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ROLE OF OBESITY IN MODULATING THE IMMUNE SYSTEM

ROMAN FAYNGERSH

ABSTRACT

INTRODUCTION: Diet induced obesity (DIO) is a major driving fonasponsible for
low-grade inflammation mediated immune system declimpaired immune defenses

lead to a number of chronic diseases and ultimabein increased mortality.

DISCUSSION: Over half a billion people worldwide are consideoserweight or
obese. It has been estimated that $190 billioradoivas spent in the US on obesity-
related healthcare costs just in 2005. Lower prodity, lost wages, higher insurance
costs, and an increased strain on the healthcatersyas a whole, are the hallmarks of
the obesity epidemic. Considerable body of epidégio evidence implicates DIO as
the major cause of numerous pathologies. The ghgsa@ation doesn’t just suffer
increased mortality from chronic conditions suchcasdiovascular disease, pulmonary
diseases, Type 2 diabetes, various cancers, hyiertnia, hypertension, non-alcoholic
fatty liver disease (NAFLD), renal failure, osteibaitis and many other slow-onset
diseases. Obese individuals also have increase@liyofor more acute conditions such
as N1H1 influenza virus, allergic diseases, and-posyical complications while also
lowering the efficacy for vaccinations ahilicobacter pylorieradication therapies.
Today scientists recognize adipose tissue as tgedaendocrine organ in the human

body, releasing a myriad of paracrine and endogriakecular factors. During DIO these
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adipocytokines induce a proinflammatory switchha adipose tissue machinery,
initiating chronic low-grade inflammation. Sensiag ongoing attack the immune system
responds trying to maintain homeostasis. DIO howewn#iates a positive feedback loop,
which perpetuates inflammation and further decisatenune system’s capacity to

resist threats and to restore order.

CONCLUSION: While the basic obesity-inflammation-disease rosgp has been
outlined, many questions remain. Multiple areasmodhunometabolism and meta
inflammation require deeper understanding, butkeyprecommendations for future
studies stand out. First, since it is easier tegmeobesity than to reverse it, attention
should be focused on elucidating the endocrineabfeodstuff. Second, to find cures for
chronic conditions of the ever growing obese pajpora scientists must elucidate the
mechanism of obesity-induced inflammation’s funetio diminishing immune system’s

capacity.



TABLE OF CONTENTS

COPYRIGHT PAGE. .. ...t e e e e e e emenen I

READER APPROVAL PAGE..........ociiiiiiieeiiie e et ii
AB ST R A C T e oo ettt e e e e e et e e e e e e e nnnr e e e e era s v
TABLE OF CONTENT S ...ttt e e e e e e e eeeees Vi
LIST OF ABBREVIATIONS ...t e et e e e e enmnaanns IX
INTRODUGCTION ...ttt e e e e e et e e e e e e ne e aae e e e e e eeeeraa e eeeas 1
PUBLISHED STUDIES ... ..ottt e e e e eeenma e e e e eees 5
EpidemiologiCcal StUIES ........coooiiiiii e 5
(@ 0TS 1 V=T o 1 8V R RSRRRRP 5
Obesity and High BIOOA PreSSUIE .........ccoiiiiiiiiiieeeeiies e e e e veeeeeee e eeeeeenees 9
Obesity and Urinary Tract INfECHONS ... e 10
Obesity and PanCreatiC CANCEN .............cccccceeeeeeeeeeeiiiiiise e s e e e e e e e e e eeeeeeaeeeeeeeeeeeennnne 11
Obesity and Myelodysplastic SyNndrome ... 11
ODbesSity and ASTNMA .......uei s 12
Obesity and Helicobacter PYIOr ........cooviuuueiiiie e 12
ODbeSity anNd LIVET DISEASE ......uuuiieee e s s e e e e e e e e e e aaaaeeeaeaeaaeaanas s e e aneeessaaseaaaaaaaes 13
Obesity and TranSplant SUMQEIY.........uevvuuuuiuiiiiie e ee e 15

Vi



Obesity and INflammation............ooo oot e e e 16

Obesity and Other DISEASES ........uciii i eeeeeetiiiaaa s e e e e e e e e e eeeeeeesaeeeneeeesessennann 16

Events that turn on Diet Induced ODEeSItY. ..o oo, 17
FOOd 8S 8 NOMMONE .......oiiiiiiie e e e 17
Fat as an ENdOCHNE OFQaN .............ooes oo eeeeetnssnnnnaseasaeeaaaeeessessssssennnnmessssnnnns 22
Lean Versus Obese AIPOSE TISSUE. ........uceeeeeemreerrrrrinniiiiaaaeeeaeaeaaeeesreessrneennees 25
ATMS, M1 VS. M2 PrOfil€....cceeeeeeeeeeeee e e e e e e 26
L 1Y 1= 0] =T - 29
[ Y 1= 0] ] Y 30
AdIpoSe Cell GIOWLN ..o s 33
[T o T0) (0 )t ({ox 1 /2SRRI 37
[ Y/ 010 - USRS 38

Obesity, Inflammation and an Impaired Immunity..........cccoeeeviiiiiiiiiiii e, 43
INNALE IMMUNILY ... e e e e e 44
(ST 01T 0] £ T PRSP PUPPPTRPPIN 46
WHhite BIOOd CelIS ... 50
HUMOTAI FACTOIS ...ttt re e e e e e 54
INEIIEUKIN-L7A ..ttt e e e e e e e e e e e e 55
HOMMIONES ... s e 57
HOImMONES @S CYLOKINES ......oeiiiiiiiiiiiiieeeeeee ettt e e e e e e e e e e e e et e s s 58
Hormones and Adaptive IMMUNILY ...........oiiieeee e 59

Vil



CONGCLUSION ...ttt ettt e e e e e e e na e e e e e e e e e e eeeennnnns

BIBLIOGRAPHY .ot e e e e e e e

viii



25(0OH)D
AFLD
ANG
Angptl4
APO

AT

ATM
BDNF
BMI
CAM-1
CCL-2
CCR2
CD4+
CD8+
C-JUN
CLR
CLSs
COPD
COX-2
CpG-DNA

CRP

LIST OF ABBREVIATIONS

25-hydroxycholecalciferol or 25-hydroxyain D
alcoholic fatty liver disease
Angiopoietin

Angiopoietin-like 4

Apolipoprotein

adipose tissue

adipose tissue macrophages
Brain-derived neurotrophic factor

Body Mass Index

cell adhesion molecule

chemokine ligand 2 or MCP-1

C-C chemokine receptor type 2

subset of T cells

subset of T cells

jun proto-oncogene

C-type lectin receptors

crown-like structures

Chronic obstructive pulmonary disease
Cyclooxygenase 2

C-phosphate-G DNA sequence

C-reactive protein



CVvD
DHA
DIO
DNA
dsRNA
EF
EPA
FFA
GHSR
Gl
GLP-1
GLUT
GM-CSF
H. pylori
HBV
HCC
HCV
HFD
HIF-1a
ICAM-1
ICU

IFNy

cardiovascular disease
Docosahexaenoic acid

Diet Induced Obesity
Deoxyribonucleic Acid
Double-stranded RNA

ectopic fat

Eicosapentaenoic acid

free fatty acids

growth hormone secretagogue receptor
garsto-intestinal

glucagon-like peptide-1

Glucose transporter
Granulocyte-macrophage colony-stimulatagydr
Helicobacter pylori

Hepatitis B virus

Hepatocellular carcinoma
Hepatitis B virus

high fat diet

Hypoxia-inducible factor 1-alpha
Intercellular Adhesion Molecule 1
Intensive Care Unit

Interferon gamma



IGF
IGFBP-1
-kp

IL
iNOS
LCN-2
LD
LDL
LOX-1
LPS
LXR
MAP
MAPK
MCP-1
MDS
MHC
MIF
MIP-1a
MMP2
MOF
MRNA

mTOR

Insulin-like growth factor

Insulin-like growth factor-binding protein
inhibitor-k3

Interleukin

inducible nitrix oxide synthase

Lipocalin-2

lipid droplets

Low-density lipoprotein

lectin-type oxidized LDL receptor 1 or OLR1
lipopolysaccharide

liver X receptors

mitogen-activated protein
mitogen-activated protein kinase

monocyte chemoattractant protein 1 or CCL-2
Myelodysplastic Syndrome

major histocompatibility complex

migration inhibitory factor

Macrophage Inflammatory Proteins 1 alpha
Matrix metallopeptidase 2

multiple organ failure

Messenger RNA

mechanistic target of rapamycin

Xi



MyD88
n-3 PUFA
NAFLD
NDOs
NEFA
NF-kB
NF-kp
NHANES
NHGRI
NIH
NLR
NO
Nos2
O,
OLR1
OMN
PAI-1
PAMPs
PERK
PLA2
Po

PPAR

Myeloid differentiation primary response gen
n-3 polyunsaturated fatty acids

Non-alcoholic fatty liver disease

non-digestible oligosaccharides

non-esterified fatty acids

nuclear factor kappa beta

nuclear factor kappa

National Health and Nutrition Examinatioargey
National Human Genome Research Institute
National Institute of Health

Nod-like receptors

nitric oxide

Nitric oxide synthase

molecular oxygen

Oxidized low-density lipoprotein receptoorlLOX-1
obese but metabolically normal

Plasminogen activator inhibitor-1
pathogen-associated molecular patterns
phosphorylation by the endoplasmic reticukinase
Phospholipase A2

oxygen partial pressure

Peroxisome proliferator-activated receptors

Xii



PRR
RANTES
RLR
RNA
RORyt
ROS
RXR
SAT
SCFA
SREBP-1c
STAT
SVF
T2D
TAG
TCR
TGB
Thl7
TLR
TNF-o
TRAS
Treg

UTI

pattern recognizing receptors
regulated on activation normal T cell exg3ed and secreted
Rig-1-like receptors
Ribonucleic acid
Retinoid-related orphan receptor gamma tau
reactive oxygen species
retinoid X receptor
subcutaneous adipose tissue
short-chain fatty acids
sterol regulatory element binding profiein
signal transducer and activator of transmip
stromal vascular fraction
type 2 diabetes
triglyceride
T cell receptor
transforming growth factor
subset of T cells
Toll-like receptors
tumor necrosis factor alpha
transplant renal artery stenosis
regulatory T cell

Urinary tract infections

Xiii



VAT visceral adipose tissue

VCAM-1 Vascular cell adhesion protein 1

VEGF Vascular endothelial growth factor

WAT white adipose tissue

WBC white blood cells

WHO World Health Organization

WNT5a wingless-type MMTYV integration site familpember 5A

Xiv



INTRODUCTION

Even ancient Greeks knew that man’s diet is thetédnis health the diseases that
afflict us. Hippocrates could not have known howdhaead of his time he was when
2400 years ago he stated: “Let food be thy mediamemedicine be thy food”. Diet has
an immense impact on our health, yet there is remsfic consensus on the underlying
links between what we eat and the infections apdltbeases that afflict us. The question
this thesis attempts to address is the role obphkitys in modulating diseases via its
interactions with the immune system. In the past @cades there has been an enormous
amount of research linking Diet Induced Obesity@Pwith many pathophysiologies.
While scientists have yet to uncover the “smoking’gthe obesity epidemic is
progressing at a brisk rate. Between 1980 and g@®&orldwide number of obese
(BMI>30 kg/nT) individuals has nearly doubled to more than hdifllion people
(WHOD |, n.d.). That is equivalent to the populatod North and Central America
combined (“The World Bank. Population, total | Datble.,” n.d.). For the first time in
history the worldwide number of overweight peopdes Isurpassed the number of
underweight individuals (Finucane et al., 12). ESscbody weight is implicated as a risk
factor for mortality and morbidity for nearly 3 ridn people annually (WHODb, n.d.).

One third of the worlds’ population (34.3%) hasoalyp mass index (BMI) of 25 kg/or
greater (WHODb, n.d.), classifying them as overwgighese or extremely obese
according to the NIH guidelines (“NIH. NHLBI. Ob&siGuidelines. Body Mass Index

Table 1.,” n.d.). Surprisingly, it does not takenypgears of overnutrition, to markedly
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increase the size of the individual’s adipose gsgurecent study by Gupta et al.
demonstrated that a caloric excess, even in the s&rm, results in a significant increase
in body fat and visceral adipose tissue volume (&epal., 2013). During this study,
healthy, young, mean age 28.4 years old, volunigers overfeed for eight weeks,
resulting in a 30% increase in subcutaneous aditiesmge and an even more astounding
103% increase in visceral adipose tissue. Alsochates an average BMI increase of 2.5
points, as well as an increase in a litany of ingrarbiomarkers of inflammation and
cardiovascular disease (Gupta et al., 2013).

The effect of overnutrition on multiple organ srsis has its roots in the
hominids’evolutionary machinery. Our ancestors, who haslteive through constant
food scarcity, under the evolution exerted pressugeame highly efficient at extracting
and storing food derived energy. Over 40 years dgmes Neel - a preeminent

geneticist, suggested that

“a ‘thrifty genotype’ had evolved to protect humaopulations from

starvation facilitating quick release of insulinffi@ent conversion of

sugar and storage of excess energy as body faigdthe rare times of

food abundance” (Neel, 1962).

Biological and cultural changes, such as incregésdical activities, expanding
brain size and fertility requirements created sedagressures and necessitated the
switch to a more energetically dense foodstufftlr@rbrain size increase might have

been facilitated by invention of agriculture and thtroduction of cooking, making food

more digestible, allowing easier access to nusiant calories (Aiello & Wheeler,



1995). As brain development involves phospholi@dseciated organization of synapses,
it is not unreasonable to consider that genes ptiogpngreater energy efficiency may
have co-evolved with those influencing evolutiortloé large human brain (Erren &
Erren, 2004). The next developmental step was lintoaigout by the advent of modern
agriculture, the discovery of electricity and thgention of refrigeration. In evolutionary
terms the switch from a permanent caloric defwia tcaloric abundance, happened
instantaneously. Human'’s inability to rapidly resemillennia of evolutionary selection
and turn down the metabolic machinery to accompheyew energetic homeostasis is
leading to what World Health Organization (WHOY&ling a ‘globesity’ epidemic
(WHOa, n.d.).

Current scientific consensus points to the mosichzause of obesity as the
energy intake that exceeds energy expendituresintbening calories are converted and
stored as energy in the form of white adipose @sgUAT). The unique structure of
unilocular adipocyte, the building block of WAT ,nssponsible for its uncanny ability to
greatly increase in size during times of caloriaradance. Along with other organelles,
adipocytes contain intracellular lipid droplets &Cand while LDs are ubiquitous and are
present in all types of eukaryotic cells, they hawery different structure in the white
adipose tissue. Non-adipocyte cells usually contaany tiny LDs, typically with a
diameter of less thanim, while WAT adipocytes coalesce TAGs into one nvaskD,
that is in 1004um range and occupies 95% of the intracellular spaagmoto & Parton,
2011; Suzuki et al., 2011; Brasaemle & Wolins, 201tls interesting to note that while

increasing adipose cell size 10 fold, from 20 t0 g, increases cells’ lipid content by a



factor of a 1,000 (Jo et al., 2012). Superbly agld@nd primed by evolution to store
excess energy the results of the previously meati@mverfeeding study by Gupta et al.
shouldn’t be surprising, where the subcutaneoysoadi cells significantly increased in
size, from 0.596(0.91) to 0.919(0dl) (Gupta et al., 2013)n a certain sense the fat cell
is a perfect storage medium to accumulate potesriatgy.

Modern industrial societies have achieved thenalte foraging strategy by
maximizing energy intake and minimizing physicdbefand energy expenditure, but the
tradeoff is a decline in nutritional health. Obgsd# linked to diseases of cardiovascular,
renal, pulmonary and endocrine systems, as well{jps2 diabetes, insulin intolerance,
osteoarthritis, asthma, immune paralysis, periatentognitive decline and multiple
other ailments (Xu et al., 2003; Ciesla et al.,&0Qelly et al., 2008; DeFronzo, 2010;
Lonn et al., 2010; Suvan et al., 2011; Barretteckwertani, 2012; Kim et al., 2011,
Jamsen et al., 2012; Cazzola et al., 2013; Guh,&t013; Liu et al., 2013; Mancuso,
2013; Yau et al., 2014). Considering the far reaghmplications of obesity, the large
amount of research scientists are generating shmilde surprising. This thesis will
attempt to elucidate the impact of diet inducedsttigeon humans, by evaluating whether
overweight individuals immune system fairs worsens, or better than in their lean
counterparts and secondly to suggest possible merha leading to inflammation and

to the disease state.



PUBLISHED STUDIES

Epidemiological Studies

Epidemiological and observational studies arebéist available tools to track and
test hypothesis of viral/bacterial infections ipapulation. Aggregation of this
information offers a glimpse into the effects afeatious load has on the overweight and
obese demographic. There has also been conside@abteny of the animal models and
numerousn vitro experiments in the past decade, all in an eftoeiticidate a link
between the immune system, the myriad of obesilyanced diseases and the positive

energy balance of the overweight and obese indalsdu

Obesity and HIN1

In 2009 a novel flu virus appeared in Mexico ame United States, presenting a
perfect opportunity for the scientist to observd atudy infectious load’s impact on the
different strata of the population. Since thenrehgave been multiple studies reporting
obesity to be an independent risk factor for insegamorbidity and mortality following
the 2009 influenza A (H1N1) virus. In the earlyisgrof 2009 the first reports of HIN1
surfaced and by August of 2010 almost 500,000 ktboy confirmed cases of the
pandemic influenza infection have been recordeth axer 18,000 deaths worldwide
(Miller et al., 2010; WHOd,2009).

A noteworthy review was conducted following thé®d2MH1N1 flu outbreak,

looking at six cross-sectional studies. This metahgsis has shown that for patients
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hospitalized for 2009 H1N1 influenza viral infectjambesity doubled the risk of critical
care unit admission and/or death, with a much ggoassociations for morbidly obese
individuals (Fezeu et al., 2011). In this meta-eeviFezeu and colleagues included
studies which published obesity data among hoggetparticipants having pandemic
influenza A (H1N1) infection and who were eithematied to the intensive care unit or
died. These inclusion criteria identified 149 descin PubMed, with a total of six eligible
studies to be included in this review. In all, 3G&®jects were hospitalized for influenza
A (H1N1) viral infection. Morbidly obese H1N1 patis, BMI index> 40 kg/nf, were
twice as likely to be admitted to ICU or die (ORZ2,. P<0.002) and obese patients, BMI
index> 30 kg/nf, had an over two fold non-significant increaséelihood risk of ICU
admission or death (OR 2.14, P<0.07) (Fezeu e2@L]). Obese patients were compared
to the control group of lean individuals hospitatiavith the same H1NL1 viral infection.
The limitations of this study centered on a limipatient data, leading to an inability to
distinguish associations by age class. Authors wet@ble to adjust for baseline
conditions such as respiratory functions, becausset were not available in the pooled
data and authors did not have access to the indil/htient data.

Another prospective cohort study by Viasus etahducted between June and
November of 2009, tried to identify factors asstedawvith composite outcome of
intensive care unit admission or in-hospital magtahmong adults with confirmed
pandemic influenza A (H1N1) virus infection. Scietg found that morbidly obese
patients (BMI > 40 kg/r) had a higher risk of severe disease (OR, 6.7% @5 2.25-

20.19) (Viasus et al., 2011). A California studydacted in the November of 2009



concluded that more than half (52%) of patientpltabzed with influenza (H1N1)
virus, were obese (BMt 30kg/nf), and more than a third (40%) were morbidly obese
(BMI > 40kg/nf). Percentages are even higher for the obese fsaifethe fatal cases,
66% of obese and 50% of morbidly obese patientsif,@2009). As a reference point,
according to the results from the 2009-2010 Natiblealth and Nutrition Examination
Survey (NHANES), the percent of US adults who wavese is thirty five and morbidly
obese is six (Fryar et al., 2012).

A study by Van Kerkhove et al. looked at the infiation compiled by the WHO
from the surveillance programs of the 2009 fluedgamic supplied by its member states,
trying to assist policy makers in determining esglgcvulnerable risk groups for
targeted preventive measures. Looking through T0l@i@oratory confirmed H1N1
influenza cases, among other risk factors, theysimghd obesity to be a major
contributor to the three levels of severity ofdés: hospitalization, admissions to ICU,
and fatalities. The proportion of patients with sibgincreased with increasing disease
severity, and the pooled OR for death given hobpitéon for obesity (BME 30kg/nf)
was 2.9. Available data from the two member statggplying the necessary data,
indicated the risk of death associated with modiidsity (BMI > 40 kg/rf) was
increased (RR = 36.3) relative to the general pamn. One of the limitations of this
study was its inability to get more granular patiéata, as many countries were not
willing to have their country-specific data compth others (Van Kerkhove et al.,

2011).



Two compelling studies looked at the worldwidettisaassociated with the
influenza A H1IN1 pandemic, extrapolated from thelpd WHO country data. First, a
study published in 2012 by Darmwood et al, estichatéotal of 151,700 — 575,400
pulmonary and cardiovascular deaths worldwide aastatwith the influenza virus
(Dawood et al., 2012). And in the second, publisingtie fall of 2013, Simonsen et al.
estimated that there was a 300,000 — 400,000 afiecmortality rate in the under 65-yr-
old cohort and the respiratory specific mortalligttwas approximately ten times higher
than the WHO laboratory confirmed census data (8s8ap et al., 2013). Overall these
numbers are significantly (8 — 31 and 16 — 22 tinmggher, respectively, than those
results reported in the WHO statistics. These stidsed distinct methodology and
applied different statistical modeling techniqus&kjch only strengthen their combined
assertions of a higher than reported real influessmciated death toll. Researchers did
not present comorbidities stratified data, but gittee numerous studies showing an
epidemiologic link between obesity and HIN1 inflmawirus, increased severity of
influenza virus outcomes in the overweight popolais all but guaranteed.

These data clearly indicate that the overweight@ese population (BMI > 25
kg/m?) was at a higher risk for contracting the influemmandemic (H1N1) virus, than the
non-overweight patients (BMI < 25 kgfinA possible explanation of the link between
obesity and severe outcomes is the prevalencesgirdexisting conditions in this subset
of the population. There could have been directaaon (flu overwhelmingly strains the
pulmonary systems), indirect causation via othek factors (cardiovascular disease,

asthma, diabetes, renal disease, Gl disorder}, @@ non-causal association (genetic,



dietary). To establish these links researchersimrequuch more granular patient records,
which are not made available for the broad epid&yio studies.

It appears that besides humans, obese mice werasadceptible to the same 2009
influenza virus. O'Brien et al. demonstrated th@hlyenetically and diet-induced obese
animals, independent of the viral strain, were nsusceptible to developing severe
infection (O’Brien et al., 2011). Even prior to tA809 influenza epidemic, scientists
knew that obese mice had an altered immune res@obeere more likely to die from
exposure to the influenza virus. In 2007 a studyhyth et al. indicated that high BMI
impairs immunological response to the influenzaatibn. Even postinfection, obese
mice had a 6.6 times higher mortality rate (Smithlg 2007).

Unfortunately pleiotropic actions of obesity ag himited to the influenza
infections - copious epidemiologic data implicabegsity in a myriad of acute and

chronic conditions.

Obesity and High Blood Pressure

In January of 2013, the Obesity Society and theeAcan Society of
Hypertension published a position paper to infolnggicians of the association between
obesity and high blood pressure. The authors cdedithat obesity-related hypertension
is an important public health issue worthy of ateagive review (Landsberg et al.,
2013). The link between obesity and high blood gues was demonstrated as far back as

the early 1960s, in the Framingham Heart Study,taddy it is estimated that at least



75% of the incidence of hypertension is tied diget obesity (Kannel et al., 1967,
Lloyd-Jones et al., 2009). A 2004 study looked32%2000 NHANES data, and
concluded that prevalence of hypertension for trenal weight individuals (BMI < 25
kg/m?) is 15.3%, while the overweight and the obese [atjmns have a 42.5% and a
27.8% prevalence of hypertension, respectively (§yya004). A more recent study
examining the 2007-2010 NHANES data indicated thatodds of high blood pressure
were about 1.6 times higher among overweight imttigls (BMI> 25 kg/nf to < 30
kg/m?), and 3.0 times higher for obese individuals ( BMBOkg/nf) as compared to

individuals of normal weight (BMI < 25 kg/An(Ostchega et al., 2012).

Obesity and Urinary Tract Infections

Obesity has been implicated in increased riskriofany tract infections (UTI). A
study published in 2011 evaluated records of ousty five thousand patients
diagnosed with UTI. Researchers concluded thatgaewp, the obese were up to 2.5
times more prone to urinary tract infections (Sesvehal., 2012) while another looked
into association between UTI and obesity, and wdrdthis association is independent of
diabetes mellitus and vitamin D or 25(OH)D leveédslfba et al., 2013). Research
showed that in males, obesity was independentlyczsted with UTI, and in females,
while it was independent, the association was oewfito the group with a BNH

50kg/nf and was not statistically significant (p=0.187).
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Obesity and Pancreatic cancer

Pancreatic cancer is one of the deadliest caneélsa very low five year
survival rate, estimated to be 6% (Bracci, 2012)eéent overview of the epidemiologic
data, considered latest evidence and previouslgiwtiad reviews, concluded that
obesity is a modifiable risk factor that is dirgatissociated with the increased risk of
pancreatic cancer compared to hon-obese patierasciBsuggested that diabetes, a
common complication arising from obesity, maybeghthway linking BMI and
pancreatic cancer (Bracci, 2012). One other paheta to a link between obesity and
pancreatic cancer through diabetes and that aggedssatment of diabetes might reduce
the risk of cancer among individuals with pancrgatoc diabetes (Andersen, 2013).
Additionally, Gukovsky et al. considered how inflaration mediates the pathogenic
effects of defective autophagy and obesity in peator cancer patients. Gukovsky
concluded that obesity, amplifies the severity afigreatitis, and creates the environment
that promotes the development and progressionrafrpatic ductal adenocarcinoma

(Gukovsky et al., 2013).

Obesity and Myelodysplastic Syndrome

Ma et al. correlated high BMI to a risk of the diapment of preleukemia. The
study concluded that obesity is a risk factor forelddysplastic Syndrome (MDS), with

a more than 2-fold increased risk for the obese I(BMO kg/nf) and a significant
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positive correlation between BMI and MDS for alleoweight, obese and morbidly obese

individuals (P for trend < 0.001) (Ma et al., 2009)

Obesity and Asthma

The association between asthma and obesity isgaiois, nevertheless, there is
substantial epidemiologic evidence linking themetibgr. A systematic literature review
concluded that not only is obesity associated aginma, but it also increases the
severity of the disease and lowers response toriegd (Ali & Ulrik, n.d.). Another
review by Liu et al. examined the correlation bedswasthma and prevalence of obesity
in children, looking at published literature betwe®66 and 2011. Out of 35 included
studies, 27 reported a positive correlation betwamesity and asthmatic symptoms.
Authors also point to accumulating evidence sugggsin obesity asthma connection
through non-allergic pathways (Liu et al., 2013)stady evaluated Italian adults,
examining the link between obesity, asthma and smgolScientists found increased
prevalence of asthma in overweight and obese iddals regardless of their smoking

status (Cazzola et al., n.d.).

Obesity and Helicobacter Pylori

Scientists looked at the eradication rateslelicobacter pylori (H. pylori)n

obese patients, prior to undergoing bariatric syrge 55% of overweight/obese patients
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(BMI > 25 kg/nf) the treatment was successful, versus an 85.4%essicate for the
control group (p<0.005). Authors stated that thel3©difference between treatment
groups was not only statistically significant (p10.0059) but was also clinically
important (Abdullahi et al., 2008). In an interasgtiside note, a more recent study with
respect to the difference in the ratd-bfpylori eradication between Portuguese obese
patients from 2006 and 2010 concluded, that theadivefficacy of the antibiotic

treatment has gone down below the current medarsensus, mainly due to the bacteria
developing drug resistance. It seems that thelfivstclarithromycin-based Maastricht 11|

consensus eradication is no longer viable in raipatient (Cerqueira et al., 2013).

Obesity and Liver Disease

Liver disease is a growing clinical burden and rgsing health concern in both
pediatrics and adult care. Population-based stumdies indicated obesity as the chief risk
factor for pediatric NAFLD (non-alcoholic fatty kv disease), while others point to the
link between BMI and prevalence of NAFLD in adwdtsd progression of chronic
hepatitis B and C virus as well as hepatocelludaciooma (HBV, HCV and HCC,
respectively) (Neuschwander-Tetri & Caldwell, 2008annou et al., 2005; Chen et al.,
2008; Wong et al., 2009; Everhart et al., 2009; etial., 2010; Wang et al., 2010;
Berzigotti et al., 2011;Lee et al., 2011; Armstraia@l., 2012; Wiegand & Berg, 2013;
Giorgio et al., 2013). The most common causeslaahalic and non-alcoholic fatty liver

disease (AFLD & NAFLD), and viral hepatitis infeatis (“European Liver Transplant
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Registry - ELTR,” n.d.). The initial hepatic nedardlammation progresses to hepatic
fibrosis, which evolves into cirrhosis and canmliely morph into hepato-cellular
carcinoma (HCC). German autopsy studies have redgaksence of fatty liver
pathology in 70% of overweight and 35% of normaighéindividuals (Wiegand &

Berg, 2013). Cirrhosis and HCC due to chronic HBM & CV infections are among the
leading causes for the liver transplantation indbeeloped countries (Adam et al., 2003;
Wiesner et al., 2003; Sugawara & Makuuchi, 2006 Europe they have accounted for
almost 40% of liver transplants in the past tweyggrs (“European Liver Transplant
Registry - ELTR,” n.d.). In US the numbers are ew®re alarming. At the end of 2011,
almost 80% of patients awaiting liver transpland haer pathologies due to non-
cholestatic cirrhosis, metabolic diseases or mahgmeoplasms (“Scientific Registry of
Transplant Recipients. Table 9.1C. Waiting Listi®&dtCharacteristics at Year-End Liver
Waiting List. All Waitlist Patients, 2002-2011,”dh). Obesity is often associated with
cryptogenic liver diseases and is a noteworthyofact progression and response to anti-
viral treatments for hepatitis (Chen et al., 20B8zigotti et al., 2011). A 2011 study
showed that, increased body mass, as measured hyiBadistrong and an independent
(p=0.02) predictor of decompensation in patienth wompensated cirrhosis, as well as a
positive correlation trend between BMI and the dewment of decompensation
(Berzigotti et al., 2011). Authors also made aeresting epidemiologic observation, two
thirds of their patients were overweight or ob@sproportion similar to the general
population. Another 2011 study looked at the impdd@&MI and viral load on liver

histology in individuals with hepatitis B antigeegative chronic infections. Findings
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from this study suggest a synergistic effect of Bivitl hepatitis B virus replication on
disease progression, and are both independentwébdestablished concomitant factors
(Lee et al., 2011). The overarching theme is thie ietween infectious liver pathologies,
NAFLD and BMI, as obesity’s link to the liver disgais coming into focus through

chronic inflammatory processes.

Obesity and Transplant Surgery

There have been studies concerned with wound coatipins following
transplant surgeries. A study completed in Polamuhd that donor's BMI was an
important factor in post pancreas-kidney transjglao surgical complications (Ziaja et
al., 2011). Another study uncovered a connectiawéen post surgery wound
complications not only in overweight patients, bl#o in patients with a history of
significant weight loss, over 10kg (Kuo et al., 2D1Authors conjectured that the
adverse outcomes are related to the changes abtteminal panniculus. BMI over 30
kg/m? is a risk factor for transplant renal artery sgsg@TRAS), this is one of the
reasons medical centers take extreme caution whasidering transplantation in obese

patients (Kamali et al., 2010).
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Obesity and Inflammation

A few international studies have looked at th& lietween obesity and white
blood cell (WBCs) counts, the premise here is titerconnectedness of BMI,
inflammation and immune response. An epidemioldgittady looked at WBC counts in
obese females. They reported a highly significdingct correlation between increasing
BMI and platelet count (p=0.009), leukocytes (p€0.)Yand neutrophils (p=0.001).
Researchers did caution that not all innate imnywetls measured in this study showed
correlation with the BMI (basophils, eosinophilsopmocytes, NK cells) (Al-Sufyani &
Mahassni, 2011). Other studies have confirmedréheltline of increased WBC count

with increased BMI (Sekitani et al., 2010; Chaalgt2013; Marzullo et al., 2014).

Obesity and Other Diseases

There have been a number of studies pointing ésitpbas a factor in increased
prevalence of diseases. Obesity has been linkeatiteases in allergic diseases in
children (Kusunoki et al., 2008; Visness et alQ20Murray et al., 2011). There has been
research indicating that obese patients have adepd cytokine response to blunt injury,
remained in metabolic acidosis longer than nornil Batients, are more prone to post-
resuscitation multiple organ failure (MOF), and @éawcreased post-injury morbidity

(Ciesla et al., 2006; Winfield, Delano, Lottenbezgal., 2010; Winfield, Delano, Dixon,
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et al., 2010; Nelson et al., 2012; Winfield et 2012). An Australian population-based
prospective cohort study indicated that obesipadly associated with 50%-60% greater
risk of pertussis notification (Liu et al., 2012nother epidemiologic study found that
overweight and obese pregnant women have a gmesitef developing complications
pre and postpartum, versus their normal weight tsparts. Neonates of women with
BMI > 25 kg/nf have a higher chance of developing complicatioh<3j&any &
Hammad, 2010). While this study does not provectiicausative relationship between
obesity and adverse maternal and perinatal riskegs add to the existing evidence
suggesting a possible link.

Considering its impact and the overwhelming epidérgic data suggesting a
correlation between obesity and various diseasgsd@ctions, the question becomes,

why are overweight and obese individuals more vialple?

Events that turn on Diet Induced Obesity.

Food as a hormone

To begin addressing this dilemma we need to censié adipose tissue. Every
human being walking the earth has adipose tissaeever, not every human possessing
adipose cells becomes overweight or develops gbasd its deleterious effects. Dr.
Francis Collins, Director of the National Institatef Health (NIH) and former Director
of the National Human Genome Research InstituteGRH succinctly stated: “Genetics

loads the gun and environment pulls the triggerésent scientific consensus points to
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two common pathways leading to obesity, most likegre is a third pathway which is
the combination of the two. First do we become eli®sinheriting genes resulting in
anomalies in the metabolic machinery that leach&rgetic imbalance and the storage of
overabundance of consumed calories. Second is paprbet, leading to the changes in
the underlying cellular machinery a key factor besity development. This second
pathway is aptly named Diet Induced Obesity (Di3)jt turns on the obesity switch
epigenetically and is presently under increasedtisgs for it is an easily modifiable risk
factor across multiple demographics. This viewuigported by the growing body of
evidence suggesting that food acts as a hormon&éah@lVAT is the biggest endocrine
organ in the human body. Although food isn’t proeldien the body, but is rather
externally sourced, its components are carriedutjinout the body by blood and act as
signaling molecules analogously to the endogenqusigtuced hormones (Hirai et al.,
2010; Ryan & Seeley, 2013). In broad terms, hormoniuence target tissues by acting
on cell-surface receptors, activating cellular eaes that alter activity of the intracellular
pathways or via nuclear receptors that control dearescription.

An example of such interaction comes from omedait$ acids (n-3 PUFA),
found in fish, certain vegetables, nuts and grdspsdemiological studies have long
touted cardioprotective properties of omega-3 fattigls, but simple biochemistry cannot
explain why n-3 PUFA should lead to benefits coredap other fatty acids. Omega-3s
are known to increase arrhythmic thresholds, deereéod pressure, improve arterial
and endothelial function, reduce platelet aggregafiavorably affect autonomic tone

and reduce inflammation (Kromhout et al., 2011).chm its many targets, omega-3 fatty
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acids could down-regulate the activity of nuclemotdér (NF)-I8, which is a key player in
the inflammatory response and is partially resgaesh the pathogenesis of
cardiovascular disease (CVD). NB-is sequestered in the cytoplasm bound to the
protein inhibitor-8 (I-kB). In response to inflammatory stimuli (cytokines,
lipopolysaccharide (LPS), viruses) -ks phosphorylated and is released, thereby freeing
NF-kB, which in turn translocates into the nucleushie ucleus nuclear factoffk
modulates expression of genes responsible fonftammatory signaling pathways
(upregulation of Interleukin (IL){3, IL-2, IL-6, IL-12, tumor necrosis factor alphalNTF-

a), GM-CSF (Granulocyte-macrophage colony-stimutatector), MCP-1 (monocyte
chemoattractant protein 1), MIR:{Macrophage Inflammatory Proteins 1 alpha), INOS
(inducible nitrix oxide synthase), COX-2 (Cyclooxywse 2), PLA2 (Phospholipase A2),
ICAM-1 (Intercellular Adhesion Molecule 1), VCAM-+Vascular cell adhesion protein
1), etc.) (Adkins & Kelley, 2010; “Gilmore, Thomés.d.). Boston University Biology
Department. "NF-kB Target Genes"). Omega-3 fattgsamhibit phosphorylation of
inhibitor-kp (I-kp), thereby halting release and translocation ofNRekp and its ability

to induce transcription of proinflammatory fact¢Zfiao et al., 2004). Another recent
study using n-3 PUFA, is emphasizing Th17 cells lnti7A connection to DIO
inflammation. Monk et al. hypothesized that n-3 RALJ®ould decrease the expression of
inflammatory genes and lower the number of cirentpinflammatory immune cells in

the concurrent obesity and colitis model (Monklgt2012). The decrease in
inflammatory markers was noted in many inflammawytpkines (MCP-1,

IFNy(Interferon gamma), IL-6, IL17F and IL-21), but rramportantly, his group saw a
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considerable decline in mMRNA (Messenger RNA) exqasof the Th17 cell master
transcription factor (ROf) and key inflammatory factors (IL-6, IL-17A, IL-E7 IL-21,
IL-23 and IFN) (Monk et al., 2012). These results expand ouetstdnding of the ways
food derived molecules suppress Th1/Th17 cellspgoohflammatory adipose tissue
macrophages (ATMs), via reconfiguring the inflamamgtgene expression.

Peroxisome proliferator-activated receptors (PRARch includes multiple
isoforms ¢, y , 6), are a group of ligand-regulated nuclear receptuat form
heterodimers, along with retinoid X receptor (RX&)d bind to the promoter region of
the target genes involved in lipid metabolism arfthmmation. Activation of PPA&R
and PPAR has the ability to inhibit NF{kactivation, leading to decreased expression of
the proinflammatory factors ILAL IL-6 and TNFe (Evans et al., 2004; Touyz &
Schiffrin, 2006; Alvarez-Guardia et al., 2011). FRAupregulate [ko which binds to
NF-kB, and prevents binding to the genes’ promoter reQiinther et al., 2005).
Eicosapentaenoic acid (EPA) and docosahexaena(dA), both omega-3 fatty acids,
are known to be PPA®RS agonists. Results of a recent computational stumlynolecular
dynamics simulation, confirmed very high affinitynding of DHA to PPARs and RXR,
elucidating DHAs mechanisms of action (Gani & Sy#@08). There are other food
borne compounds that perform similar functions.ofpound found in tomatoes,
lycopene being another example of food turned anbh@rmone. A study found it to be an
agonist of PPAR and as has been discussed earlier, it also ishi#itk3 and its

inflammatory consequences (Palozza et al., 2011).
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Other fatty acids act directly on endogenous homsoFor example, once
activated, ghrelin, a stomach derived hormone ggmes appetite, food intake and weight
by binding to its receptor, growth hormone secretpg receptor (GHSR). However, in
order to be activated, a fatty acid side chain s¢ede attached to ghrelin and various
side chains direct different outcomes (Al Massadilg 2011).

Another example of food acting as a hormone byleging endogenous activity
of the gut microbiome and inducing signaling cassad food derived non-digestible
oligosaccharides (NDOs). Various types of NDOs radityioccur in milk, honey, fruits
and vegetables such as onion, asparagus, artictlokery, leek, garlic, yacon, salsify,
sugar beet, banana, tomato, soybean as well asgrge, barley and wheat (Rivero et
al., 2001; Mussatto & Mancilha, 2007). Of interissthe fact that many NDOs are found
in the human breast milk, which for millennia whs bnly nutritional source for
newborn’s postnatal development (Rijnierse et28l11; Marcobal & Sonnenburg, 2012).
Commensalistic gut bacteria metabolize and feri&Ds into short-chain fatty acids
(SCFA), mainly propionate, butyrate, acetate arddtate. In adults these SCFAs bind to
and activate cell-surface receptors, free fatty aeceptor 2, 3 are expressed on
enteroendocrine L cells that produce the incretimmone glucagon-like peptide-1 (GLP-
1) (Ryan & Seeley, 2013).

Not to be overlooked, the currently ubiquitousbocdrydrate-rich foods and
sucrose loaded drinks are capable of creating mdwal response as well. These
nutrients potentiate a robust insulin release aredal a prolonged period of time produce

hyperinsulinemia which upregulates expression efliffogenic transcription factor
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SREBP-1c (sterol regulatory element binding pretehand its target enzymes.
Furthermore, the abundant glucose provides subdtyatle novo lipogenesis and as
such, the excessive calories contain all of thessary components to get stored as
triacylglycerol.

These studies suggest direct mechanisms wherebyderived molecules, are not
simply processed to generate energy, but alsmachormonal capacity to control the

expression of pro and anti-inflammatory factord tegulate physiological activity.

Fat asan Endocrine Organ

It turns out that food is not the only culpritthre etiology of DIO puzzle — white
adipose tissue itself is part of the problem. Qlierlast decade researchers have
uncovered numerous molecular factors through wadipose tissues exerts systemic
impact on energy homeostasis and projects signifighysiologic influence on health
and disease states. The long-standing belieflilea¢nergy storage is adipocytes’ main
function has fallen by the wayside as scientisteldocumented a plethora of WAT's
paracrine and endocrine secretions, recognizingisiies as the largest endocrine organ.

Not that long ago, in 1953, Gordon Kennedy proddbkat the regulation of food
intake and energy homeostasis is under influencerailating factors, exerting central
negative feedback control (Kennedy, 1953). Supioorthis theory came in 1972, when
studies of genetically obese and diabetic miceinoeftl the presence of such molecular
factors (Johnson & Hirsch, 1972). In the 1980sasdeers showed that adipose tissue

secretes multiple factors affecting control oveergly homeostasis, and whose
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production is affected by metabolic dysregulatibhese signaling molecules remained
elusive until 1994, when Zhang et al. was ablestuence the obese gene and its protein
product, leptin ( Zhang et al., 1994). Through 1880s researchers confirmed the
validity of Kennedy’s original hypothesis, alongtivay solidifying general acceptance
of the adipose tissue as an endocrine organ, bbyifgiag additional secretory factors,
termed adipokines. By 2004 scientific communityogaazed over 75 distinct adipokines
secreted by the adipocytes and as technology addahts number grew (Trayhurn &
Wood, 2004). Researchers have also discoveredisasref inflammatory cytokines
from the non-adipose cells in the adipose tisswestromal vascular fraction (SVF).
These include preadipocytes, endothelial cellspblasts, mast cells, eosinophils, B
cells, T cells and mature macrophages, among otBee though many endocrine
factors are not produced directly by the adipogystimated 14 — 19% of adipose
tissues’ cytokines originate in the SVF, as thgpression and secretion is enriched by
the paracrine signaling initiated by the adipossues itself (Peinado et al., 2012). In a
positive feedback loop, SVF's paracrine sigrnhEmselvegxert control over the
secretion of adipocyte-derived adipokines (Peirgtdal., 2012). Of the vascular
fraction’s leukocytes, macrophages are the mostddmit cells, ranging from 10% in
lean AT to almost 50% in obese AT (Weisberg et241Q3).

In line with the complexity of these interactiodDlaldakov and his colleagues,
coined a new term to describe this intertwined ephe- neuroadipology, tying together
multiple sub-disciplines such as neuroendocrinologyroimmunology,

neurogastroenterology with neurobiology (Chalda&bal., 2010). One of the reasons
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investigators have been kept at bay is the complexithe necessary analysis and the
difficulty in pinpointing with any certainty the igins of specific molecules (Pardo et al.,
2012). One of the earlier gene-expression profifiuglies found that 40% of genes
expressed in the adipose tissue were novel (Okaatatb, 2006). A more current paper,
profiled proteins released by the primary humampeadcite, counted 347 distinct proteins,
44 of which are novel adipokines (Lehr et al., 2012 the same paper scientists note
that up to this point researchers have uncovered 0 different, mostly distinct,
secretory components potentially released by tiy@oad tissues (Lehr et al., 2012). This
number is bound to grow as new and novel methodseafsuring are invented, along
with improvements in the analysis and the equipmsensitivities.

The factors discovered through adipoproteomicyamafall into many categories,
cytokines, chemokines, growth factors, enzymeg, flaéty acids, steroid hormones,
prostaglandins, endocannabinoids, extracellularirptoteins, lipid droplet-associated
proteins and anti-inflammatory lipid mediators sastresolvins, protectins, lipoxins and
neuroprotectin D (Chaldakov et al., 2010). Muchhef latest research has concentrated
on a few key adipose tissue derived proteins irapid in obesity and chronic low-grade
inflammation that leads to a variety of diseaseestaParticular attention has been paid to
adiponectin, leptin, resistin, visfatin, interlenlg (IL-6), interleukin 10 (IL-10),
monocyte chemoattractant protein 1 (MCP-1) and tumecrosis factor alpha (TNd)
(Halberg et al., 2008; Harwood Jr., 2012). Thegaaing and mediator molecules
establish an auto-paracrine communication crogsbl@tween adipose tissues and the

other organs and tissues, such as liver, skeletatles, central nervous system,
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cardiovascular system and the pancreas. The atisisbidirectional, as organ systems
themselves release factors and cytokines that eggyocentric influence. Certain
cardiokines and myokines, from the heart and frioenskeletal muscles, respectively,
have been shown to interact with the adipose tigsalf (Rosen & Spiegelman, 2006;
Romacho et al., 2014). While these mechanismstafrabhave not been clearly
elucidated, there is a growing stream of evidenggparting the existence of these
connections (Ouchi et al., 2011).

It is interesting to note that evenuteroduring fetal development the nascent
adipose tissue exerts endocrine control over theldpment of many organ systems. A
number of expressed factors have been noted 1o aotendocrine manner, factors such
as IL-1, -1A, -1B, -4, -5, -6, -8, -12, -15, IGKhsulin-like growth factor 1), -Il, leptin,
IGFBP-1 (Insulin-like growth factor-binding protel), -2, -3, -4, -5, APO-E
(Apolipoprotein E), APO-Al, APO-A2, APO-R1, TGB-letadipsin, BDNF (Brain-
derived neurotrophic factor) , TN&-adiponectin, ANG-2 (Angiopoietin-2), PAI-1
(Plasminogen activator inhibitor-1) (Hausman et2006). During the postnatal and
neonatal development, the list of secreted adipskexpands further (Hausman et al.,
2006; Poulos, Hausman, & Hausman, 2010)

During obesity, paralleling adipose tissue expamsihe secreted amounts of the

above mentioned factors swell, simultaneously clmantheir profile.

Lean Versus Obese Adipose Tissue.
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Another twist in the saga of food exerting hormdike effects leading to
inflammation is the changeover in the expressetbfadased on the internal
disturbances of the adipose tissue. Current consdahat adipose tissue can and does act
in an endocrine capacity raises the question ofittterlying mechanisms. What prompts
the production and secretion of factors that |lesithé state of inflammation? To address
it, first we must look at the changes occurring@ inealthy adipose tissue once the long

term energy balance becomes positive.

ATMs, M1 vs. M2 profile

In 2003, two seminal works published findings tblagsity induces macrophage
infiltration in adipose tissues of mice, as welhasnans (Weisberg et al., 2003; Xu et al.,
2003). These studies shed light on the role of o@ge-induced inflammation
component of diet induced obesity. Amongst the monetypes of macrophages, two
subsets of the adipose tissue macrophages argdbli@ wield the most influence. In the
obese AT, M1, also known as the classically aatidais the predominant phenotype, but
in the lean adipose tissues, M2 or alternativetiwated macrophages, is the principal
phenotype (Lumeng et al., 2008). As will be dethilethe next paragraph, the principal
differentiators between the two are the gene espagatterns, with M1 expressing
proinflammatory factors, while M2 produces highdbsvof anti-inflammatory secretions.

Currently, there is considerable evidence indngathat both subtypes of ATMs
exist synchronously, in the lean as well as indbese AT, but in immensely different

guantities (Lumeng et al., 2007; Prieur et al.,2)J0Lean AT contains about 10%
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resident macrophages in anti-inflammatory, M2 pa&ion (Osborn & Olefsky, 2012).
During obesity macrophage number increases siginifig, up to as much as 50-60% of
adipose tissue stromal fraction, with over 90%hefse ATMs becoming
proinflammatory, M1 polarization (Osborn & Olefsk012; Sorisky et al., 2013). Unlike
M1 ATMs, large number of which is recruited intoesie AT, M2 ATMs are evenly
distributed in adipose tissue under both obesenanebbese conditions (Lumeng et al.,
2008). And as the expansion takes place, the irdfuM1 polarized cells grows
exponentially causing the inversion of M2/M1 rasbijfting the non-inflammatory

milieu maintained by M2 macrophages toward theipflemmatory state (Lumeng et al.,
2008; Prieur et al., 2011).

The M2 type macrophages exert anti-inflammatofgaté and have been shown
to be responsible for the tissue repair, remodedimdj angiogenesis, increased insulin
sensitivity, upregulation and expression of IL-IlG1 receptor antagonist and arginase-
1. The M2 ATMs have also been found to secretechatamines to induce
thermogenesis in brown adipose tissue and lipolgsighite adipose tissue (Nguyen et
al., 2011). To protect from metabolic deterioratthuring lipolysis, ATMs temper
extracellular increase in free fatty acids, therpttecting the primary function of the
adipose tissues (Kosteli et al., 2010). As an degaitbecomes increasingly obese there is
a shift to a more proinflammatory polarization,ragovith considerable inflow of M1
macrophages into AT. M1 ATMs secrete TMFED11c, CCR2 (C-C chemokine
receptor type 2), IL-6 and WNT5a (wingless-type MWiihtegration site family,

member 5A), produce inducible nitrix oxide synth@BEDS) and reactive oxygen species
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(ROS), cause insulin resistance and are genehallyght to be responsible for inducing a
number of inflammatory pathways leading to a stétehronic low-grade inflammation
(Gordon, 2007; Galic et al., 2010; Ouchi et al12QJohnson et al., 2012; Cao, 2014).
Despite their apparent importance in regulating@sk tissue inflammatory
responses, the crucial mechanism responsible ficceng from M2 to M1 polarization
remains poorly understood. In 2007 Saltiel et at.fprth a model describing the
polarization switch from M2 to M1 phenotype as Aarnsforms from lean to obese.
Examining lean/obese mice, his team hypothesizddiamne able to prove through flow
cytometry and gene expression analysis, that pesttnergy balance leads to AT growth
and under these conditions there is increased ptioduof monocyte chemoattractants,
followed by recruitment of inflammatory type CCR2onocytes to AT, where they
differentiate into M1 polarized ATMs (Lumeng et,&007). Almost 90% of M1 ATMs
in the obese AT, originate from these recruited ooytes and are not converted from the
resident M2 populatiom situ, as others have hypothesized ( Lumeng et al.,; 208ur

et al., 2011).
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Hyperplasia

As the positive energy balance becomes chrorgccaltories are converted and
stored in the adipocytes, which from a metabolittage point is the most favorable,
harking back to the ‘thrifty genotype’ theory (Ne£962). Adipose tissue is able to grow
via two mechanisms: hyperplasia - increase in timbrer of adipose cells, and
hypertrophy - growth of the existing adipose c#llsize. Hyperplasia or recruitment and
differentiation of new fat cells, is less commorauntults and usually stops during puberty
(Drolet et al., 2007; Spalding et al., 2008; Virtu&/idal-Puig, 2008; Gustafson et al.,
2009). Evidence suggests that both lean and olusesa tissue is in a constant state of
remodeling, where old and sick adipocytes die, evhdipose progenitor cells
differentiate to take their place (Spalding et2008). While at its core this is the
physiologic hyperplasia, the process does not asa¢he total number of adipocytes and
as such does not increase adipose tissue’s toidbuffering and storing capacity. The
limited number of studies concerned with hyperglasither have not looked at or have
not been able to determine whether the new adipeagdame from the already committed,
or preprogrammed progenitor cells, or whether @reya newly differentiated adipose
tissue derived stem cells. It has been a consittechiallenge to pinpoint precisely the
origins of preadipocytes as well, and while manlebve that preadipocytes originate
from the stromal vascular fraction (SVF) of adiptissue, there are some who think that
they originate from the circulating bone marrowgenitor cells (Majka et al., 2011).

When hyperplasia does occur, it leads to a stavevk as “healthy obese” or
“obese but metabolically normal (OMN)” (Stefan kf 2008; Unger & Scherer, 2010;
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Samocha-Bonet et al., 2012). Depending on the ngnyublished articles, obesity in
adults ranges from 6% to 40%. Despite their inadd&M| or high percent body fat,
they seem to have a better long term prognosisyisilga30% to 50% lower risk for
mortality and morbidity, then their “typically” olse counterparts (Stefan et al., 2008;
Ortega et al., 2013). There is however a compe#lingy that disputes these findings,
stating that once fitness is accounted for as &ocmaler, any type of obesity has an
increased risk for all-cause mortality (Kuk & Arde2009). The underlying assertion for
the OMN subjects is that hyperplasia does nottahe proinflammatory polarization of
the ATMs and adipocytokines. Additional researcreguired as most studies
concentrate on subjects with pronounced diseass tkiere is sparse evidence
concerning hyperplasia in healthy adults who athéprocess of gaining weight, or in
the OMN population.

One more thought-provoking point requires consitien when discussing
hyperplasia studies in an animal model, where ttogte of many researchers are
concentrated. Since hyperplasia takes place igdbeg, it is of great importance to
consider the age of the animals. Trying to decipheitransition timing in the animal
model from the “child” and the “teenage” stage® iatiulthood can be very challenging

and skew the results, as one study has hinteditstindings (Jo et al., 2009).

Hypertrophy

Hypertrophy, or increasing size of the adiposésced a more prototypical type of

obesity (Kai Sun, Kusminski, & Scherer, 2011). Toacept of limited expandability of
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subcutaneous adipose tissue (SAT), the main fteedeaids (FFA) storage compartment
in a healthy organism, supports the theory of Igimtage overflow (Virtue & Vidal-

Puig, 2008; Tsatsoulis et al., 2013). When sub@&gdas fat storage depots exhaust their
capacity to store lipids and are unable to expantthér, the incoming triglycerides are
diverted into ectopic depositions in non-adiposgaas, such as liver, heart, muscles and
pancreas, collectively termed visceral adiposelidig¥AT), or ectopic fat (EF) (Virtue &
Vidal-Puig, 2008). Visceral fat surrounds the inoggans in the abdominal cavity, but
more poignantly it accumulates inside these orgdtesing their metabolic processing.
This certainly agrees with the accumulating evidetmncerning body fat distribution

and its influence on disease and inflammation, WWT being more important than

SAT, in the etiology of metabolic syndrome, as veallother diseases like T2D, CVD and
various cancers (Unger & Scherer, 2010; Sacks &,2411). There is even evidence to
suggest that there are intrinsic cell-autonomotfsréinces between VAT and SAT cells,
possibly accounting for their divergent metabolindtions (Tran et al., 2008). In 1983 a
group of Japanese scientists developed a methnd G3i scans for measuring and
distinguishing fat deposits, and has since followpdvith studies indicating that
accumulation of VAT abets development of metabdisorders (Matsuzawa et al.,
2011). More recently, with the development and adeanent of new radiological
techniques, similar findings have been confirmeatiners (Bentham Science Publisher,
2006; DeFronzo, 2010; Gastaldelli & Basta, 201@&GkS& Fain, 2011; Sironi et al.,
2012; Snel et al., 2012). Many of the same stuskesectopic fat das a predictive marker

of developing cardiovascular disease, insulin taste and Type 2 Diabetes (Preis et al.,
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2010; Tadros et al., 2010; Morelli et al., 2018number of additional studies have
linked increased ectopic fat to an increase imtlediastinal, as well as in the total fat
(Sacks & Fain, 2011; Sironi et al., 2012; Moretlag, 2013).

Of note is a 2013 study, contradicting the gemeeadcepted pathological role of
hypertrophic AT, reporting that in 55 obese pasamdergoing bariatric surgery and
omentectomy, the increase in major omentum wagdatgely to hyperplasia and not
hypertrophy (Arner et al., 2013). The contradictbnglings were based on regression
analysis of cell samples taken from the patientsvahile the study seems to be pertinent,
its limitations are crippling. The small sampleesiinclusion of only nine obese men and
zero lean subject of either sex, raise questiomsital significance of these findings.
More importantly this study failed to examine tie-cycle time frame at which omental
adipose cells were extracted. This key metric wandiicate whether these cells are being
differentiated into mature adipocytes, therefordargoing hyperplasia, to take place of
the necrotic mature adipocytes that have gonetpastphysiologic expansion limit — the
end point of hypertrophic growth. A similar studywaomen undergoing abdominal
hysterectomy came to an inverse conclusion (Dedlat., 2007). Authors looked at
patients’ subcutaneous and omental AT to deternvimether adipocytes expressed
depot-specific transcription factors involved ipiti metabolism. They also considered
gene expression patterns along with computed toapbgrbody fat distribution and
compartment specific adipose cell size. One of tmaiin findings was a bit
counterintuitive. Researchers discovered that Ipjpsia is predominant in the

subcutaneous fat cells (SAT), while hypertrophy wiagble in both compartments,
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omental and subcutaneous (SAT) (Drolet et al., 20015 relevant to mention the
inclusion of obese and lean subjects in this studych might better explain hyperplasia

in SAT.

Adipose Cell Growth

For years some scientists have argued that sirgjaan appropriate amount of
adipose tissue is crucial for optimal health (Weobdl., 2009). In light of this argument,
a proper physiologic response to a chronic cakiendance would be expansion of SAT
that encompasses both, increase in the numbeipd@des as well as a minimal
increase in their size. Conversely, a pathologgpoase leads to hypertrophy, without
any meaningful increase in the total quantity apade cells. Some have suggested that
the breakdown of the expansion process is a seffi@gcles of adipocyte hyperplasia,
followed by hypertrophy and hypoplasia, leadinghi® generabdegradation of adipose
tissue function, exhaustion of adipocyte progemiool, followed by impaired
expandability of SAT (White & Tchoukalova, 2012)usafson et al. has stated that
inappropriate signaling of progenitor cell’'s digatiation pathways leads to hypertrophic
expansion (Gustafson et al., 2013dwever, as long as there is production of new
adipocytes, lipid accumulation is controlled and émergy homeostasis is maintained.
The ability to recruit new adipocytes thereforeeyants build-up of ectopic lipids,
followed by inflammation and a switch to a pro-affimatory milieu. As many studies
have pointed out, expansion of AT during calorigpus is instrumental in preventing

inappropriate adipose cell enlargement (Bluher2@hristine et al., 2009; White &
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Tchoukalova, 2012). Some scientists even suggasathpogenesis conveys organism
wide protection and delays, rather than causesngt®yated by overnutrition (Christine
et al., 2009; Unger & Scherer, 2010).

Understanding adipocyte life cycle becomes param@s the knowledge of this
process offers a glimpse into the events thatit@tAT inflammation. However, studying
adipose cell turnover has been a considerableerig@l While generating new
adipocytes from adult human mesenchymal stem aetispre-adipocytes in vitro is
possible, it was unclear, until very recently,ntiehow this happenad vivo (Cinti et al.,
2005). Using methods adapted to studying AT in atsisuch as incorporation of
labeled nucleotides, is not transferable to hunaaesto its possible toxicity. Performing
multiple time-lapsed biopsies to examine cell geo&tion in humans is unethical and
overly invasive. Looking for molecular markers asated with AT cell division might
give clues of mitotic activity, but cannot provioiormation regarding the fate of scions
of that cell. These issues limit researchers’ ghib study cells that do not proliferate
further or express mitotic markers themselvesef@mple, adipocytes or neurons. In
2004 a novel approach for testimgvivo adipogenesis was developed, via incorporation
of a stable isotope deuterium into adipocyte DNA&gRyribonucleic Acid) (Strawford et
al., 2004). More recently scientists refined tlpp@ach making it more accurate by
purifying the isolated adipocytes from other pot@ntontaminants (White &
Tchoukalova, 2012). Their approach shows resultspamable with the only otham vivo

adipocyte turnover measuring method. Which was ldeeel by Spalding et al. via
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incorporation of atmosphertéC in adipocyte DNA, left over from the 1960s above
ground nuclear bomb tests (Spalding et al., 2008).

As both of these studies agree, in an adult, tisemecontinuous turnover of
adipocytes averaging about 10% per year of thé Adtacell count (Spalding et al., 2008;
Arner et al., 2010; White & Tchoukalova, 2012). $hdue to necrosis and apoptosis, the
number of adipocytes is in a constant state of filuging continuous regeneration of new
adipocytes. Obese individuals turnover larger gtyaof these cells than their lean
counterparts do, with the difference between thegapulation 0f0.5 x 13°cells, with
an estimated half-life of an adipocyte of abouty&ars (Spalding et al., 2008). In
contrast to the bulk of the studies, Spalding edpproached AT changes from a
different angle, he considered changes during #ighw loss stage and not during the
weight gain. His team showed that adipocyte nunsbgghtly controlled and not
influenced by the energy balance. They found gnicant change in the number of
adipocytes two years post bariatric surgery folldwg an extreme caloric restriction
diet, even though BMI and fat cell volume decregSghlding et al., 2008). Of interest
are the findings from other research indicating thdividuals with highly enlarged
adipocytes have a lower cell turnover rate anddbase have fewer available
preadipocytes (Tchoukalova et al., 2007; Arnel.e2810). And yet another study
confirms these assertions, reporting that in opélsdre is a reduction in the number of
adipose progenitor cells (Onate et al., 2012).gotiNely, evidence suggests that
regardless of whether the adipose tissue is expgraticontracting the number of

adipocytes is fairly constant. More importantlyesle findings imply that at any given
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time the quantity of AT cells lingering in the netic or apoptotic state is higher in obese
individuals not only in absolute terms, but alsealative termsdn percentage basis
Simply stated this means that obese have a higiteeptage of adipocytes in the
proinflammatory state. Although scientists recogritzat during obesity hypertrophy
predominates, there is still some debate as toolbeof hyperplasia and a possible
cyclicality of the expanding AT.

As adipocytes grow past their physiologic limitey become dysfunctional and
are tagged for removal from AT, similar to a patogr any other dead cell.
Macrophages are superbly suited for these taskbavelbeen shown to aggregate into
crown-like structures (CLSs) around necrotic adypes (Tchoukalova et al., 2007;
Osborn & Olefsky, 2012). While scientist speculateat adipocyte necrosis drives the
inflammatory response, it turned out to be simpigt association. A couple of recent
studies argue that DIO induced adipocyte necrgsas iintrinsic cellular process, not
triggered by ATM accumulation, which arrived in thnflamed regions prior to any
detectable early stage adipocyte necrosis (Li.e2@lL0; Feng et al., 2011). Both studies
argue that adipocyte necrosis is disassociated inleammation, but it is also possible
that our current detection techniques are not fifcgent sensitivity. Henceforth, the
guestion of whether inflammation triggers necragisecrosis initiates inflammation

remains outstanding (Osborn & Olefsky, 2012)
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Lipotoxicity

A healthy adipose organ can and does buffer digily swings by controlling the
postprandial serum concentration of non-esterif@ty acids (NEFA), the so called
‘fatty acid flux’. Serum FFA and triglyceride lesehre never constant, swinging up and
down throughout the day. Adipose tissue’s abilitetfectively buffer the upswings
protects the lipid-intolerant organs from lipotoxiamage. Studies have shown that in
obese individuals with dysfunctional adipose tissnability to appropriately take up
lipids, leads to lipotoxicity which is an importgoéthogenic driver in etiology of
metabolic syndrome and a switch over to a pro-mftatory adipocytokine profile
(Frayn, 2002; Schaffer, 2003; Unger, 2005; Virtu&iglal-Puig, 2008; Unger & Scherer,
2010; DeFronzo, 2010; Snel et al., 2012; Kusmiesll., 2009; Estadella et al., 2013). It
has also been suggested that hypertrophic expareioces effectiveness of the AT
storage capacity and as a consequence, fatty a@dgdirected into EF storage (Sorisky
et al., 2013)It is important to note that only when SAT’s atyilio store and oxidize
excess fatty acids is impaired and lipids spillranéo EF, does the body succumbs to
deleterious effects of overnutrition. Until sucha@int, expansion of adipose tissue is
considered to be a protective mechanism, helpiagtbanism cope with a positive
energy balance (Kusminski et al., 2009; Unger &e8eh 2010). Some even think that
ectopic fat accumulation can be seen initially @saective mechanism against

lipotoxicity (Morelli et al., 2013).
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Hypoxia

At the cellular level adipose tissue is heterogesewith adipocytes comprising
60% of the total cell content, while the other 43%nade up of multitude of cells
collectively known as SVF (Wood et al., 2009). Aaliptes are able to expand up=20
fold in diameter and several thousandfold in volydernas et al., 2006). Generally,
WAT is considered to be poorly vascularized and02 scientists demonstrated that
without angiogenesis adipose tissues are not aldggand (Rupnick et al., 2002;
Virtanen et al., 2002; Kabon et al., 2004; Fleisahmet al., 2005). Such extreme
volumetric expansion, even when accompanied byogegiesis, creates areas devoid of
blood supply. @diffusion distances have been measured at 10Q:89Gut in some
cases @pressure may be close to zero at just 100 um frencapillaries (Folkman et
al., 2000; Gatenby & Gillies, 2004; Brahimi-HornR8uysseégur, 2007). Thus large
adipocytes, which can grow to be 150-200 um in éi@m(Skurk et al., 2007), exceed
physical limitations of oxygen diffusion creatingwronments conducive to expression
of inflammatory genes and altered adipokine expras&atenby & Gillies, 2004;
Brahimi-Horn & Pouysségur, 2007; Wood et al., 20D@&yhurn, 2013). Researchers
have documented intriguing dichotomies betweenasdiftissues of obese and lean
subject. In lean subjects blood flow to adipossuigsincreases postprandially, but it does
not change in the obese (Karpe et al., 2002; Kabvah, 2004; Goossens et al., 2011). In
obese the adipocyte size is increased in SAT velati VAT, but there is no change in
size in the lean subjects (O’Rourke et al., 20Ah)important marker of tissue oxygen
perfusion is the capillary density and the obes@\aAd SAT had reduced density

38



compared to the lean VAT and SAT. Also, in obesp@se tissue, there is no difference
in density between VAT and SAT, while the lean adiptissue, shows greater capillary
density in VAT than in SAT (Pasarica et al., 2008Rourke et al., 2011; Spencer et al.,
2011). But the lower capillary density in obesepade tissue coincides with larger
vessels, indicating that the body is trying to i, to the undernourished adipocytes
(O’'Rourke et al., 2011; Spencer et al., 2011)

Besides blood flow and capillary density datagegsh shows direct evidence of
hypoxia in the human adipose tissue (Virtanen.ef@D2). In a study of subjects during
surgery, Pgin the upper arm SAT was lower in the obese thahe lean patients
(Kabon et al., 2004). Another study employingelectrode as a sensor, indicated lower
Pa in AT of overweight and obese versus lean pati@Pégsarica et al., 2008). Moreover,
there is an inverse relationship between percedy ket and Pg along with increasing
accumulation of ATMs as the,@evels decline (Pasarica et al., 2008). Thereldstenal
evidence of existence of a direct dose-dependéattaeship between £perfusion and
several adipokines, both, in terms of gene exprasand manufacture of mature proteins
(Wood et al., 2011). Adipocytes appear to be vensiive to the smallest changes in the
oxygen pressure even within the normal physiolognge, constantly titrating their
metabolic function (Trayhurn, 2013). Clinical steslisupport these findings, pointing out
that hypertrophy spawns areas of local hypoxiaaetarliest stages of expansion
(Trayhurn & Wood, 2004; Fujisaka et al., 2013). |Ediively, scientists suggest that
many inflammatory factors are upregulated by hya@td the underlying

interdependency of adipose tissue grtéhsion leads to an increase in ATM
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accumulation, changeover in gene transcriptionresgion of proinflammatory proteins
and recruitment of inflammatory factors.

From published studies it is evident that obespase tissues are infiltrated with
M1 polarity macrophages and as Rausch et al. coafirvia flow cytometry and
immunohistochemistry, hypoxic adipose tissue i®calized with M1 polarity
macrophages (Rausch et al., 2007). It has beeghihdéor some time that hypoxia was
partially responsible for the influx of proinflamboay macrophages, but only recently
scientist illuminated the possible mechanism ingtlitg hypoxia as the inducer of the
changeover to the M1 polarity ATMs, possibly vigeHlo (Hypoxia-inducible factor 1-
alpha) transcription factor (Fujisaka et al., 20B)t Fujisaka et al. observed and
cautioned that while M1 ATMs became considerablyartoypoxic than M2 ATMs, at
least in SAT, hypoxia alone was not a sufficiemtelr of the increased influx of the M1
ATMs (Fujisaka et al., 2013). Influx of ATMs may bhe effect rather than the causation
of inflammation in the hypoxic area, perhaps mabeges arrive to remove dead,
necrotic, apoptotic adipocytes and/or scavengémalready released lipid droplets,
linking hypoxia to the organism’s survival as itugjgles to intercede in hypertrophic
expansion (Cinti et al., 2005; Wood et al., 2009%dke & Yamasaki, 2012). Realization
that there is another, hypoxia-independent pathwaych also facilitates recruitment of
M1 ATMs, presents significant challenges in decipiethe M1 engagement mechanism
(Fujisaka et al., 2013). Indeed, leptin has be@wshto be macrophage chemoattractant,
along with MCP-1 (Curat et al., 2004; Lilja et &Q12). It seems that triggers

responsible for the recruitment of the macrophage®in an enigma.
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Hypoxic changes in AT lead to inflammation throughltiple pathways.
Hypoxia has been shown to inhibit differentiatidnpeeadipocytes into adipocytes,
controlled via the downregulation of the expresbthe nuclear transcription factor
PPARy through hypoxic inducible factor (HIF)-1 (Yun dt,2002; Kim et al., 2005;
Zhou et al., 2005; Lin et al., 2006;Semenza, 2@Hin et al., 2012). HIF is a master
regulator of the cellular response to hypoxia, \uthas evolved over the millennia of
evolution to expeditiously restore oxygen flow. Tdipha subunit of the HIF-1
heterodimer is thought to be the molecularsénsor (Semenza, 1998; Poitz et al., 2014).
It is stabilized by the low oxygen pressure, allogvthe binding of HIF-1 transcription
factor to its domain, inducing transcription of ogeventy genes. These genes are
involved in inflammation, angiogenesis, apoptosatiular stress and glucose metabolism
amongst other processes (Semenza, 2003; Sun20H3). It has also been noted that in
mature adipocytes expression of PRA&diminished as well (Hosogai et al., 2007; EI-
Gilany & Hammad, 2010) Reduction in the expressibRPARy and inability to
differentiate new adipocytes in a hypoxic environineould be an effective mechanism
to control the runaway growth of the adipose tissunel is consistent with the earlier
described theory supporting the concept that tmelau of adipocytes stays nearly
constant in the adulthood (Spalding et al., 2008u¥ & Vidal-Puig, 2008; Gustafson et
al., 2009). NF-R, another pertinent transcription factor is aldected by the low
oxygen tension. NFfkhas been shown to mediate inflammatory signalatgyays
associated with TNk-and HIF-1a, and is thought to be attempting tabimlapoptosis to

allow the cell to survive the perceived intermittBgpoxic stress (Rius et al., 2008;

41



Taylor, 2008). Furthermore, hypoxia induces actorabf NF-K3 inside macrophages
(Rius et al., 2008). Preadipocytes themselves row/ik to secrete multiple inflammatory
adipokines, leptin however, not being one of thkuat,in the hypoxic environment
preadipocytes have been shown to switch on leptdyztion ( Wang et al., 2008).
Quantitatively, produced leptin does not signifitamnaise circulating levels of the
hormone, it does however, play a local paracrifhe mecruiting macrophages along with
other inflammatory factors to the locally hypoxigose tissue.

As previously indicated, a large portion of thegpade tissue is comprised of the
stromal vascular fraction (SVF) and a lowsPas been shown to induce secretion of
crucial cytokines and chemokines from these cEHstors such as IL-6, ILE]1 MIF-1,
TNF-0, CCL-2 (MCP-1), MMP2 (matrix metallopeptidase ElVP9, Angptl4
(Angiopoietin-like 4), PAI-1, leptin, as well as GI'1, PERK (phosphorylation by the
endoplasmic reticulum kinase) and c-JUN transaiptactors flood the area or are
produced in the hypoxic adipose tissues (Wood.e2@09; O’Rourke et al., 2011; Pérez
et al., 2010). M1 macrophages themselves have dlemmn to express proinflammatory
genes, including, Tnf, 116, lI1b and Nos2 (Fujisakal., 2013). Although some of the
infiltrating cytokines and transcription factorgeanti-inflammatory, such as IL-10, NF-
kB, macrophage migration inhibitory factor (MIF), yhare unable to cope and ultimately
loose the battle of the inflamed and expanding@sBgissue. A number of angiogenic
factors are also upregulated during hypoxia, sscMiEBGF (Vascular endothelial growth
factor), leptin and apelin, in a classical respdosthe low oxygen tension, in an attempt

to restore blood flow through capillary network wth (Trayhurn, 2013). But just like
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the anti-inflammatory stimuli, the angiogenic cgsa$ are no match for the expanding

adipose tissue.

Obesity, Inflammation and an Impaired Immunity

Clearly there is merit in the argument that inesrtb survive organisms depend
on two key processes, storing energy and fightifgctions. Ostensibly the molecular
and cellular pathways seem to be unrelated - Aigoeharged with energy stores, while
infections are the domain of the immune systemtsAtore the connections remain
elusive, but the association is likely attributatéhe way AT influences immunologic
functions. In all likelihood, these poorly understioconnections work in concert and as
the research progresses, a new term - immunometahdias been coined to describe
the intersection of two seemingly different distipk of immunology and metabolism
(Mathis & Shoelson, 2011; Schipper et al., 2012).

DIO forces a change in the AT-resident immunesaatilenotype and numbers
(O’'Rourke et al., 2011). Obesity itself providesder signals and bacterial activators
that trigger inflammatory cascades and prompt th&l4oolarization switch, triggering
adipose tissue inflammation. Moreover, there igduction in AT-resident regulatory T
cells and the IL-4 producing eosinophils, whildanfimatory cell such as IFN-y'h1
cells and CD8T cells proliferate and multiply. These changeslleo an archetypal Thl
inflammatory response, but in DIO instance it resirl a long term low-grade

inflammation and insulin resistance. As countlgagdemiologic studies indicate, AT
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inflammation and insulin resistance underlie adgogrtion of comorbidities in the obese
population. As obesity triggers chronic low gradgammation, it alters the overall
immune system homeostasis. Comparing lean and sbegects Nieman et al. noticed
multiple discrepancies in leukocyte numbers, subsents, phagocytic and oxidative
burst activity of monocytes, as well as impaireghphocyte proliferation to polyclonal
stimulation (Nieman et al., 1999). In obese vetkes lean counterparts, circulating
mononuclear cells display a pro-inflammatory pdation (Ghanim et al., 2004). Obesity
has also been implicated in advancing thymic agmdjreducing T-cell variability,
apparently harming immune system’s surveillancabdies (Yang et al., 2009).
Impaired immune cell activation is a common mark gbe 2 diabetes, a prevailing
complication following onset of obesity (GeerlinggdHoepelman, 1999). Farooqi and his
colleagues have noted, that individuals with genetutations that impede bodies leptin
synthesizing abilities, become morbidly obese aiedgnt weakened immune defenses
(Farooqi et al., 2002). These are but a few exasnpi¢he far reaching consequences of
obesity. The mechanisms responsible for the altenetune state are multifactorial, but
the key to understanding inflammation-disease isnk understanding how the energy

rich environment of DIO impacts immune cell functio

I nnate |mmunity

Innate immunity is a set of predetermined humaral cellular factors that have
developed to sense physiologic abnormalities, éniggsponses and bring the whole

system back into equilibrium. Interestingly the ionme responses are triggered not only
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by the exogenous, but endogenous stimuli as wattdes, viruses and bacteria are the
typical stressors of the immune system, warrardingther acute inflammatory response.
But beyond the initial reaction, innate immune sysis tasked with resolving
inflammation, repairing damaged tissues and aatigatdaptive immune system to
prepare memory for future confrontations. The diffiy in teasing out individual
relationships to attribute causation of varioupogses lies in their overlapping nature.
For example, post workout repair of damaged sketetscles is intimately linked to
circulating monocytes that induce myogenesis (Atratlal., 2007). Monocytes patrol
blood vessels and rapidly magnify the inflammat@sponse in case of damage or
infection, followed by induction of an innate imnauresponse (Auffray et al., 2007).
Another example of such duality is liver X recept@cXRs), that control inflammation
as well as lipid metabolism (Hong et al., 2011)isTdontrol mechanism might be related
to the high energy demands of the immune cellsendginerating reactive oxygen
species, executing phagocytosis, directing celratign and producing inflammatory
cytokines. Interestingly, certain hormones thatdygregulated in DIO impair leukocyte
function and leptin receptor (Mancuso et al., 2@dymgartl et al., 2006). The list of
such examples is extensive, but | will focus oeetfbrs of innate immunity in the context
of DIO.

For many years scientists have known that DIOasked by a state of chronic
low-grade inflammation (Yudkin et al., 1999; Festal., 2001; Bullo et al., 2003;
Engstrom et al., 2003; Yudkin, 2003; Fenton et20Q9; Symonds et al., 2009; Maury

&Brichard, 2010; Esser et al., 2014). Intrinsidamimation is a normal physiologic

45



response to tissue expansion (Kosteli et al., 204y that might be becomes clearer
upon examination of the immune cells that are called with adipocytes within the AT,
and are either summoned or secreted by the AT.bAndance of evidence points to a
considerable number of key metabolic regulatorsdtsn play crucial roles in
modulating inflammation (Lumeng, 2013). Moreovetipacytes express receptors for
microbial ligands, factors released upon tissueatganinflammatory factors and the so-
called danger signals (Schéffler & Schélmerich,@01n obesity numerous molecular
sensors are primed to react to exogenous factbeselinflammatory pathways are
established to guard against infections and arédlkbone of the innate immunity’'s
ability to sense these dangers. Unique chemiaattstres present in bacterial complexes
(e.g. peptidoglycan, LPS, endotoxins), collectivelymed pathogen-associated molecular
patterns (PAMPSs), also include peptides, proteiadhohydrates, lipoproteins and
nucleic acid species (e.g. CpG-DNA, dsRNA) (Zhanlyl&8sser, 2008; Kumar et al.,
2011). These PAMPs are identified by a set of malama@attern recognizing receptors
(PRRs) that are triggered during the inflammateagponse to DIO. PRRs are typically
grouped into receptor classes: Toll-like recep(dtRs), Nod-like receptors (NLRS), C-
type lectin receptors (CLRs), and Rig-1-like recept{RLRS). Evidence suggests that

TLRs, NLRs, and CLRs partake in DIO inflammation.

Receptors

Free fatty acids have the ability to activate m&hiRs, which in turn activate

NF-kB and production of ceramide along with its antianimatory effects (Holland et
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al., 2011). TLR4 plays a large role in sepsis aaslthe ability to activate virtually every
type of leukocyte. Experimental evidence suggdsts TLR4s are linked to obesity via
increase in circulating LPS. The source of thes® l9Rgut microbiota, which responds
quickly to dietary inputs and shortly after a highmeal are capable of releasing enough
LPSs to activate monocytes and endothelial cellsn@d et al., 2010; Rabot et al., 2010;
Tilg & Kaser, 2011). Studies of obese mice showoatmally high levels of LPS
translocating from the gut, resulting in increasgdulating levels of LPS (Cani et al.,
2007). Additional studies have pointed out that #L&Rockout mice are virtually
immune to insulin resistance during a high fat {@dvis et al., 2008). TLR4 expressed
on adipocytes and hepatocytes are capable of mogifysulin sensitivity via MyD88
(myeloid differentiation primary response gene)eategent pathway, while TLR4 on
skeletal muscle fibers can regulate substratezatibn (Davis et al., 2009; Raetzsch et
al., 2009; Frisard et al., 2010). A study of oblesmans indicated that levels of LPS
correlate with AT inflammation and insulin resistar(Saberi et al., 2009).

TLR2s are also capable of sensing dietary fatitysaand are activated by
saturated, but not polyunsaturated fatty acids @tesd., 2004). Studies dealing with a
loss of TLR2 function in murine models of obes#kipw protection from DIO-activated
insulin resistance (Ehses et al., 2010; Himes &t§n2i010; Davis et al., 2011).
Additional benefits of a TLR2 knockout model isectease in ATM accumulation and a
decrease in pro-inflammatory cytokine productiothw adipose tissue ( Lumeng, 2013).

Besides reconnaissance of extracellular threate tis constant surveillance of

the cytoplasm for danger signals, this job falldltml-like receptor’'s (NLR). In
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partnership with other PRRs, NLRs are activatedtdnous pathogens (e.g. Bacterial
toxins, viral RNA, fungal glycoproteins) and othemrmune activators (asbestos,
amyloidp) (Davis et al., 2011)There is evidence to indicate that the NLR funidy
overlaps with obesity and is activated to negayiwefluence insulin resistance (Lumeng,
2013). NLRP3 forms a structure known as an inflagonae and is activated to translate
danger signals into the production of proinflammatytokines (IL-PB, IL-18) via
Caspase-1 (Wen et al., 2012; Lumeng, 2013). Thhar@sm is especially active in
macrophages playing a leading role in gut inflamoma&nd infectious responses (Davis
et al., 2011). Additional research indicates theRR3 might be an activator of Nk
signaling, play an indirect role in leukocyte imflenation and apoptosis, gout, Type2
diabetes and neuroinflammation during Alzheimer&edse (Haneklaus et al., 2013;
Heneka et al., 2013; Lumeng, 2013). In DIO inflarspraes are activated by ceramides,
saturated fatty acids and ROS, thereby adversegdgatng insulin receptor signaling
(Lukens et al., 2011; Wen et al., 2011). Of inteege the NLRP3 knockout mice, as they
have diminished markers of visceral fat activated M'Ms and a surge in anti-
inflammatory M2 ATM gene expression, suggestingamimasomes’ involvement in
ATM regulation (Lumeng, 2013).

Dendritic cells and macrophages are antigen ptiesgecells that express C-type
lectin receptors (CLRs). Together with TLR actieatsignals, CLRs mediate antigen
internalization, processing and surface presemtatiomprove T cells activation. Over a
1000 various CLR extracellular domains, combinetth\ailarge variety of intracellular

signaling domains have been uncovered. This md#itaf combinations of
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intra/extracellular domains result in antigen-ré¢oepinding that drives immune system
activation, while at other times allows inhibitiohinflammatory signals (Lumeng,
2013). Extensive studies have been conducted drRat€med oxidized low-density
lipoprotein receptor 1 (LOX-1 or OLR1) found on etiklial cells, macrophages,
platelets, and smooth muscle cells and which igypaasponsible for endocytosis of
oxidized LDL (Li & Mehta, 2000). LOX-1 is expressabiquitously in adipose tissues
and atherosclerotic lesions where it induces mdage and endothelial cell activation
via NF-i3 and MAP kinase pathways (Li & Mehta, 2000). Eledak OX-1 expression
has been noted in obese rodent models as welladsese humans, leading to extensive
vascular inflammation (Inoue et al., 2005). Highdls of AT LOX-1 parallel BMI and
degree of insulin resistance (Brinkley et al., 2008lly et al., 2008; Rasouli et al., 2009).
LOX-1 acts as a metabolic switch mediating onsetftddmmation in DIO.

Widely expressed TNF-a receptors and Toll-likeepgors (TLRS) by adipocytes,
underscore the bidirectionality of the immunometabaross-talk (Cawthorn & Sethi,
2008). Previously discussed concept of AT lipidleper activates a multitude of ATM
mediated inflammatory cascades via TLRs, ER-stmesdiators and NLRP3
inflammasome-mediated pathways (Erbay et al., 20@8gdanmagsar et al., 2011; Wen
et al., 2012). Lilja et al. noted that inflammatiamd adipogenesis are closely associated
processes, with adipocytes and inflammatory céligisg receptors and secreting pro-
inflammatory factors such as TNF-a, IB;IMCP-1 and TGH (Lilja et al., 2012).
Authors hypothesized and subsequently elucidatedihttammation appears

fundamental to the process of neo-adipogenesishgianacrophage-derived MCP-1
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protein and recruitment of bone-marrow derived progprs along with TNF-a, LCN-2
(Lipocalin-2) and IL-3B (Lilja et al., 2012). Additional evidence indicatihat adipocyte
precursor cells and macrophages share similaritmsc{Cousin et al., 1999; Charriére et
al., 2003). Furthermore, adipokines and cytokireeseted by the ATMs are involved in
the three crucial steps of AT growth and stabilggipogenesis, angiogenesis, and matrix
and scaffold remodeling (Lilja et al., 2012). Prgadytes were also shown to secrete
MCP-1 and MIP-1a, factors known to be released bgrophages (Menghini et al.,

2005).

White Blood Cells

Numerous systemic signals and dynamic cellulanesverive obesogenic
changes. In addition to the above implicated remspt number of innate immune
cellular effectors play an important role in thBammation during obesity. From our
previous discussion it is clear that, macrophagesmaolved in multiple innate immune
system initiations of responses to inflammatiord &s resolution. Robbins et al. showed
that inflammatory monocytes, Ly-8én mice and CD16+ in humans, generate pro-
inflammatory macrophages (Robbins & Swirski, 2010has also been noted that
obesity increases circulating inflammatory monosytemice (Tsou et al., 2007). In
obese human diabetic patients CD16+ monocytesareased, but they decline
coincidentally with surgical weight loss and impeovents in vascular inflammation
(Poitou et al., 2011). These findings promote teoty that bone marrow and splenic

derived monocyte pools are ultimately responsibtdtie circulating inflammatory
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monocytes that drive inflammation during obesithieexact process of the ATMs
changing polarization from the anti-inflammatory M2inflammatory M1 profile
remains unclear, but monocyte recruitment conctamgh inflammatory signaling are
clearly important factors (Weisberg et al., 20063f¢ott et al., 2009).

NK cells are lymphocytes derived from common lymighprogenitor, along with
B and T cells. There is research to suggest thatglhuman obesity AT NK cells are a
considerable source of inflammatory cytokines sagFNy and can proliferate in
omental fat along with obesity (O’Rourke et al.12D

Natural killer T (NKT) cells are a group of T cethat express markers of NK
cells. Interest in NKT cells was piqued becaustneir ability to recognize lipids and
glycolipids presented by CD1d receptor on antigesenting cells, rather than peptide-
MHC (major histocompatibility) complexes. Link toetabolism comes from the fact that
human omental fat contains large numbers of NKIs@bng with CD1d+ cells (Lynch
et al., 2009). Upon activation these NKT cells progl Thl (IFNy), Th2 (IL-4) factors
and decrease in number with DIO (Lumeng, 2013)nBkeugh the exact mechanism in
still unknown, the NKT cells are inhibited in thedr with the progression of DIO (Syn
et al., 2010; Mantell et al., 2011). Ohmura enaled that despite gaining the same
amount of weight, NKT cells deficient mice are maied from insulin resistance with
DIO and exhibit reduction in ATM infiltration (Ohnna et al., 2010).

Recent evidence suggests that inflamed adipaaeetis being invaded not only
by proinflammatory ATMs but also by T cells, neytinds, natural killer cells and

dendritic cells brought about by AT secretion oipatines and chemokines (J. Liu et al.,
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2009; Moro et al., 2010; Nishimura et al., 2009 @ al. has shown that in DIO mice,
AT is not only infiltrated by T cells, but there svalso an increase in the expression of T-
cell chemoattractant RANTES (Wu et al., 2007). Amotrecent study shows that in
mice, AT is exhibiting specific TCR rearrangemeirtslicating that clonal T cell
populations are entering AT (Lumeng et al., 2009)s indicates that antigens in adipose
tissue might be communicating with components efataptive immunity. TCR changes
along with the extensive Type 1 ATM infiltration&ith1 cytokine secretion result in
subsequent insulin resistance in AT and chronic DR@&mmation (Lumeng et al.,

2009) As mentioned previously, the current scientific ®amsus states that Type 1,
proinflammatory ATMs are the driving force behimflammation during DIO. An
intriguing study by Nishimura et al. challengesthssertion. His team looked at the way
T cell populations change with increasing obedityey noted an increase in the ratio of
CDS8" to CD4 T cells in adipose tissue, weeks prior to thedgponset of macrophage
infiltration (Nishimura et al., 2009). Additiona¢search by two different scientific
groups came to the same conclusion, although |Igokimifferent parts of this transition
(Feuerer et al., 2009; Winer et al., 2009). Nishi@nand his colleagues showed that in a
DIO model of obesity, number of CD@&ffector T cells infiltrating epididymal adipose
tissue increased, but the number of Cbdlper and Treg cells declined (Nishimura et
al., 2009). They were also able to show that tlehiriag population of CD8+ T cells
lowered ATM infiltration and AT inflammation, as Was alleviate systemic insulin
resistance (Nishimura et al., 2009).Their resepuaihts to the possibility that CDg

cells and adipocytes cooperate in recruitment o¥i8To the adipose tissue. On the
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whole these data suggests that obesity alters gregpef the adipose tissue T cells prior
to the arrival of the macrophages, but more impigathat CD8 T cells play an
essential role in initiation and propagation of Aleinflammatory processes.

The importance of mast cells in the context ofsilyedoecame evident when Liu
et al. studied mast cell deficient mice. HFD (highdiet) induced obesity curtailed
angiogenesis, but this had no impact on these mast likely due to the mast cell
induced expression of IL-6 and IFNy (Liu et al.020.

Eosinophils in partnership with mast cells readantreases in IgE and control
mechanisms of allergic inflammation. Surprisindigse cells have been found in AT and
are thought to regulate metabolism. Eotaxin, argaesinophil chemoattractants, is
elevated in AT and serum of obese humans and asiisuaggesting an inflammatory
activation of allergic innate immune responses i@ D/asudevan et al., 2006; Lumeng,
2013). Eosinophils which are present in AT declingn DIO and eosinophils deficient
mice exhibit weight gain, as well as dampened ing@lsponse, pointing to their
protective role during the progression of obesityis is thought to work via eosinophils
secretion of IL-4 and IL-13, helping maintain aftatively activated ATM M2
polarization (Wu et al., 2011).

Typical innate immune responses are marked byady eeutrophils infiltration
of inflamed tissues (Mantovani et al., 2011; Schipgt al., 2012). Neutrophils are able to
communicate with multiple components of both inreatd adaptive immunity and are
linked to macrophage immune function (Gordy et2011). There is a link between

neutrophils and obesity, their counts are assatiatth BMI, waist circumference and
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total AT in female teenagers (Kim & Park, 2008)g&dar-Carmon et al. showed that
during a short period of HFD, large numbers of rgphils move into the fat tissues
(Elgazar-Carmon et al., 2008). Elgazar-Carmonetugjgest systemic neutrophils
activation in obesity and short-term infiltratiohAT, at the onset of inflammation

during DIO (Elgazar-Carmon et al., 2008).

Humoral factors

Collaborating with the cellular components of thieate immunity are humoral
factors, a number of which play a large role duinfammation. These include
cytokines and chemokines, including innate inflartonamolecules such as C-reactive
protein (CRP), defensins and complement compongrtitammatory cytokines amplify
immune response and trigger leukocyte activatiomIO most of these cytokines may
emanate from the AT, largely from the stromal véesctraction cells within AT, and are
coupled with the AT growth and expansion. Compleinsgatem is another humoral
component of the immune system, consisting of nuaffigrent proteins that work
together to “assist”, or complement, the antibociyvity. Muscari et al. showed that core
complement components C2, C3 and C4 are elevataoeise subjects, especially in AT
(Muscari et al., 2007). The association is exceytlly strong for serum C3 levels with
measures of insulin resistance, demonstratingnathar link between obesity and
disease (van Greevenbroek et al., 2011). As fadt Bad 995 Muscari et al. showed
association between complement and cardiovascigease (Muscari et al., 1995). Later

on, Bhatia and colleagues, using animal models dstrated that the classical
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complement pathway which is important in atherogenaes tied to protection from
atherosclerotic plague formation (Bhatia et alQ201t has also been known that platelet
activation leads to activation and propagatiorhef¢complement system. Anfossi et al.
has described causes of platelet dysfunction itr&leobesity, leading to increased risks
of major cardiovascular events (Anfossi et al.Q20 Various genome-wide studies
support the role complement system plays in obeSithiadt et al. discovered that C3a
receptor (C3al) regulates visceral fat mass in if8ceadt et al., 2005). Mamane et al.
later showed that during obesity, C3al knockoutnai® protected from insulin
resistance and DIO caused inflammation (Mamané,&2G09). It is thought that C3al
knockout mice are able to suppress ATM infiltratafradipose tissue and show a direct
link between complement and pro-inflammatory ATMs.

Of interest is research that indicates that adifmscare very similar to immune
cells (T cells, macrophages, dendritic cells, etcgeveral features such as phagocytic
properties, complement activation, and productibmftammatory mediators to
pathogen sensing (Dixit, 2008; MacLaren et al.,200da Rasouli & Kern, 2008;

Procaccini et al., 2013)

| nterleukin-17A

Adipose cells and innate immunity are part of &naate network, in which
during DIO, the chronic low-degree inflammatorytsts able to affect acute
inflammation (Galgani & Matarese, 2010). The imatexd culprit of this link is IL-17A,

it is produced in especially high amounts by atédeCD4 and CD8 T cells and has
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been found in eosinophils, neutrophils, and humaadmonocytes (Kolls & Lindén,
2004). It is a well-known inflammatory cytokine alib induce secretion of chemokines,
growth factors (GM-CSF, IL-6), and adhesion molesyl[CAM-1) leading to
accumulation, activation and migration of neutréghnd monocytes to the inflammatory
site (Kolls & Lindén, 2004). IL-17A links adaptiand natural immune responses
allowing T cells to control inflammatory respongeduced by innate immunity (Galgani
& Matarese, 2010). Pini and Fantuzzi et al. shothadlin obese mice, during an induced
peritonitis, a common model of acute inflammatioautrophils produced high amounts
of this cytokine (Pini & Fantuzzi, 2010). They ndtgignificant increase in IL-17A
MRNA expression in AT of obese mice versus theinleontrols. But there was no
increase of IL-17A production in spleen cells oGD4+ T cells in the peritoneal fluid.
Results of their study indicate that in their mouszdel, obesity enhanced production of
IL-17A (Pini & Fantuzzi, 2010). The deeper implicat that requires further exploration
is the possibility that AT induced Th 17-like resge may be able to induce the break of
self-tolerance in some conditions activating autaumity. A link between IL-17A,
NLRP3 inflammasome, development of airway hypetredyg (AHR), a key asthma
feature, and obesity has been established by Kah &t a study of DIO mice scientists
showed development of AHR dependent on IL-17A peediuoy ILC3 lymphoid cells

and NLRP3 inflammasome (Kim et al., 2014). Evesprd during obesity pro-
inflammatory ATMs induced production of ILB.which expanded the number of ILC3
cells. Authors hypothesized that since ILC3 cealéstgpically found in the

bronchoalveolar lavage fluid of people sufferingnfrasthma, DIO-associated asthma is
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advanced by inflammation mediated via NLRP3, ILdil ILC3 cells producing IL-17A

cytokine (Kim et al., 2014).

Hormones

So far emphasis has been on cellular gatewaysyandne system factors that
affect, or are affected by obesity-induced inflartiora Another distinct class of factors
intertwined in this system is hormones, which hiazé an enormous body of research
dedicated to the discussion of their roles in digesiflammation and disease. With
leptin and adiponectin taking central role, thege lhave been mentioned in nearly every
DIO related scientific paper to date. In the contexhis thesis their role in modulation
of inflammation and immune system control will headissed.

Although leptin is produced by many cell typeg(stomach, skeletal muscles,
bone marrow, placenta), it is primarily made bywiete adipose tissue and its levels
directly correlate with body fat mass and adiposyte (Friedman & Halaas, 1998; Cava
& Matarese, 2004). It is often referred to as di&g hormone”, as it controls body mass,
specifically fat stores, and energy expenditurgsr@sing control over hypothalamic
arcuate nucleus, midbrain and brainstem neurongirL&inctions chiefly via a long arc,
not impacting immediate meals, but rather balanthegatio of total food consumed
relative to the amount of expanded energy (Fried&&talaas, 1998). Genetic
abnormalities resulting in impaired leptin or ikxeptor production cause excessive food
intake, weight gain and general obese phenotypad@hal., 1996). Initially these

observations lead to the conclusion that leptirukhabrogate DIO changes as it might
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slow down fat storage. But the leptin paradox, &sown as leptin resistance, has forced
scientists to question its role, as observationaliess have shown that most individuals
with DIO have high levels of circulating leptin.sert218 Fig 2

Adiponectin is mainly produced by mature adiposyteWAT, but is also found
in skeletal muscles, cardiac myocytes and endathegdils. It has two distinct forms that
act in different locals in the body (skeletal mescand liver). Adiponectin is considered
an anti-inflammatory, anti-apoptotic agent with {amegiogenic properties and its levels
inversely correlate with insulin resistance, weigain and visceral obesity (Maeda et al.,
2002; Kusminski & Scherer, 2009; Shetty et al.,20@diponectin’s receptors are
expressed on most human monocytes, a large nurhBetalls and NK cells, but only
on a small percentage of T cells (Pang & Narend2@@8). Even though surface receptor
expression is limited, new research indicatesaldgionectin may be a negative regulator
of T cells (Wilk et al., 2011). Adiponectin predamantly acts to counteract leptin’s
influence and exerts control over the liver, ite@fic target organ (Yamauchi et al.,
2003). In skeletal muscles it stimulates fatty a@didation and glucose uptake. It is also
capable of helping ameliorate insulin resistangegthancing insulin signaling and
increasing glucose uptake in myocytes via inductibexpression of GLUT-4 transporter

(Ceddia et al., 2005).

Hormones as cytokines

Leptin, adiponectin and other adipocytokines mdy dunction as hormones

controlling energy homeostasis and regulating renatocrine functions, but also act as
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cytokines, are capable of modulating immune fumsgiand inflammatory processes
(Procaccini et al., 2012; Procaccini et al., 2018ptin modulates a number of pivotal
pro-inflammatory processes; (i) it stimulates imi@amune responses, prompts the
production of key inflammatory factors (e.g. ILiL;6, IL-12, TNF), (ii) it is able to
activate neutrophils chemotaxis, (iii) it stimusfgroduction of reactive oxygen species
(ROS), and (iv) it promotes activation and phagosi by monocytes/macrophages and
their production of leukotriene4,BLTB,), cyclooxygenase 2 (COX-2) and nitric oxide
(NO) (Carbone et al., 2012). In the innate immuystesn specifically, leptin activates
NK cells, promoting NK-cell cytotoxicity through tation of signal transducer and
activator of transcription 3 (STAT3) and IL-2 (Zhabal., 2003). In comparison,
adiponectin acts mainly as an anti-inflammatorynag8tudies show adiponectin
inhibiting NF-kB activation, leading to anti-inflammatory effects @endothelial cells
(Ouchi et al., 1999). It also inhibits TNF-induceakcular cell adhesion molecule-1
(VCAM-1) expression, endothelial-leukocyte adhesiwolecule-1 (E-selectin), as well
as the expression of intracellular adhesion motedull CAM-1) (Ouchi & Walsh, 2007).
In human monocytes, macrophages and dendritic, dellgluces secretion of anti-
inflammatory cytokines, such as IL-10 and a recepitagonist IL-1RA, and inhibits

production of INF-y (Wolf et al., 2004).

Hormones and Adaptive | mmunity

Both hormones and cytokines partake in the moduladf the adaptive

immunity; leptin however, has more research elumdats effects. In human adaptive
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immunity leptin has been shown to promote proliieraand secretion of IL-2 from
naive T cells (CD45RA. Lord et al. in a study of ob/ob mice, noted tleatin

deficiency is associated with immunosuppressiontayihic atrophy, both actions of the
adaptive immunity (Lord et al., 1998). Leptin atsris as a negative signal in the
regulation of the expansion of the human regulatocglls (Treg), specifically, naturally
occurring Foxp3CD4'CD258"9" cells, which are involved in the prevention of
autoimmune diseases (De Rosa et al., 2007). Isaime study De Rosa and colleagues
noted that human Treg cells produce leptin andesgolarge quantity of leptin receptor.
Procaccini et al. noted that leptin, via activatedmTOR (mechanistic target of
rapamycin), inhibits rapamycin-induced proliferatiof Tregs (De Rosa et al., 2007). It
was further noted by Kim et al. that mTOR kinasgutates varying aspects of helper T
cell differentiation (Kim et al., 2002). Cumulativesearch on the leptin-mTOR axis
suggests that this pathway might control immunéesygolerance via cellular energy
status and metabolic signaling in Treg cells (Cagoet al., 2012). As has been already
mentioned, adiponectin is thought to be a negdtigell and NK cell regulator. In an
additional study by Kim et al. adiponectin was fdua suppress IL-2-enhanced
cytotoxic activity of NK cells (Kim et al., 2006 sang and colleagues showed that
dendritic cells treated by adiponectin had a lopreduction of IL-12p40, a
chemoattractant for macrophages, and a declinipgesgion of CD80, CD86 and
histocompatibility complex class Il (MHCII), all tbe proteins partake in T cell
activation (Cooper & Khader, 2007; Tsang et al1120These data indicate that immune

response is partially mediated by adiponectin’étgtio alter dendritic cell functions.
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Furthermore, adiponectin may exercise some coatr@ Treg cell homeostasis, which
was shown by the same group. During an experiméhtas-cultures of T cells and
adiponectin-treated dendritic cells, a reductios wated in T cells proliferation and IL-2

production, along with an increase in CBH25Foxp3 Treg cells (Tsang et al., 2011).
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CONCLUSION

In the past two decades the scientific communrety grown extensively,
discovering numerous factors and elucidating a alyaf pathophysiological processes.
Hence the terms immunometabolism and metainflanumdtave been coined, but they
are deceptively neat, serving as only shorthanddexscribed to a wide array of cellular
processes. While there are many unresolved questmmecting DIO to inflammation,
immunity and ultimately infections and diseases,libsic road map has been outlined.
Diet induced obesity leads to chronic low-gradéammimation, which in turn impairs
body’'s defenses, rendering the immune system iftaud differentiating between
exogenous and endogenous threats, leaving thekpssed. As the immune system’s
capabilities decline infections have an easier {imeetrating the body and causing harm.
The obese organism becomes its own poisonousr@tead of providing nourishment to
the body, food, exerting hormonal control, actigatdlammatory cascades, and initiates
a positive feedback loop which negatively affebes body and future health (Weisberg et
al., 2003; Curat et al., 2004; Lilja et al., 2012).

Today the scientific community is facing more digss than answers, but within
these mysteries future opportunities to treat aeslgnt obesity-associated morbidities
are apparent. The progress will not be quick arnidimgvitably consume vast sums of
money, as well as time and effort by physiciangrdists, politicians and ordinary

people, who ultimately bear the burden of diseasgnbses and treatment.
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