediates are also associated
with alterations to transcription via activation of NF-xB and protein kinase C, which could
promote further inflammation and insulin receptor dysfunction.”® The role of inflammatory
processes in insulin resistance is empirically supported by animal models which show that
suppression or deficiency in specific pro-inflammatory kinase pathways protects against
insulin resistance.”” Obesity related changes in insulin signaling occur diffusely, including
in skeletal muscle and the liver, which are particularly impactful in glucose homeostasis.
Studies have shown that hepatic levels of FFA intermediates, in particular diacylglycerol, are
correlated with insulin resistance.’® insinuating similar nutrient mediated insulin signaling
alterations as reviewed above. The nature of interactions between nutrients, kinases, and
metabolic pathways and how these vary between tissue types are not fully understood.

Vascular Injury—The above mentioned inflammatory and metabolic changes occur
locally and systematically to contribute to significant cardiovascular injury. Lipoproteins
characteristically elevated in dyslipidemia and obesity, including LDL and chylomicrons,
are known to migrate into the vascular sub-endothelium and promote an inflammatory
immune reaction culminating in atherosclerosis.”® Lipid particles within the arterial
intima of the vascular wall may be oxidized and contribute to endothelial cell

activation, adhesion molecule expression, and sub-endothelial leukocyte accumulation.80
Lipid-laden macrophages, known as foam cells, mediate local injury and apoptosis,
contributing to chemokine and antigenic build-up that may facilitate T-cell recruitment
and plaque progression.89 The importance of these processes is empirically supported by
decreased atherosclerosis in chemokine deficient animal models with absent immune cell
recruitment.81

Cardiovascular Disease—The association between cardiovascular disease and obesity
is largely driven by the above described metabolic, inflammatory, and vascular changes.
Cardiovascular disease is the leading cause of death for adults in the United States. Studies
consistently show the staggering burden of cardiovascular disease in patients with obesity.
A large prospective study demonstrated that a BMI> 25 kg/m? has a relative risk (RR) of
1.21 for men and 1.2 for women for cardiovascular disease.82 A large meta-analysis further
showed that a BMI of =35 kg/m? had an increased risk of death related to cardiovascular
disease with a hazard ratio of 1.8 compared to individuals with a BMI of 22.5-24.9 kg/
m2.” The graded effect of BMI on CVD has been consistently replicated, including in a
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2016 population-based cohort study which showed that a BMI increase of 4.8 kg/m? was
associated with an increased risk of stroke, coronary heart disease, and hypertension, as well
as T2DM.83 T2DM plays a significant role in the association between obesity and CVD.

A BMI> 40kg/m? is associated with a drastically increased risk of T2DM (OR 7.37) 84

and CVD is the most notable complication of T2DM, though patients are also at risk of
numerous other highly morbid complications, including renal and neurologic disease.8°

Non-Alcoholic Fatty Liver Disease—The above metabolic and inflammatory changes
also contribute to non-alcoholic fatty liver disease (NAFLD). NAFLD is defined by the
build-up of fat in the liver that cannot be attributed to other causes and is perhaps the

most obvious example of morbid ectopic fat. Several important metabolic alterations are
associated and likely mediate these changes, including increased FFASs related to increased
lipolysis and dietary fat, insulin signaling alterations resulting in impaired fatty acid
oxidation and decreased lipid clearance, and de novo lipogenesis.8¢ Seventy-five percent
of patients with obesity have NAFLD compared to 16% in control patients.8” NAFLD may
be an asymptomatic feature of metabolic syndrome or progress to cirrhosis, end-stage liver
disease, or death. Moreover, NAFLD has emerged as a dominant etiology of hepatocellular
carcinoma (HCC) and is predicted to become the leading cause of liver transplantation in the
United States.®8

Cancer—Inflammatory and metabolic changes also appear to play a large role in the
association between obesity and certain malignancies 89-95 (Table). Increased obesity
related cancer risk may be further mediated by altered hormone profiles, oxidative stress,
carcinogen metabolism, and tissue growth homeostasis.®* The significant morbidity of these
various cancers is beyond the scope of this review.

Mechanical Stress—Obesity is linked to anatomic changes that lead to a mechanical
stress on multiple systems, including connective tissues, intraabdominal organs, and

the upper airway. Increased adipose mass causes stress on musculoskeletal structures
throughout the body, likely through synergistic alterations to skeletal alignment, muscular
deconditioning, and mechanical load. The result is a significant increase in the risk

of musculoskeletal injury and chronic pathology.% Increased adipose mass increases
intraabdominal and intrathoracic compressive forces, which are theorized to contribute

to peri-renal compression and hypertension.1® These forces may also lead to alterations

in upper airway structure and load which, in conjunction with decreased compensatory
respiratory drive may contribute to altered respiratory physiology, decreased pulmonary
function,®’ and ventilatory abnormalities. Case-control studies demonstrate that the
frequency and severity of sleep apnea increases with the severity of obesity.% Obesity

also predisposes to obesity hypoventilation syndrome (OHS) with cohort studies showing
31% of inpatients with a BMI >35 kg/m? have hypercapnia without an apparent alternative
etiology.?? These associations are further supported by the reversibility of lung dysfunction
with weight loss, with systematic reviews showing that OSA improved in 77-99% of
patients undergoing weight loss surgery.100

The above alterations to respiratory physiology, as well as changes in metabolism, hormone
profiles, and immune cell function,® may help explain the association between obesity and
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an increased incidence and severity of certain pulmonary infections. A meta-analysis of

75 studies demonstrated that among individuals with COVID-19 infections, obesity was
associated with an increased likelihood of hospitalization (OR 2.13), admission to the ICU
(OR 1.74), and death (OR 1.48).8 Similar trends have been apparent in other pandemic
ilinesses, including influenza.101 The risk with COVID-19 appears to be mitigated by weight
loss after bariatric surgery based on case control studies.102

Given the devastating morbidity of obesity, it is necessary to acknowledge the role and
impact of obesity treatment. Even modest weight loss reduces the risk and can even
reverse many obesity-related comorbidities. Effective treatments for obesity have been
comprehensively reviewed elsewhere 103-105 and are beyond the scope of this review.

OBESITY CLASSIFICATIONS: Obesity has traditionally been categorized by the degree
of BMI elevation. A BMI of 25 to 30 kg/m? is defined as overweight, whereas BMI of 30 to
35, 35-40, and > 40 kg/m? are classified as class 1, 2, and 3 obesity, respectively.19 These
classifications are used to guide screening recommendations 107 and inform guidelines

for pharmacologic and surgical obesity treatments.108 However, BMI has limited utility in
predicting obesity-related risks and treatment responses. Categorization systems that may
allow for improved prognostication, as well as individualized management, include waist
circumference, metabolic status, sarcopenia, and physiologic phenotype based on gastric
motility, energy expenditure, psycho-behavioral traits, and satiation. Some of these systems
are thoroughly validated and others, while promising, require further study to define their
role clinically.

Metabolically “Healthy” and “Unhealthy” Obesity—Individuals with obesity and
metabolic dysfunction, based on criteria such as dyslipidemia, hypertension, insulin
resistance, and elevated inflammatory markers, 09 are considered “metabolically unhealthy”.
Around 30% of individuals with obesity are, alternatively, “metabolically healthy” 109
Studies show that, among individuals with obesity, metabolic dysfunction by these criteria

is associated with future morbidity including cardiovascular disease.109 Obesity without
metabolic derangement is still a significant risk factor for morbidity, particularly CVD,
when compared to metabolically healthy individuals without obesity.110 These concepts

are applied clinically by various classification systems, including the Edmonton Obesity
Staging system (EOSS). EOSS stages are defined by the presence of BMI > 30 kg/m?

and metabolic alterations including fasting glucose, cholesterol, and hypertension. This
system also incorporates chronic conditions including osteoarthritis, mood symptoms, and
functional limitations. Longitudinal data shows that individuals with a higher EOSS stage
are at elevated risk of mortality and cardiovascular mortality compared to normal weight and
lower stage individuals.111

Central Adiposity—There is wide variation in the degree of central and visceral adiposity
between individuals of similar BMI. Central obesity is associated with increased morbidity,
including cardiovascular disease,112 metabolic syndrome, and insulin resistance.113 A
meta-analysis comparing various metrics of obesity showed that metrics utilizing waist
circumference predicted hypertension, T2DM, and dyslipidemia more accurately than

BMI alone.114 Central obesity also predicts outcomes in acute illness and is even a
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significant risk factor for death in critically ill patients admitted to the ICU.115 Due to

the strength of the associations between central obesity and negative health outcomes,
many medical organizations have incorporated measurements of central obesity into their
official obesity guidelines.116 There are clinical classification systems that account for both
metabolic factors and cardiovascular events as well as waist circumference, such as the
Cardiometabolic Disease Staging System (CDSS). A large cohort study showed that the
risk of cardiovascular mortality was progressive with each CDSS stage, with hazard ratios
ranging from 3.6 for stage 1 to 14.6 for stage 4.117

Sarcopenic Obesity—Sarcopenic obesity may occur with or without central adiposity
and is defined by concurrent obesity and decreased muscle mass or function.18 The
development of sarcopenic obesity is related to activity, hormonal, inflammatory, and
myocellular changes. While study criteria for sarcopenic obesity vary and are typically
based on muscle mass measurement or strength testing, studies estimate a prevalence from
2.1-11%. Regardless of the specific definition, it is clearly a highly morbid entity with
markedly higher risk of dyslipidemia, insulin resistance, functional deficits, depression, and
mortality compared to patients with sarcopenia or obesity alone.118

Energy Intake and Expenditure—The classification of obesity based on BMI, waist
circumference, and metabolic dysfunction provides useful information regarding obesity
associated morbidity. However, these paradigms do not address heterogeneity in the
pathophysiologic drivers of obesity. Recent research reveals promising measurable traits
associated with alterations in energy intake and expenditure allow for identification of the
etiology of obesity on an individual level.

Energy Intake—Energy intake is driven by homeostatic processes that result in sensations
of hunger and fullness, as well as hedonic processes which result in eating to cope with
positive and negative emotions. Homeostatic processes are primarily mediated by sensory
mechanisms integrated through the gut-brain axis and regulate hunger, satiation (perceived
fullness at the end of a meal), and satiety (post-prandial processes that determine the return
of hunger).119 Standardized metrics to assess both satiation (measured by caloric intake in
standardized meal resulting in fullness) and satiety (measured by GE rates) have allowed for
quantification of these processes, which are associated with obesity related traits and weight
gain, as reviewed above (see GASTRIC MOTOR).

Energy Expenditure—A large body of research has revealed that energy expenditure

is variably modified to promote and preserve obesity. Decreased energy stores result

in metabolic and feeding changes that promote energy conservation and weight gain.

Studies have consistently shown variability in individual energy expenditure reduction in
response to both calorie restriction and weight-loss.120 Prospective studies have shown that
disproportionately high energy conservation in response to such changes predicts future
weight gain.120 Excessive energy conservation is durable and may result in decreased energy
expenditure up to or beyond 6 years after weight-loss.121 Addressing this derangement in
affected patients may allow for improved treatment of obesity.
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Energy Intake and Expenditure Phenotypes—Most of the current severity-based
classifications and staging systems fail to address the pathophysiological and etiological
heterogeneity of obesity.122-124 However, a recent classification was proposed based on
pathophysiological and behavioral phenotypes to stratify obesity based on homeostatic
eating, hedonic eating behavior and abnormal energy expenditure.12> Consequently, four
actionable phenotypes were established: abnormal satiation (measured by calories ingested
to experience postprandial fullness), abnormal postprandial satiety (duration of fullness and
measured by GE), emotional eating behavior (measured by questionnaires) and abnormal
resting energy expenditure (measured by indirect calorimetry). This classification uses the
25t or 75t percentile cutoff for each measurement and applied separately for females and
males.

This obesity-phenotype based classification aims to match a treatment to the underlying
pathophysiological abnormality seen in patients with obesity. This classification guided

an individualized selection of lifestyle interventions and diets for each phenotype, which
showed significantly better weight loss outcomes compared to patients treated irrespective
of these traits.126 In addition, in multiple post-hoc analyses of pilot studies using AOMs
and bariatric endoscopic devices, obesity phenotypes demonstrated a better weight loss
response to these interventions.12> For instance, phentermine-topiramate extended-release
(ER) works better for the abnormal satiation phenotype in which the use of this medication
was associated with reduced energy intake at an ad libitum meal (mean A 260 kcal, p=0.03)
and delayed GE of solids (mean A GE T¥% 19 min, p=0.06).12. Similarly, exenatide, a
GLP-1 agonist, significantly slowed GE of solids (p<0.001) and reduced calorie intake at
an ad libitum meal by an average of 130kcal compared to placebo. Similarly, liraglutide
administered daily for 16 weeks delayed GE at 5 (p<0.0001) and 16 weeks (p=0.03)
compared to placebo with a higher weight loss at 16 weeks (6.1 + 2.8 kg) compared to

2.2 £ 5 kg in the control group (p<0.01). Interestingly, at 5 and 16 weeks, GE of solids
correlated with differences in weight loss on liraglutide (p<0.02). Accelerated GE at baseline
seen in patients with abnormal postprandial satiety was a predictor for a better weight loss
response when GLP-1 receptor agonists are used.127

Based on the mechanisms of action of AOMs, Acosta et al. proposed a unique method to
use AOM to target each obesity phenotype. For example, patients with abnormal satiation
might have better weight loss outcomes with phentermine-topiramate ER as it modulates
the adrenergic and GABAergic pathways. Similarly, GLP-1 receptor agonists might benefit
patients with abnormal satiety phenotype who are characterized by accelerated GE by
delaying GE and reducing inter-meal hunger. In addition, patients with abnormal emotional
hunger phenotype who are characterized by negative mood eating and reward-seeking
behaviors due to negative and positive emotions, might benefit from naltrexone/bupropion
sustained-release, which modulates the dopamine and opioid pathways.12° In a 12-month,
pragmatic, real-world trial with 312 patients, patients in the phenotype-guided group had
1.75-fold greater weight loss (15.9%) compared to 9.0% in the non-phenotype-guided
group [difference —6.9% (95%CI -9.4 to —4.5), p<0.001]. The proportion of patients who
lost >10% at 12 months was 79% in the phenotype-guided group compared to 34% in
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the non-phenotype-guided treatment group.12> Hence, targeting the pathophysiological and
behavioral phenotypes may enhance weight loss.

Moreover, a phenotype-guided approach has demonstrated promising results in bariatric
endoscopic trials. For example, baseline and post-procedural GE rates predicted efficacy
and tolerability of space occupying intragastric balloons 128 while a greater decrease

in maximum tolerated volume was correlated with better weight loss outcomes in

patient undergoing endoscopic sleeve gastroplasty.12° Further research is needed to better
understand these physiologic and etiologic traits which may improve individualized
treatment of obesity.

CONCLUSION and FUTURE DIRECTIONS: Obesity has emerged as a devastating
global epidemic. Significant advancements have been made in understanding the
pathophysiology of obesity and obesity related conditions. However, defining obesity
related characteristics that allow for accurate individualized prognosis and management
has remained elusive. This review has summarized the established and ongoing research
on the pathophysiology of obesity etiology and morbidity. We have also reviewed obesity
classification systems that may allow for improved individualized management.
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Article Highlights:

. A concise review of the domains that influence and regulate feeding, energy
balance, and weight.

. A concise review of the pathophysiology of obesity.

. A review of actionable obesity categorization systems and how these systems
inform and improve the understanding of obesity pathophysiology and its
treatment.
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Figure 1: Central and Peripheral Energy Regulation:
Important enteric sensory modalities detect nutrients and distention. This results in hormone

secretion, including ghrelin, CCK, GLP-1, and PYY, and afferent autonomic signaling.
Enteric-derived hormones act on autonomic nerve endings embedded in the lumen wall

and result in signaling to the nucleus of the solitary tract in the brainstem via afferent

vagal and splanchnic nerves. These hormones, along with leptin and adiponectin which

are largely derived from adipose tissues in response to alterations in nutrient stores, may
also enter the circulatory system and activate AGRP and POMC receptors at the arcuate
nucleus. Both of these signaling modalities can result in anorexigenic and orexigenic signals
to the periventricular nucleus and other brain regions, which subsequently communicate
with other central nervous system domains that moderate feeding behaviors and physical
activity. Gastric emptying, gastric accommodation, and other enteric secretory and motor
functions are modified by the above hormones, intra-enteric neuronal signaling, and efferent
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autonomic signaling via efferent vagus nerve pathways, which reciprocally influence
distention and nutrient signaling.
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\“su\'\n Resistance

Figure 2: Obesity-related tissue dysfunction.
Obesity-associated lipid accumulation overwhelms lipid metabolic pathways. This

dysfunction appears to promote endoplasmic reticulum and mitochondrial dysfunction and
increase reactive oxidative species as well as FFA and FFA intermediates, such as ceramide.
FFA intermediates activate various pro-inflammatory kinases resulting in pro-inflammatory
adipokines and immune cell (macrophage, TH1) infiltration. FFA intermediates and the
resulting inflammatory milieu also result in NF-xB activation and altered gene transcription.
These changes also have direct and indirect effects on insulin signaling, such as through
alterations in insulin receptor phosphorylation and function, and result in tissue injury,
particularly in the case of ectopic fat accumulation in the liver and vascular structures. These
numerous changes may all contribute to local and systemic inflammation.
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Figure 3: Pathophysiology of predominant obesity-related comorbidity.
Increased adiposity contributes to various mechanical, sympathetic, cellular, and metabolic

changes that contribute to chronic disease, most notably cancer, insulin resistance, and
cardiovascular disease.
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Table:

Obesity-associated cancer risk.

Page 26

The above table reports comparison of mean (as RR unless otherwise specified) for various cancers in groups

with and without obesity.

Relative Risk | BMI (“Control”) kg/m? | BMI (*Obesity”) kg/m? | Reference
Esophageal Cancer 4.764 <25 >40 89
Gastric Cardia Cancer 1.82 <25 >30 90
Pancreatic Cancer 1.47 21-23 >30 91
Gallbladder Cancer 1.62 18.5-24.9 >30 92
Extrahepatic Bile Duct Cancer 1.48 18.5-24.9 >30 92
Colorectal Cancer 1.19 <25 >30 9
Endometrial Cancer 3.6 <2350 >300 94
Breast Cancer (Receptor-positive, postmenopausal) 1.39 <25 >30 95

aOdds Ratio

bAverage BMI cut-off for included studies.
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