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2. EnglishAbstract

Introduction : Brown adipose tissue attracted the scientific interest after it was confirmed that
it is present in human adults. Later, another type of bidwenadipocyte was found, called
beige. Research in the field revealed the occurrence of two transdifferenpiatcessesnder
certain stimulationnamed browning and whitening.

Hypothesis: The hypothesis was that whitening process occurs in burned patients following
the browning process. Also, we aimed to investigate how much timdpostthe whitening
process happens.

Methods:For this study, chil dren wsetoffourrQates TBS
were prospectively followed during their hospitalization and 1 year after discharge. Browning
and whitening of SWAT was studied by measuring REE with indirect calorimetry, quantifying
gene expressionf brown markerswith reattime PCRand mitochondrial respiration with
high-resolution respirometry.

Results: In total, 224 children, 115 years old (31% female, 65% male) with severe burns
encompassing 55+17% TBSA were studied. Gene expression after burn showed that CIDEA
PRDM16, TBX1, UCR, UCP2 and UCP4 increased gradually, CITED, FGF21 and UCP3
decreased, and ZIC1 and TMEM26 fluctuated. REE levels increased significantly in the Early
group (245 days post burn) and then almost reached healthy levels 1 year after burn. Leak
respiration (&ate 40) raised to its peak 1 month after burn and then decreased gradually
reaching the same levels as the first week.

Conclusion: Browning caused by adrenergic stress after burn injury is naturally reversible
when the stimulant seize to exist. Understagdhe underlying mechanisms may be useful in
clinical practice, for example in the treatment of obese and burned patients.

Key-words: brown adipose tissue, beige, plasticity, adrenergic, mitochondria



3. Abbreviations

BAT Brown Adipose Tissue

WAT White Adipose Tissue

UCP Uncoupling Potein

BMP Bone MorphogeneticrBtein

SNS Sympathetic Nervous System

FGF Fibroblast Growth Factor

ANP Atrial Natriuretic Reptide

BNP Brain Natriuretic Peptide or-type Natriuretic
Peptide

REE Resting Energ¥xpenditure

TBSA Total Burn Surface Area

PCR Polymerase Chain Reaction

BMI Body Mass Index

Myf5 Myogenic factor 5

PGCla Peroxisomeproliferatoractivated receptor
gamma coactivator-alpha

PTHrP Parathyroid hormone related protein




Introduction
Currently adipocytesare divided intdwo typesaccording to their ability to store energy

or produce heat. On one hand, i@ unilocular white adipocytes which are the fundamental units

of energy storingat tissue in most animalandon the other hahtwo types of thermogenic
adipocytesthe highly specializedlassicalbrownand the beige or brite adipocytd$e latter is

an intermediate type of adipose tissue between the white and the brown adipose tissue, meaning
that it hasa brownlike morpholoy while located into white fat depo{Seale & Lazar, 2009;

Sharp et al., 2012a; Yoneshiro et al., 2013)

Functional and morphologicalcharacteristics of brownadipose tissue
Generally, adipose tissue is consisted by white and brown adipocytes with both of them

being ableto accumulate lipid droplets intracellularly. Theain role of the wellknown white

adipose tissue (WAT) is to store energy mainly as triglycerides and to release fatty acids in the
mainstream during fasting periods, a function which helped humans evgedhs to survive for

longer periods between meals. WAT is the main adipose tissue in the human body and is associated
with the onset of obesityvorphologically, white adipocytesre composed by small number of
mitochondriaa peripherallyjocated nuaus and a larggphericalipid vacuolethat functions as

a storage dropleEach adipocyte&an increase in size amckpand its volume by several times.
Additionally, WAT functions as arendocrineorgan secreting hormones duas leptin and
adiponectinwhile participatesn the regulation of insulin sensitivity.

Brown adipose tissue (BAT) ia specialized fatissuethat usesenergy substrates to
produce heat armplays animportant role in the regulatiasf energy balanc&rown fat pads were
shown to ke highly vascularized and metabolically active, while cause enhancedyener
expenditure upon stimulation. Morphologically, brown adipocytes are characterized by multiple,
small lipid droplets with a nucleus located in the center of the cell and a highenwhb
mitochondria.BAT produces heat through the action of uncoupling pretgidCP-1) which is
densely packedithin the mitochondriaWhen activated, UCP1 uncouples the electron transport
across the inner mitochondrial merane in the respiratory chain from generation of adenosine
triphosphate, to release the stored energy as Asasuch, UCPlwhich is characteristically
abundant in BAT facilitates the conversion of chemical energy, mainly originating from fatty
acids,into thermal energy, producing heat and leading to thermogeBesisn adipocytes are
gathered aspecific homogenouglepots located in the interscapular and perirenal regions of
rodents where they are richly innervated and vasculariBedtness, Vaughan, & Song, 2010)



Brown adipose tissue in adult humans
Studies conducted over the years, supported that BAT may be important for other reasons

except from regulating body temperature during cold exposure, such as affecting body weight,
lipid and glucose metabolism. Most of these studies used rodents togateetitie physiology and
activity of BAT, thus established the presence of BAT and revealed the benefits of activating BAT
to regulate body weight. t was obser vfeadd hani mealasf et &@d i anc
activity of BAT, while surgical removal of BAT in mice causedbody weightincrease and
transgenic miceoverexpressingJCP1 seemed to be protected against obesity. Additionally,
stimulation of beta&drenoreceptor resulted dgevelopmenof brown adipocytesn WAT depots
together withanincreasedn UCPlexpression andeduction ofbody weight.Even though BAT
was known to have all the aforementioned roles, it was still uncertain whether it exists in adult
humans.

Among humans, it was known that onhewborns angoung children have significant
brown fat depots, probably to provide sufficient heat in the cold environment followingviziim
other ways of producing heat, such as skeletal muscle shivering thermogenesis, have not developed
yet Even though children have a highamm nt of acti ve BAT, itsbd v
rapidly after pubertyAdult humans, however, were known to lack brown fat unless specifically
challenged by chronic cold or by situations of excessaoholaminergic concentrations.
(CANNON & Nedergaard, 2004a)he firstcase was observed 1981,whena study conducted
on Finland outdoor workers found that they possess more evident BAT depots surrounding their
neck arteries when compared with indoor workers, suggesting that chronic expose to cold
temperatures can preserBAT. (Huttunen, Hirvonen, & Kinnula, 1981he second case was
supported by studying patients having pheochromocytoma which is a catechedarnatieg
tumor located in the adrenal medullthe occurrence of pheochromocytomaswshown to be
associated with activation of BAT in the 1980s, suggesting that human BAT is capable of
producing heat and probably contribute to weight loss due to thedvgls lof catecholamines.
(Lean, James, Jennings, & Trayhurn, 19B&yeased secretion of catecholags can induce
weight loss by following multiple pathways. However, it hesentlybeen observed that resection
of pheochromocytoma tumor almost eliminated FBEBT uptake from BAT(Kuji, Imabayashi,
Minagawa, Matsuda, & Miyauchi, 200@nother study found a correlation between elevated
plasma levels of metanephrine and BAT activity, a proof of evidence of the role of catecholamines
on stimulation of BAT thermogeesis while an adrenal tumor is present and their negative
association with adiposityQ. Wang et al., 2011)

The following years, in the 1990s, an incidental finding renewedsdientific interest
about BAT. During lhe usual pycedureto detect possible metastasis in cancer patibgts



measuringglucose uptake&vith the FDGPET scansradiologists observed a recurrent pattern of
bilateral symmetrical glucose uptake in neck regions and in the upper chest which, at first, ascribed
to technique malfunction or to muscle activity dueheit symmetriadistribution (Engel et al.,

1996) Also, in 2002, the use of hybrid PET/CT imaging, proposed that the symmetrical FDG
uptake was associated with the adipose tissue and possibfiesidBAT activated duringhe scan

due to increased sympathetic activity induced by cold exposure in the imagind Hamy et al.,

2002)

After several years, new studies highlighted the metabolic significance of BAT in human
physiology and its pential role against obesityNedergaard, Bengtsson, & Cannon, 200i7)
2009, a retrospective analysiskiDG-PET/CT scans performed in 1972 on various patievds
able to identify depots of BAT in éhanterior neck and thoragCypess et al., 2009a) was
calculated that the probability of BAT detection was inversely correlated with age, use-of beta
blocker, outdoor temperature and body mass index in older patienigsitbe also noted that
UCP1 activity was found in 33 biopsies from the same cervical and supraclavicular regions in
which BAT was observed on PET/CThe next step was to examine BAT activity when subjects
were intentionally exposed to cold. Mild expostwecold, meaning a 2 hour exposure to 15°C
while ensuring that colthduced shivering thermogenesis by muscles was not activated, led to
detection of BAT activity using FD@ET/CT in 23out of 24 healthy men. Once again, BAT
activity was inversely correlated with BMI supporting the notion that BAT may be used for the
treatment obbesity (Wouter D. van Marken Lichtenbelt et al., 20D8a&other study observed a
significant difference of BAT activity levels between young and older participants, with the former
having more evident colthduced uptake of FD®ET/CT. (Saito et al., 2009Additionally,
Virtanen et al. showed that cold exposure increased dpld3he FDGPET/CT uptaken the
supraclavicular area of Sehlthy participants(Virtanen et al., 2009a)issue biopsies of areas
having enhanced glucose uptake gathered from three of those participarfitairzthdo have
MRNA for BAT markers, and substantial levels of UC&1d cytochrome (a mitochondrial
marker abundanh BAT).

In order to study the metabolic activity of BAT, blood perfusion was measured using
intravenous injections ofJO]H.O while performing PET/CT emission scan. It was found that
blood perfusion increase was more thaold and glucose uptake was also increased, when cold
stimulated, suggesting that BAT is highly vasculariaed has high oxygen deman{Srava et
al., 2011)Another study showed that cesttivated BAT is characterized ygher oxidative
metabolism(Ouellet et al., 2012 this study radioactive acetate was used, which is distributed
to tissus depending on their blood flow and loss of radioactivity is an indication of active
oxidative metabolism of the tissue. As such, radioactivity was lost in activated BAT while
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remained stable in thermoneutral subjects. Additionally, nonesterified fattyuatake was
increased in activated supraclavicular BAT showing that triglycerides may be used as energy
substrates for BAT thermogenesis.

It was only recently that the presence of significant depots of genuine brown fat in adult
humans was proven basedoupradiological observations of symmetrical [1&Hjuoro-D-2-
deoxyD-glucose (FDG) positron emission tomography (Rgasitive loci in the supraclavicular
and spinal regions. These regions were subsequemiygrmedby biopsy to contain bona fide
UCP-1" adipose tissue consistent with brown {&typess et al., 2009b; Wouter D. van Marken
Lichtenbelt et al., 2009b; Virtanen et al., 2009bh e physi ol ogi c al role o
trunk, the supraclavicular and neck regions, might be to provide warm blood to the brain.

The process leading to the activation of BAT and production of heat is mainly controlled
by thesympathetimervous system, which increases the glucose and fatty acid uptake from BAT
during adrenergic responsdhis thermogenic activity is mediated, in feular, by the

hypothalamus and is regulated by a wide range of transcriptional factors and regulators.

BAT origins
At first, the fact that brown and white adipocytes share common morphological

characteristics and both store triglycerides in intracgllijpid droplets, supported the notion that
they have commorrigin. However, later studies proved that WAT and BAT have different
developmental origin8rown adipocytesan avelop from two different pathways. On one hand,
classic brown adipocytdscated at typical brown fat padevelop from muscle progenitor cells
whichexpress myogenic factors such as mi§f5 acts as regulatory factor playing an important
role in myogenesis and it was thought to be expressed only in precursor celletz# shakcle.
(PRDM16 controls a brown fat/skeletal muscle swit€kpression of myf5 found to be important

in order to distinguish classic BAT from recruitafiieige)BAT, which is negative for the myf5
marker ands also dispersed in WAT depoi&he origns of recruitable BAT will be analyzed later

in the text. The fact that classical brown and beige adipocytes develop from different progenitor
cells suggests that they might respond differently to physiological and environmental signals and

therefore remrsent two separate targets for pharmacological intervention.

Beige adipocytes
For many yearsbeige (brite) adipocytes, were poorly characterizadd simply called

brown adipocytes while having an overlapping but distinct gene expression pattern conitrared
the brown adipocytes. dige adipocytesre scattered intwhite adipose tissuand develop in

11



response to cegin environmental cues, such@wonic cold exposure, a procassuallynamed
Abrowni ngo of wheirtamundandd variessdratically Isetvaea different body
areas, with the highest numbers found in inguinal and retroperitoneal fat, and much lower numbers
located in perigonadal faRecent studiepresented solid proof afie occurrenceof browningin

adult humans, makingeige adipocytean dtractive therapeutic target for obesity and obesity

related diseases, including type 2 diabetes.

Beigeadipocytes seem taavecommon origiis with white adipocytesBeigefat can be
developedthrough either transdifferentiation ofWVAT into BAT-like adipocytesfollowing
appropriatestimulation such as adrenergic stress and high fatalititernatively by development
from early bipotentialadipocyteprogenitorsocated in the perivascular region of WA(Y.-H.

Lee, Petkova, Mottillo, & Granneman, 201&gcordingly, they share some common molecular
and functional characteristiddore specifically, they are reproduciblighly adipogenic and have
similar levels of adipogenesis and expression of markers specific to fat cells, gutpaectin
andPpara. (Wu et al., 2012Accordingly, they seem to have low basal levels of gene expression

for Ucpl, CideaandCox7alin comparison with the levels observed in classical brown fat.

Brown vs. Beige adipose tissue
The similarities and differences between brown and beige adipose cells, as well as their

relative importance in energy homeostasis aretoiatly clarified yet. Both BAT and WAT
express a core program of thermogeand mitochondrial genes, including UQPthus ardruly
thermogenidissues with a large fraction of their respiration being uncoupltien @mparing

pure clonal brown and beige cellsafipears that the classical brown fat cells have a higher basal
UCP-1 expression anthcreaseduncoupled respiration (relative white or beige cells) before
hormonal stimulation. Beige cellsn the other hand, have low basal UCRxpression and
uncoupled respiration, comparable ioown cells. However stimulation wth a b-adrenergic
agonist elevates UGPexpression in beige cells reachirgelssimilar to those dbrown fat cells.

This observatiorsuggestshat beige cells areniquely programmetb be bifunctional, meaning
that are capablef storing energyn the absence of thermogenic stimuli lalgofully capableof
increasingheat production when appropriate signals raaeived(Wu et al., 2012)It must be
noted thaselective loss of classBAT causesompensatorgctivationof beige fat, restoring both
body temperatureand resistance to ditduced obesity, suggesting significaoerlap in
function (Tim J. Schulz et al., 2013&dditionally, regarding their concentration in different
locations in adult humans, it has been found that the ratio of brown:beige fluctuates according to
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the specific depot sampled and increases as one moves deeper within the neck @edersgen
et al., 2013; Lidell et al., 2013; Tim J. Schulz et al., 2013a; Sharp et al., 2012b; Wu et al., 2012)

Browning
The transdifferentiation between white and beige adipocytes was observed decades ago,

when it was found that a subsettodditionally white adipose cells in the parametrial adipose
depots, adopted a browike morphology in mice exposed to cold temperatures, characterized by
small multilocular cells enched with numerous mitochondrids such the aforementioned
processwa nhamed fAbrowningo and char adtobeagevhens t he
specific stimulants occyCohen et al., 2014&1. Harms & Seale, 2013; Shabalina et al., 2013)

The plasticity of adipose tissue has already been observed in animal models. In 1991, brite
adi pocytes wer e characterized as Aconvert.
aforementioned publishedork on mice used cold exposure as asstor for 1 week which resulted
in a significant increase of UCP and lipoprotein lipase mRNA in inguinal adipose tissue samples,
to an extent resembling classical brown adipocytes. The same mice were rewarméd an@8
their inguinal adipose tissue was analyzed in comparison with interscapular brown adipose tissue
and epididymalvhite adipose tissue for another 37 days. During that time, inguinal adipocytes
ceased expressing UCP mRNA; mitochondria of inguinal adipocytes rich in UCP were destroyed
and replaced with common mitochondria; and UCP was undetectable immunohistoclremicall
Adipocytes accumulated lipids, and the tissue morphologically once again resembled white
adipose tissué.oncar, 1991) Later, Rosenwald et al., induced the formation of brite cells by
exposing mice to chronic cold, a process reversed byaek warm adaptation. Although, the
brite adipocytes formed by cold stimulation were not eliminated. Genetic tracing and
trarscriptional characterization of isolated adipocytes demonstrated that they were converted into
cells with the morphology and gene expression pattern of white adipd&assnwald, Perdikari,
Rulicke, & Wolfrum, 2013)

The processes of whitening and browning have been studied in different biohogaelb
to assess the impact of different stimuli on the transdifferentiation between white and beige
adipocytes. However, there is a lack of literature concerning the browning of WAT in humans.
The methodology used to study browning, included histologntahber and size of multilocular
adipocytes), molecular (quantification of UCP1 and other markers), imimstechemical and
metabolic analyses (measurement of energy expenditure). From the human studies, three have
recently discovered the role of WAT bvoing in the development and progression of

hypermetabolism in cancer and burn patiéRttsouris et al., 2015; Petruzzelli et al., 2014a; L.
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Sidossis et al., 2019n the first study, on cachexic cancer patients, Wagner et al. found a
phenotypic switchrbm WAT to BAT. In the second and third studies, Herndon et al. found a
similar phenotypic shift of WAT to a more brovike phenotype in postburn pediatric patiefits.
Sidossis et al., 201F)atsouris et al. confirmed these findings in adult burreptsj as well as
postburn micgPatsouris et al., 20153enerally, these studies pravthe occurrence of WAT
browning in humans independent from the pathological conditions. The next step, was the
determination of the metabolic pathways which regulate whitening and browning, and identify

factors that affect them.

Stimulation of brownindy external factors

Sympathetic Nervous $gm
The Sympathetic Nervous System (SNS), with several hypothalamic and

extrahypothalamic areas plays an important edeintegrator of cold responday regulating
dynamic changes as well as prolonged adaptg@aNNON & Nedergaard, 2004i)uring cold
exposure, norepinepheis released by sympathetic nenasd bind with adrenergic receptors in
BAT leading to the activation cidenylate cyclase to increase intracellular cAMP levels, which
then ativate PKA (cCAMP-dependent protein kinasefhen PKA phosphorylates hormone
sensitive lipaseausinghe hydrolysis of TAG into NEFAs, the main substrate for heat production
in BAT. Long-chainNEFAs increaseJCP1activity which leads to higher levels of uncoupling
mitochondrial oxidabn andamplifiedheatproduction (CANNON & Nedergaard, 2004b)

Due to the effect of sympathetic nervous system on BAT stimulation, drugs that increase
sympathetic nerve activity, such as sibutramine and ephedrine, have been studied to determine
their role on thermogenesis, metabolic rate and weight control. Althgughas found that long
term use of betaddrenergic agonists is dangerous for the cardiovascular system, because they

increase the risk for vascular evefitarsen et al., 2002; Redman et al., 2007)

Cold exposure
As mentioned above, cold exposure causes increase of the thermaxgesiig of BAT,

controlled by the SNSn addition, hese pathwaysanalso robstly stimulate UCP1 expression
through the phosphorylation of key transcriptional actikgtsuch asactivating transcription

factor 2 (ATF2,)PPAROD coact i v)aahdwAMP teSponselementbinding protein
(CREB).Although, t is remarkable thatold exposurean affecbrowningindependently of SNS
signaling. That is possible because white and beige (but not brown) adipocytes can directly sense
temperature change&.proof of this capability is the browning of white fat in mice lackingoall
adrenergic receptors and having diminished thermogenic gene induction in interscapular BAT

after cold exposurédditionally, a large number of circulating hormones seems impé&cated
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with BAT activationduring cold exposureSome of these hormones are triiodothyronine (T3),
hepatic bile acids, FGF21, cardiac hormones (such as ANP, BNP and cardiefrpphahirisin
(produced by skeletal muscle in response to exer@sstrom et al., 2012a; Villarroya &idal-
Puig, 2013)

Exercise
Studies on animal models using exercise protocols with différemiencieshowedthat

exercise is abl® induceWAT browning and inazase energy expenditu(Bostrom et al., 2012b;
Xu et al., 2011'he molecules that are involved iretbrowning process when exercising include
the transcriptional coregulator PGCla which upregulates two novel myokines, mékeorin
(MTRNL) and irisin. Additionally, a major myokine]L-6, has been shown tstimulatethe
development obeige adipocyt® and alsofound to be necessaryor exerciseinduced WAT
browning in micgKnudsen et al., 2014)nterestingly lactate which is mainly produced in
skeletal muscles during exercise dueattaerobic glycolysishas been shown to promdfeAT
browning(Carriere et al., 2014)hebrowning process induced by lacte&enediaéd by a change
in intracellularedox state (NADKo-NAD + ratio) by the monocarboxylatieansporters thatarry
lactate into theells.However the physiologicasignificance of lactateroexerciseanduced WAT

browningneeds to be studiddrther.

Cancer cachexia
The main characteristics of cachexia are sewarghtlossdue to muscle and adipose

atrophy and chronic inflammatianPatients with ancer cachexikhave been found to develop

WAT browning and increased energy expenditimearder to identify the mechanism behind this
observationtwo techniques were usegh IL-6i deficient tumor was implanted mice with cancer
cachexia and pharmacological approaches using an-tt6 monocl onal -ant i |
adrenergic receptor antagonist atiee nonsteroidal antnflammatory drug sulindacAll these
interventiongresulted in lower WAT browning argkverity of cachexiandicating that I1-6 acts

as a major mediator of cachexmauced beigadipocyte developmeliPetruzzelli et al., 2014b)
Additionally, tumorderived parathyroid hormoneelated protein (PTHrRyas found to stimulate

WAT browning and energy expenditure in patients with Lewis lung carcirfimet al., 2014a)
Similarly, reutralization of PTHrP in migéblocks WAT browning and protects mice frame

symptoms of cachexia leading to preservation of adipodanuscle mass
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Stimulationof browningby internal factors

Catecholamines
In burned patients, marked increases of catecholamine levels have been noted even years

after the initial injury.(Kulp, Herndon, Lee, Suman, & Jeschke, 201 sustained increase of
catecholamines in burned patients has recently been shastimtdateWAT browning and the
sequence of events leaditgthe hypermetabolic respondtatsouriset al., 2015; L. Sidossis et

al., 2015)Initially, it was hypothesized that only adrenal glands can produce catecholamines,
however more recerstudies showed that macrogfes can produce catecholamines. tbavas

shown that when activated, polariz€2 macrophages are recruited in subcutaneous WAT and
secrete catecholamines to promote WAT brown{Adpdullahi & Jeschke, 2016The effect of
macrophages on browning was initially found to depend on interleukin4)) @ignaling, as mice
missing IL-4 signaling exhibited impairments in the browning procésbdullahi & Jeschke,
2016)However, resent research showed that palmitate, which is an abundant FFA in the serum of
burn patients, has also the abilityregulate macrophage polarizati¢Gheschke et al., 2015; Xiu,
Catapano, Diao, Stanojcic, & Jeschke, 2015; Xiu, Diao, Qi, Catapano, & Jesohke TBis
chemical communication between macrophages and adipose tissue is intriguing as it may imply a
loop, as WAT browning induces lipolysis and increases FFA blood levels which in turn polarize
macrophages, therefore sustaining WAT browning durihg hypermetabolic response.
(Abdullahi & Jeschke, 2016)

Interleukin6
When it was discovered, interleukin 6 {f) has been characterized mainly by its-pro

i nfl ammatory and i mmunol ogi cal rol es(Scett,r i ng
Elewaut, Mclinnes, Dayer, & Neurath, 20DB)w it is mostly considered as a cytokine which also
has hormondike properties which affect energy and glucose balafdenes et al., 2011;
Rohleder, Aringer, & Boentert, 2012)so, there is an increasing notion that wants6Ito exert

a profound impact on the browning of WAT. For example, an animal study dhibvat mice
missing the L6 gene have impaired WAT browning in response to burn injury. Other research
findings support this observation, as continued activation e Hignaling promotes WAT
browning and increases energy expenditure in cancer ¢Bstasizzelli et al., 2014d&osinophils
regulatelL-4 and IL-13 signalingo stimulatealternatively activated (type 2/M2) macrophauges

the subcutaneouSVAT and secrete cateclawhines to activate WAT browningMauer et al.,
2014; Nguyen et al., 2011; Qiu et al., 20Mthough the involvement of catecholamireesd IL-

6 in WAT browning is now undeniable, the details surrounding this process remain unknown.
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ParathyroidHormoneRelated Protein
During the past years, parathyrdidrmonerelated protein (PTHP) has been known for

its beneficial effects on skilevelopment of bonesartilage and placentéGuntur, Doucette, &

Rosen, 2015; Maioli, Fortino, Torricelli, Arezzini, & Gardi, 2002; W. Sun gt28l16)However,

a recent study on humans and rodents, has implicatedrPTitdpromoting browning of WAT

during cancer(Kir et al., 2014b)More specifically, PTHP secreted from the tumor to the
bloodstream has been suggested to promote the browning process. Unrevealing the signaling
pathway that takes place during hypermetabolic responses will be the foundation of medicinal

utilization of agents that mark PTHP-induced thermogenesis.

Meteorinlike
Meteorinlike (METRNL), another novel myokinés upregulated by the exercise induced

PGC1U pathway and act i v a tBostrdnmedt g.e2012ad Rao etcay, t e
2014)METRNL promotes an eosinophdependengctivation of M2 macrophages and induces
WAT browning.

Irisin

In—mz,irisin was identified aa muscle tissue secreted peptide, recommending a possible
mechanism by which exercise increaseewning(Bostrom et al., 2012dlrisin inducesthe
expression o$pecific beigeselective genes in a celuotonomousnanner More specifically, when
humans and rodentexercise PGC1J levels increasein the muscle leading to increaske
fibronectin type Il domain containingrotein 5(FNDC5)which is further cleaved to irisiiBaar
et al., 2002; Goto et al., 200@isin, in turn,can affect théhermogenic activitpf different tissues,
such asBAT, by increasindJCP1 expressia(Bostrom et al., 2012a; Zhang et al., 20IrdBin
alsoinducesbrowning bypromotingthe expression of UCP1 and other BApecificgenes in
SWAT through mitogeractivated protein p38 MAP aiERK MAP kinase signalingvhile genes
characteristic of WAT arkess expresse@Baar et al., 2002; Zhang &., 2014More recently, one
report showed that the actions of irisin might be of clinicdlie since both irisin and FGife
cold-induced endocrine activators of BAT actwih humangP. Lee et al., 2014Jowever, there
are also several studies that have showniroversial results, and som@ghors failed to document
an efect by cofraction in circulating isin levels in humans or an efft on beige/brite
differentiation ofhuman preadipocytg®ekkala et al., 2013; Raschke et al., 200i®refore, the
potential beneficial metabolic actions of irisin during exercise are still under delpatesome
issues await clarification. Hse include theufl characterization of the défert tissues expressing
irisin and,more importantly, the diérent proteolytic mechanisms involved in its pinahslational
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processing and the generation of putateereted moleculgdovelle, Contreras, RomeiRico,
Lépez, & Diéguez, 2013; RodRivada et al., 2013As such it seems that further studies are
needed telarify, in depth, ths field.

Endocrine hormones and metabolites
Several endocrine factors have been identified for being able to increase energy

expenditure, protect animals from dietluced body weight gain, and control glucose homeostasis
and/or insulin sensitivity, such as BMP4,-8b, FGF19;21, GDF5, ANP, prostaglandins, VEGF

and BAIBA. Others are known for being negative regulators of the aforementioned and observed
to have increased expression under obesity conditionsiT&€h1, etc.).

Bone morphogenic prates (BMPs)
Bone morphogenic proteins (BMPs) were originally known for their role in inducing bone

formation, but later it was found to be involved in the development and function of many tissues,
such as theniestine, brainand WAT.(Hogan, 1996)Energy homeostasis and early steps of
adipogenesis are affted by some types of the BMP family. Forced expression of BMP4 in WAT

of mice stimulates the production of beige adipocytage leading to decreas@fAT massand

lower risk for developng its metabolic complication®ian et al., 2013)n addition to these
changesncreased energy expenditure, improved insulin sensitivity, and protection against diet
induced obesity and diabetess profound in these animal modeBn the contrary BMP4
deficient mice exhibihigher WAT massnd impaired insulin sensitivitp GC1 U was f oun
the target of BMP signaling required for thé&sewning changes in WAT. Thesé&ect of BMP4

on WAT seento extend to human adipose tisasgwell as thexpression of BMP4 in WATSs
inversely associated with body mass indéawever, some studies showed that BMP4 promotes
the differentiation of mesenchymal stem cells into white adipocytes, encouraging fat storage and
decreasing energy expture in rodentgContreras et al., 2015; Modica & Wolfrum, 20T3jus,

the relationship between BMPdnd browningseems to differ depending on the model used for

each study.

BMP7 has been associated with the development of BAT, being able to drive the complete
brown fat differentiation program, including PRDM16 expres¢Modica & Wolfrum, 2013)
BMP7 seems to be able to stimulatswubpopulation of adipogenic progenitors, from skeletal
muscle and subcutaneous white fat of mioedifferentiate into beige adipocytés J. Schulz et
al., 2011)Similarly, human preadipocytes isolated from subcutaneous white fat were more likely
to transform into beige adipocytes compared with cells isolated from mesemtemental white

fat. Interestingly, BMP7 has the unique ability to stimulate the differentiation of brown
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preadipocytes even in the absence of the usually required horrBdieég.can also alter energy
homeostasis by affecting the expression of UCPLlatgrs of brown fat development, such as
PRDM16 and PGQ U, adi pogenic transcription fact
mitochondrial biogenesis controlled by p38MAPK (Mapk14) and P@Sé&ng et al., 2008)s a

result ofits effect on BAT, BMP7 was alsoeported tamprove insulin sensitivityT. J. Schulz

et al., 2011)it must be noted that hypothalamus wasnd to express BMP7, suggesting that
BMP7 may regulatéorowningthru a central mechanism whoasso responsible faeducedood

intake (Modica & Wolfrum, 2013)

BMP8Bis able to regulate thermogenesis directly ameh found to be expressedioth
BAT and thenypothalamugContreras et al., 2015; Whittle et al., 20k2ature BAT is induced
by nutritional and thermogenic factors leading to increased response to noradrenaline through
enhanced p38MAPK/CREB signalinand increased lipase activit§€entral administration of
BMP8B increasedhermogenesis and core temperature, leading to weightQossteras et al.,
2015) This effect, was mediated byhe ventromedial hypothalamus (VMIit#)ough anAMPK-
dependenpathway without any change in the feeding behay@ontreras et al., 2015; Whittle et
al., 2012)Additionally, Bmp8b deprivedmice exhibied impaired thermogenesis and reduced
metabolic rate, causing weight gain desfhie limited access to foott was also observed that
these mice dplayed altered neuropeptide levels and reduced phosphorylatioAMPK,
indicating an anorexigenic state. Centmajection with BMP8B increasedthe sympathéc
activation of BAT, dependingn theAMPK levelsin key hypothalamic nucleAs such, it seems

thatBMP8B may offer gossiblemechanism texplicitly increaseneat productioy BAT.

FGFs (FGF19;21)
Fibroblast growth factor 21 is a member of the fibroblast growth factor (FGF) family that

is expressed in BAT and WAT, but mainly in the liver, amads asan endocrinehormoneto
regulatecarbohydrate and lipid homeostasis as well as body wg@@gihs5) Expression of FGF21

is regulated differently in each tissdering chronic cold exposure in mice meani ng t h
expression increases in WAT and BAT, but decreases in the livét. Fisher et al., 2012d)

was found that the increased expression in WAT leads to significant elevation of UCP1 expression,
thus leading to browning @ubaitaneous tissuéotably, in humans, a milaold exposure (12

to 19°C) was shown to increase plasma FGF21 lewdlgh was positively correlatedith the

changes in adipose tissue glycerol and tetergy expenditur@P. Lee et al., 2013)yhis may
displaythat FGF21plays a comparablgole in humans as in rodentsgontrolling cold-induced

metabolic chages.Another study used LIRKO mice having deactivated the4gacific insulin
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receptor which exhibit severe insulin resistance, glucose intolerance, and a failure of insulin to
suppress hepatic glucose production and to regulate hepatic gene exgEassiouelli et al.,
2014a)When those naie were treated with FGFR21 hyperglycemia was completely normalized,
even though FGF21 did not reduce gluconeogenesis. The control of blood sugar was improved
partially due to increased glucose uptake from brown fat, browning of white fat, and overall
increased energy expenditure. Although, under these conditions, FGF21 was not able to improve
lipid metabolism. Thus, FGF21 seems to improve glycemic control in diabetic mice independently
of insulin action in the liver by increasing energy metabolism thr@agkation of browninglt
seems that PPARO2 i s i nv olnadpdse tissubyiranschiptionalye cr et
controling FGF21, whichin turn actsin an autocrine or paracrimeannert o i ncr ease |
transcriptional activity independently of mRNA expression,in a feedforward loop
system(Dutchak et al., 2012; H. Wang, Qiang, & Farmer, 20@&)e deficiert in FGF21were

found to be less capahie adapt to longerm cold exposurbecause of limited brownin@. M.

Fisher et al., 2012n the contrary systemic administration of FGF21 in obese mice resulted in
reduced adiposity, improved glycemic control, as well as increased energy expdtken

et al., 2008)rhe aforementioned evidence suggest that FGF21 plays a significant role in glucose

metabolism by regulatingCP1 expression.

Accordingly, it was observed th&GF19 transgenic mice had a significaetcrease of
adipose tissuthatcaused bymincrease in energy expenditif@mlinson et al., 2002)loreover,
thesemice did not become obese or diabetlwen followeda high fat die(Fu et &, 2004)The
FGF19 transgenic mice hdugherbrown adipose tissue mass arducedexpression of acetyl
coenzyme A carboxylase @ liver together with lower expression of the leptin receptor
suggestingwo mechanisms by which FGF1%snincrease engy expenditureln order to clarify
the underlying mechanisms leading to increased metabolic thetegene expression changes
caused by FGF19 treatment, in BAT and the liveare analyzedFu et al., 2004)n BAT, it was
found thatchronic exposure to FGFXimulated agene expression pgoam which leads to the
activation of this tissueThe gene expression changaesliver supportedthe experimentally
determined increase in fat oxidatiqdecreased respiratory quotierghd decrease in liver
triglycerides.As such FGF19 iscapable of increasing theetabolic rate concurrently with an
increase in fatty acid oxidain.

GDF5(Growth Differentiation Factor 5)
Originally, GDF5 was known for its role in skeletal development and joint morphogenesis

in mammals. However, later, it was found that it has an important part in regulating brown
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adipogenesiéPei, Yang, Kiess, Sun, & Luo, 201%jansgenic overexpression of GDF5 in mice
adipose tissues can stimulate browning, expression of UCPL1 in inguinal subcutaneous WAT, and
energy expenditure, leading to a leaner phenotype with lower susceptibility tmdiieed
obesity. On the contrary, detion of GDF5 in mice resulted in a significant impaired energy
expenditure and thermogenesis. The underlying mechanisms involve bone morphogenetic protein
receptor (BMPR), PGQ U theddcapentaplegic homolog (Smad). These observations suggest
that bravning and energy homeostasis are both positively regulatexkfmgssion of GDFin

adipose tissues.

Natriuretic Peptides
At first, cardiac natriuretic peptides were known for stimulating lipolysis in human

adipocyteqPei et al., 2014) ater studies showed that they are capable of stimulating browning
and thermogenic energy expenditure mediated
Interestingly, & | ow c oncent r-adrenengicagonistsAddditivegenhdnced the
expression of lmwn fat and mitochondrial markerBhese results suggest that the heart acts as

central regulator of adipose tisstevelopment

VEGEF (Vascular endothelial growth factor)
During obesity fat mass expands extensiviely vascularization of dipose tissuds

insufficient leading to dcal hypoxia which alters adipokine expression, proinflammatory
macrophage recruitment, and insulin resistédRc&un et al.,, 2012)Iit was found thatocal
increase of VEGF expressiom WAT and BAT improvesblood vessel number and size in both
adipose tissueand causelsrowning througid CP 1 a n dinciea3dElial et al., 2012hese
changesncreasd thermogenesignergy expediture wholebody insulin sensitivity and glucose

tolerance.

Prostaglandis(such aCox2)
Cyclooxygenase (COX2), a rdieniting enzyme in the synthesis of prostaglandioand

to be crucial for thdetaadrenergic signaling in WAT order tostimulate browningMadsen et

al., 2010; Vegiopoulos et al., 201G0OX2 is essential for the increase of UCP1 expression in
WAT, but not in classical brown adipocyt@dadsen et al., 201@s such, upregulation of COX2

in WAT resulted in increased systemic energy expenditure and asectied the mice against
obesity when fed a higfat diet.
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Transcriptional control

Many studies about brown and beige da¢ focused on the physiologicaktivatorsof
thermogenesis ithesecells An overview ofthose activators is shown igure44 (Activators of
Beige and Brown adipocytes development and functi®orne activatorappear to work primarily
by inducing the production of new beige (e.qg., irisin) or brown (e.g., BMPppeyes, while
others may act on both recruitment and enhawece of thermogeniactivity.

Browning is positivey regulated by PR domadinontaining protein 16 (PRDM16) and its
binding molecules, such as CCAAT/enhanrberding proteirb ( C/ EBP b)) , earl vy
(EBF2) , PGC1U, a n dlysimeuNentethydtremaferase 1 (EHNMTL)®tudies
showed that intuition of these factors disrupts fate determination and/or mainterarmrown
and beige adipocytéM. J. Harms et al., 2014; Rajakumari et al., 2013; Seale et al., 2008)
Accordingly, lack of PRDM16 or EHMT1 significantly affected the browning, causeddig
exposuraa n d P &énkR&(Cohen et al., 2014b; Ohno, Shinoda, Ohyama, Sharp, & Kajimura,
2013) The transcriptional complex of PRDM1Bind with C/EBRb a ct s -posiive my f 5
myoblasticprecursors or pradipocytes to induce ttex pr essi on of-1BPARDbI @
activatethe browning process

FGF21belongs to a group of endocrine factors that control the development of brown and
beige adipocytes. As such, they have the capabililgdiease wholdody energy expenditure,
keep animals from gaining weight due to dretuced changes, and improve systemic glucose
homeostasis and/or insulin sensitiviiigmanuelli et al., 2014b; f. M. Fisher et al., 2012b; P. Lee
et al., 2014More specifically, it has been observed that FGF21 increases duringxqmdure
resulting to increased energy expenditure, independent of fat and lean mass, gender, @hd age.
Lee et al., 2013)

Clinical significance of BAT

BAT against obesity
Several animal studies showed the benefits of functional BAT on the regulation of body

weight and the onset of adipocity. The derived observations, included the increase of BAT mass
and activi tfyedion afmé anfae tse r ii a c r e dter surgioal exdisiordoy we i
BAT, protection against obesity in transgenic mice overexpressing UCP1, formation of brown
adipocytes in WAT regions, UCP1 overexpression and body weight reduction after adrenergic
stimulation of the betaddrenoreceptor.

The unigie characteristics of BAT, managing the use of a large amount of circulating lipids

to facilitate thermogenesis, produce heat and modify energy expenditure, mark it as a potential
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therapeutic target in obese subjects. Thus, an elegant approach to retjuta baght involve
the preferential activation of brown or beige adipocytes, a strategy that many investigators focused
on. Based on the metabolic rate of BAT in mice (about 300 W/kg, approximately two orders of
magnitude higher than any other tissutejyas calculated that 480g of BAT could account for
20% of daily energy expenditure, which would be remarkable given current estimates that there
may be upward of 100g of BAT in a normal human (Cannon and Nedergaard, 2004, Rothwell and
Stock, 1979, van Mrken Lichtenbelt et al., 2009). Although, this claim is based on two major
assumptions which have not been proved yet. First, the mouse calculations for BAT were made
under conditions of maximal activation, which rarely happens in humans trying to achieve
thermoneutrality. Second, mammalian energy expenditure is inversely correlated with body size,
which in that case means that whbledy BMR is 22W/kg for humans was compared with 8W/kg
for mice(W. D. van Marken Lichtenbelt & Schrauwen, 201&yen with these limitations, BAT
activity has been predicted to account for 25% of BMR in humans, which could cumulatively
promote more than 4kg of fat loss per y@at D. van Marken Lichtenbelt & Schrauwen, 2011;
Virtanen et al., 2009b)

An environmental factor suggested to play a role in energy balanaalilexplain the
role of BAT onthe onset of obesitys the reduced variability of ambient temperature during the
day and mostly reduced exposure to seasonal cold. Cheap and efficient energy sources, extensive
use of air conditioning and heating, reduction of outdoor activities and increased time spent
indoors are the main causes of reduced exposure to seasonal temperature variabilities. This
At her mal comforto zone is suggested to | esse
thermogenesis and thus contribute to the increased prevalence ofy oliesithe
population(Johnson, Mavrogianni, Ucci, Vid&uig, & Wardle, 2011)

Hypothesisand aim

The hypothesis of the current study was that whitening process occurs in burned giatietite
browning process. Also, we aimed to investigate how much timebpost the whitening process
happens.
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4. Methodology
Burn patients

Children with burnsdmitted to Shriners hospitals for ChildreGalvestorbetween 2012
and 2015encompassingore tharB0% of their total body surface area (TBSA) were included in
the current study, which was approved by the Institutional Review Board at the University of Texas
Medical Branch All burn patients received standard burn care after admission tootipetdd,
which included fluid resuscitation, excision of all fthickness burn wounds, and auf@fting to
close burn wounds. Prior to participation in the studfpprmed written consent was obtained from
the parent or legal guardian efichburned cHd. Throughout this acute hospitalization, patients
were fed 1500 kcal/mBody area plus 1500 kcal/n2irnedbody area of a total enteral nutrition
formula (82% carbohydrates, 3% fat, 15% protein) via a nasogastric feeding tube (Vivonex T.E.N.,
Nestlé Heah Science, Minneapolis, MNEohorts of burn patients were studied duringdlcute
hospitalization period and after dischakgleen they returned tthe hospitafor follow-up care.
On each occasion, indirect calorimetry was performed to calculate treedddnypermetabolism,
and a biopsywas collected under sedation and local anesthesidetermine mitochondrial

respiratory capacity and function.

Healthy participants

Healthy control subjects wey®ung adultsecruited from the Galveston Courtfy Texas
area via local advertisement to servehaslthy unburned controls. These participants were
admitted to the Clinical Research Center at the University of Texas Medical Braocmddfand
written consent wereltained before participation in the stu@ye to ethical constraints, we were

unable to obtain samples from healthy children.

SWAT samples were collected from the torso or limbs of healthy and severely burned
children and adults during their schedulethsties while they were under general anesthesia. For
burn patients, burn wounds were excised down to the healthy adipose tissue to provide a viable
wound bed for skin grafting. SWAT samples were taken from the exposed healthy SWAT. sWAT

was sampled fromhe torso or limbs depending on the looatof the skin graft procedure.

The study protocol was reviewed and approved by the Institutional Review Board (IRB)
of the University of Texas MedicalrBnch (UTMB), Galveston, Texas.
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Resting EnergyExpenditure:

Resting energy expenditure (RE#ps measured in order to determine the degree of
hypermetabolisnm burned participants. REE was calculated by respiratory gas exchange (oxygen
consumption and carbon dioxide production) measured by using a ventilated hood system (Sensor
Medics, Yorba Linda, CAandwascompared to the HarrBenedictequation(WEIR, 1949fRoza
& Shizgal, 1984)

REE was calculated with the Weir equation and the measured values of CO2 and VCO2. The Weir

equation used was:

{[(3.9*VO2)+(1.1*VC0O2)]*1.44}*1000

Gene expression:

Approximately 56100 mg of adipose tissue was usedRBIA extractbn using a pure link
RNA Isolation Mini Kit Total (Life Technologies, Carlsbad, CA) or RNeasy Lipid Tissue Mini
Kit (Qiagen Inc., ValenciaCA), including an orcolumnDNAse digestion stefuantification of
the solated RNA wasperformed using Biotek Take3 micrwolume plate reader (Biotek
Instrument, Inc, VermontgDNA wasproducedusingHigh-Capacity RNAto-c D N A [&t (Life
Technologies, Carlsbad, CA) and famplified using TagMan® PreAmp Master Mix Kit (Life
TechnologiesCarlsbad, CA). Quantitative reame-PCR analyses were performed on an ABI
PRISM 7900HT using thtagMan® Gene Expression Master Mix (Life Technologies, Carlsbad,
CA) with preamplified cDNA and secific Tagman gene expression assays (Life Technologies,
Carlsbad, CA)The housekeeping gene used to normalize the expression of the target genes was
GAPDH. Analyses of thedlative gene expression wegerformedu s i ng Dat aAssi st E

Version 3.01(Lie Technologies) to derive del@T values.

High-Resolution Respirometry

A portion of each adipose tissue biopsy was immediately transferred to -anldce
preservation buffer afterollection (10 mM EGTA containing 6.6 mM MgCl30 mM MES, 0.5
mM dithiothreitol, 20 mM &urine, 20mM imidazole, 5.8 mM ATP, and 15 mM PCr) and stored
on ice. Samples were immediately transferred tdaheratory where they were blotted on filter
paper and weighed. Thereafter, appmately 2550 mg of WATwere transfeed to Oxygraph
respirometer chambers (Oroboros Instruments, Innsbruck, Austriayuspeénded in 2 ml of
mitochondrial respiration buffer (0.5 mM EGTA buffer containing 20 mM HEPES, 3vigkal2,

10 mM potassium phosphate, 60 mM potassium lactobionate, 2@aomnide, 110 mM sucrose,

and 1 g/lbovine serum albumin). Adipose tissue was permeabilized by the additidre d1
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digitonin directly into theespirometer chamber, as described previously (Kraunsoe et al., 2010;
Porter et al. 2015; Sidossis et al., 2018pPnce the @ consumption signal had stabilized, a
background leak respiratory rate was recorded (basal). Thersatbstrates (1.5 mM octaneyl
carnitine, 5 mM pyruvate, 10 mM glutamate and 2 mislate) were titrated into tlehamber and

State 2 (leak)aspiration was recorded. Then, 5 mM ADP was titrated into the Oxygraph chamber
to transition to State 3 (coupled) respiration. All measurements were made at 37°C; and O

concentration wasiaintained between 16800 nmol/ml for all respirometry measurements

Statistical analysis

Statistical analysis and grapinawing were performed using GraphPad Prism version 6
(GraphPad Software, La Joll#ll dataare presented asean * standard error mean (SEM).
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5. Results
Patient demographics

Demographics of théncluded burned paents are presented in Table Ih total, 244
children11+5 yearsold were studiedrom which65%were males an81% were femalesPatients
had large brns encompassing 55+17%n averageof the total body surface aredBSA),
41+23% of which werethird degreeburn lesionsThe data gathered from these patients were

assessed to produce the physiological and f

Evidenced and fAFunctional Evidenceo) .
Total 1 week 1 month 3 months | 6 months | 1 year
(n=244) (n=65) (n=62) (n=31) (n=45) (n=41)

Age (years) | 1145 10+6 10+5 12+5 12+5 10+6

Sex 158/76 (10| 41/21 (3 | 37/20(5 |18/12(1 |34/10(1 |28/13

(males/fema | N/A) N/A) N/A) N/A) N/A)

les)

Height (cm) | 141+33 136+34 141+51 144428 145+27 132431

Weight (kg) | 44+37 46+30 38+22 44121 45423 40124

Burn size 55+17 52+16 52+17 58+15 55+18 53+16

(% TBSA)

% third 41423 36121 36122 47424 41422 38122

burn

DPB 761106 6+2 235 68+15 174+36 35433

Table 1 Patient demographictor Physiological and Functional Evidence

Data are presented as averajstandard deviation.

The demographics of the burned patients provided samples which produced the molecular

evidence of brownings(e e f Mo | e c u |aee presEnied id Eable 2 0 )

1 week (n=4 1 month (n=6) 1 year (n=3
Age (years) 152 1442 16+2
Sex (males/females) | 2/2 4/2 3/0
Height (cm) 1667 167+6 1706
Weight (kg) 67+7 60+12 69+18
Burn size (% TBSA) | 69+8 62+15 53+17
% third burn 56+20 49422 33+13
DPB 5+3 28120 364+401

Table 2Patient demographictor Molecular Evidence

Data are presented as averafjstandard deviation.
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Molecular Evidence of Browning
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CITED FGF21
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Figure 6: Molecular evidence of browning

Theexpressiorof specific genetic browning markerspgesented as fold difference lmfirned patients from healthy
individuals.

Values are presented as group means + SE.

*= poO0*~=05p00.01, ***= pOO0.0001

Realtime PCR revealed changes in the expression of specific markers of beige and brown
adipocytes fom the day of burn until 1 year after injuBomemarkerg CIDEA, PRDM16, TBX1,
UCP1, UCP2, UCP4)ncreased gradually during theear followed the burn injury, others
decreased during the sartime (CITED, FGF21, UCP3) and the rest fluctuated (ZIC1 and
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TMEM26). Oneway ANOVA produced the following resultSCIDEA expression increased
significantly (* * * p O 8verOffon the first week and kept increasing even 1 year after burn.
PRDM16, TBX1, UCP1, UCP2 andiCP4followed the same tendency pdstrneven thaigh the

fold-increase from the healthy controls was fooind to besignificant

The expression o€ITED, FGF21 and UCPA8uring the first week after burreached a
~0.75, ~8.0 and ~4.0 fold difference from the healthy controls, respectively fanealcdr. Then,
their expressiodecrease graduallybut not significantlywhile remainecaugmentedven 1 year

after the burn injury.

The levels of the browspecific marker ZIC1 and the beigpecific marker TME26
fluctuated the year folloimg the burn ijury. ZIC1 had ~0.9 fold difference from the healthy
controls in the 1 week grognda 2fold differencel monthafter burn After that, ZIC1 levels
decreasedeachingsignificantly lower levelsin the 1 year group comparing with the 1 month
group.Similarly, TMEM26 increasesdlightly thel week(~0.1 folddifference)andthen increased

significantly reaching approximately a 0.6 faldference from health§ month after burn
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Figure 7

A) Absolute REE increased during the first week after burn and then decreased gradually the following year, with no
significant differences between ttime groups.

B) The data sed were the same as in Figudg While participants were divided itwo time groupsinstead of five

which are theearly (145 DPB) and hte (46400 DPB)group and were compared with healthy valugarly group

hadsi gni fi cantly higher val ues o fandddiesgoliplhadesignfidaiilpwere | at i v
absolute REEN comparison witthe Ear | 'y group (pOO0.05) .

C) Relative REE calculated by subtracting body weight on the day of measuré&menabsolute REE. In general,
relative REE increased significantly the month following the burn injury aed trecreased significantly, almost
reachingsimilar levels of REE as theealthygroup

D) The data sed were the same as in Figufg, While participants were divided in tviime groupsinstead of five

the Early (1-45 DPB) and Late (4800 DPB)group and were compared with healthy values. Relative REE was
significantly higher in the Early group compared with the healthy controls, while Late group had significantly lower
values compared with the Early group.

E and F) 29 burn patients were followedgapectively and measunents were grouped based on B for each
measurement. Measurements in the Early group were taken betw&eDFB and those in Late group between 46

400 DPB.Both absolute and relative REBcreased significantly early pesurnr el at i ve t o heal t hy
for absolute REE and p OO0 .dectebskd sigrificantly ia thealtt iev eg r REIP) ( g rOd .
absolute and relative REE).

Values are presented as group means * SE.

*pOG*F pO0~*01pO00. 001, **** pO0.0001

Regarding the physiological changes which happen after the burn, fijguye7A shows
that dsolute REE increased during the first week after belative to healthy valueand then
decreased gradualtiiefollowing year, with no significant differences betwe#re groupsWhen
the participants dividedn two time groups, Early (45 DPB) and hte (46400 DPB), the
differences between the gnos become significant (Figur®&y. More specifically, patients in the
early groy found to have significantly higher values of absolute REE relative to coptpl©®0,. 0 5 )
while the late group had significantly decreased levels of absolute REE when compared to the
early groupl p O0.. 05)

Relative REE was calculated by subtracting body weight on the day of measurement, from
absolute REE. Li kewi se, the values of el ati
Wallis test was usedn general, Figure @ shows that relative REE ina®ed significantly the
monthfollowing the burn injury and then decreased significantly, almost reaching healthy levels
of REE. More specificallyanalysis showed significant differences betwiengroups ohealthy
versus 1 mont imontf pe®@G. 030 Orhd n0B)his morttp v@r8us 6 months
( p OO0 .,and @ month versus 1 yeamp O 0 .(Fig0rd T). The same results were found with
the categorization of participants into two groups (early gredp DPB and late group 4800
DPB) (Figure D).
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Severalpatients (n=2Ppwerefollowed prospectively for 12 months after the burn injury
and measurements were grouped based on the number of DPB for each measurement date.
Measurements in the Early group were taken betwe&nDPB and those in Late grobptween
46-400 DPB. The result®nce agairshowed that in the patients followed prospectively, absolute
and relative REE increased significantly in the early group relative to healthy yajue30 . 01 f ¢
absolute REE and p Odénd theddedreadedignificantyin shelategeoupR E E )
( pOO0. 01 faodrelatvédoREE)I(Figtiress,F).
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Figure 8
1 week (n=98), 1 month (n=68), 3 months (n=15), 6 months (n=7), 1 year (n=13).
Values are presented as group means + SE.

*pO0.05, ** pO0.01, *** pO0.001, **** pd0.0001

Oligomycinrinsensitive leak respiration (i.e., stat® respiration) was determined in
digitonin permeabilized WAT samples following the titration of substrates, ADP and oligomycin.
In cohort of severelypurned childremmeasured at five timpoints after the burn injury (1 week,
1 month, 3 months, 6 months and 1 yetwyas observed that mitochondrial activity increased
significantly 1 monthposb ur n compared with the 1 wéakk mes
respiration decreased gradually reaching lower leligigar postnjury compared tahe 1 week
group. More specifically, mitochondrial activity found to be significantly lower than the 1 month
time-point, first at the 6 monthtimp o i nt ( ptied atth&l)yeaatm@poi nt ( p O0. O
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The increase of leak respirati(state 4owas proportional to the increase of relative REE
during theyear followedthe burn injury. The grappresented in Figure B described by the
following equation: Y=0.01134*X+0.3922These results suggest that the augmented
mitochondrial activity due to browning is positively correlated with the increase of REE after the

burn injury.
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6. Discussion
The presentedvork confirms the plasticity of humasubcutaneou8VAT depotswhich

includes theadoption of a browlike phenotype after burn injury andcurrence to the white
phenotypewhen the stimulantadrenergic stress in the case of burn injusgize to exist
Additionally, it seems that the whitening process starts approximately 1 month after the burn
injury. Although, the results of the browning process remain evident evem afiersburn.

Gene analysis confirmed the browning of WAT in burned children, by measyréuific
beige and brown adipose tissue mark8mne markers (CIDEA, PRDM16, TBX1, UCP1, UCP2,
UCP4)increased gradually during the year followed the burn injuhers decreased during the
same time (CITED, FGF21, UCP3) and the rest fluctuated (ZIC1 and TMENWRé)esults of
the gene expression in the early samples (1 week, 1 month) agree with previous published findings
from the same lal{L. S. Sidossis et al., 2015)

Resting energy expenditure waseasuredsoon after the burn injurand follow up
measurements were obtained during the following.y€he measurements showed that REE
increasedsignificantlythe first weekpostburnand then decreadegradually to meet thhealthy
estimated REHevels. The same tendency observed with those patients who were followed
prospectively up to one year after bufhe observation that REE returns to almost healthy levels
1 year posburn does not agree completely with previouglifigs. Other studies reported that
hypermetabolism endures 1 to 2 years{mosh, but in they reached this conclusion by studying
adults or younger children or measuring muscle biopsies instead of SWAT or included patients
with 40% TBSA instead of 30% TBS(Hart et al., 2000; Jeschke et al., 2011; C. Porter et al.,
2014; CraigPorter et al., 2016)

Leak respiration measurements of sSWAT samples showed a significant increase of
mitochondrial activity 1 month po$turn, followed by a gradual decrease up to 1 yearpast.
It was also observed that leak respiration was pokito@related with REE, suggesting that the
increase of mitochondrial activity is at least partially responsible for the hypermetabolism taking
place after burn.

With this work, it was confirmed that adrenergic stress caused by burn injury in human
children, leads to browning d#VAT. Going one step further, proof of the occurrence and time of
whitening process was collectés such, it seems that WAT adopts a more brieaphenotype
in children who have a burn injutg increase the chances of survivipgobablyby increasing
theheat productiomvhile heat eludeBody because of the damaged skin tissue whleyysdistinct
role in thermoregulationprocess Although, when healing process starts and the burn injury
decreases, the activated BAT and/or the differentiated beige adipocytes return tebilve state
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leading to decreased expression of brown and beige gene markers, lower levels of REE and

reducedevels of mitochondrial activity.

One of the study limitations was the small number of patientsfasite gene analysiglso,
a useful addition to those results would have been the morphological and immunohistochemical

examination of the WAT sampleakien from the patients.

Understanding the mechanisms controlling the browning and whitening processes is of major
importance, as they can be the foundations for designing new techniques useful in clinical care.
For example, the possibility of controlledolming of WAT in order to improve energy
expenditure and insulin sensitivity, would benefit diabetic and obese patients. Also, promoting the

whitening process in burned patients may decrease recover time and maybe increase survival rates.
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Figure 1 Developmental origins of brown and beige adipocyfesLee et al., 2013)

A) Classical brown adipocytes share the same origins with skeletal muscle cells and can be identified by several
markers, includingJCP1, PGC1aCIDEA andZIC1.

B) A subgroup of beige adipocytes originates from MYH&footh muschkéike precursors. Differerdiion is

regul ated by environment al factor s, such as <col d e
express several markers, includibCPl PGCla CIDEA, CD137 TBX1, TMEM26 and CITED1 Beige

adipocytes may be developed from (i) distinciglegprecursors, (i) direct differentiation of white precursors, or

(iii) transdifferentiation from mature white adipocytes.
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Figure 2 Origins of white, beige and brown adipocytéBeirce, Carobbio, & VidaPuig, 2014)

Classic brown adipocytes express UCP1, while WAT contains both white @JG@Rd beige (UCP1+)
adipocytes. BAT adipocyte precursors glerfrom mesenchymal precursor cells expressing MYF5, while WAT
precursors develop from both MYFand MYF5+. Beige adipocytes can derive from WAT adipocyte precursors
and possibly directly from mature white adipocytes.
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Browning and increased thermogenesis are induced by several factors. Some of these factors appear to induce the
development of new beige adipocytes, like iriginbrown adipocytes, like BMP7, while others may affect both
recruitment and enhancement of thermogenic activity.
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Figure5 Representation of whitening and browningCohen & Spiegelman, 2016)

Representation of browning, which is characterized by the development of beige adipocytes among white adipocytes.
Browning is characterized by increased thermogenesis anlinisansitivity, while having decreased inflammation.
Whitening is the reverse process, thus characterized by the opposite conditions.
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