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Abstract

Brown adipose tissue (BAT) is a metabolically active organ specialized in dissipating
chemical energy as heat through non-shivering thermogenesis, primarily mediated by
mitochondrial uncoupling protein 1 (UCP1). Interscapular BAT (iBAT) serves as dominant
thermogenic site in infants and small mammals, however in humans it undergoes age-
dependent degeneration, leading to the long-standing assumption that BAT-mediated
thermogenesis is absent in adults. However, this assumption has since been disproven by
positron emission tomography/computed tomography (PET/CT) studies revealing
metabolically active BAT depots in adult men. Among these depots is the paravertebral
BAT (pBAT) located adjacent to sympathetic ganglia. This project investigates the
potential role of pBAT as an active thermogenic tissue, by examining its transcriptional
profile and response to thermogenic stimuli, such as cold exposure and B-adrenergic
activation. Our findings indicate that pBAT displays a strong thermogenic gene expression

signature and could represent a human equivalent or alternative to classical iBAT.
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1.1 Overview of Adipose Tissue

Adipose tissue plays a central role in regulating energy metabolism. Despite the previous
belief that it acts solely as passive energy reservoir, vast research has now established its
role as a dynamic metabolic organ (Cannon and Nedergaard, 2004; Luo and Liu, 2016).

Our understanding was historically limited to white adipose tissue (WAT), the most
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abundant type of fat. However, numerous studies have established the heterogeneity of
adipose tissue subtypes and highlighted developmental, functional, and morphological
differences within those. Today, adipose tissue in mammals is broadly categorised into
white adipose tissue (WAT), brown adipose tissue (BAT), and beige adipose tissue

(BeAT).

WAT is a prevalent endocrine organ, involved in the regulation of energy balance via
processes of lipolysis, lipogenesis, and energy storage. WAT is predominantly composed
of white adipocytes: large, spherical cells that store energy-dense triglycerides (TGs)
within a single, unilocular lipid droplet. It's distributed throughout the body with the main
depots located in subcutaneous (scWAT) and visceral (VWAT) compartments in both

human and rodents (Mandarim-de-Lacerda et al., 2021).

Subcutaneous WAT is the largest depot found beneath the skin; its primary function is safe
storage of energy in the form of triacylglycerols (TAGs) and protecting the body from
mechanical stress, infection, and heat loss (Vidal and Stanford, 2020). Visceral WAT, is
further subdivided into mesenteric, retroperitoneal, and gonadal depots, surrounding vital
organs, where it provides insulation and serves as an essential energy source (Bjorndal et

al., 2011).
1.2 Brown Adipose Tissue

In contrast to its white counterpart, brown adipose tissue, or BAT, has garnered attention
for its unique ability to dissipate energy as heat, positioning it as a key player in
thermoregulation and metabolic health (Smith, 1964). The evolutionary significance of
BAT lies in its early development in mammals, as it has enabled internal heat generation
for thermoprotection in endothermic species, especially during reproduction and maternal

care (Oelkrug, Polymeropoulos and Jastroch, 2015).

BAT is characterised by its distinct brown coloration, which results from the high

mitochondrial content of its multilocular adipocytes. Unlike white adipocytes, which
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contain a single large lipid droplet that dominates the cytoplasm, brown adipocytes store

energy as TGs within multiple small lipid droplets (Cannon and Nedergaard, 2004;

Nedergaard, Bengtsson and Cannon, 2007). Key distinctions between BAT and WAT are

demonstrated in Figure 1.
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Figure 1. Summary of adipose tissue characteristics. Section A provides a summary table
outlining the key characteristics and functional properties of each adipose tissue type. Section B
illustrates the major white and brown adipose tissue depots observed in humans and in mice.

These specialised brown adipocytes are closely associated with dense vascular networks

and are richly innervated by the sympathetic nervous system (SNS) (Bartness, Vaughan

and Song, 2010). BAT thermogenic activity is primarily regulated by sympathetic neurons,

which release norepinephrine (NE) and neuropeptide Y (NPY) at synapses with brown

adipocytes. Consequent NE binding onto B-adrenergic receptors (BAR) activates

intracellular pathways within the brown adipocytes, driving non-shivering thermogenesis

(Figure 2.). BARs are the G protein-coupled receptors which bind NE and epinephrine

(Epi) and are categorized into 3 types: B1AR, f2AR and B3AR (Grogan et al., 2022). While

mouse thermogenesis is driven by B3AR, more recent findings demonstrated that f2AR is

13



the predominant subtype in humans (Blondin et al., 2020). Close anatomical and functional
integration of BAT with sympathetic postganglionic fibers allows for rapid activation and
efficient heat production (Carpentier et al., 2018). Overall, the unique morphology of BAT
supports its ability to rapidly and effectively mobilise energy for heat production (Himms-
Hagen, 1984).

Sympathethic B24R
activation o

Norepinephrine

extracellular space

Protein
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Figure 2. Detailed sympathetic activation of UCP1-driven non-shivering thermogenesis.

Cold exposure activates the sympathetic nervous system, where 2ARs on sympathetic neurons
facilitate NE release. NE binds to B-adrenergic receptors on brown adipocytes, activating the Gs-
adenylyl cyclase pathway and elevating intracellular cAMP. This activates protein kinase A (PKA),
which phosphorylates adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL),
driving triglyceride (TG) hydrolysis and release of free fatty acids (FFAs). FFAs both stimulate
uncoupling protein 1 (UCP1) in the mitochondrial inner membrane and provide substrates for [3-
oxidation. In parallel, PKA phosphorylates cAMP response element-binding protein (CREB),
peroxisome-proliferator-activated receptor y (PPARY), positive regulatory domain-containing
protein (PRDM16) among other regulators - enhancing Ucp! transcription. UCP1 activation
promotes proton leak across the inner mitochondrial membrane, uncoupling oxidative

phosphorylation and dissipating the proton gradient as heat rather than ATP. Together, presynaptic

14



B2AR-driven NE release and PAR-mediated adipocyte signaling sustain non-shivering
thermogenesis and adaptive heat production. Figure created with BioRender

(https://biorender.com/).

BAT is the most metabolically active peripheral organ in terms of glucose uptake per
gram, surpassed only by the brain (Orava et al., 2011). It has been estimated that as little as
50g of fully activated BAT accounts for at least 20% of overall daily energy consumption
in an adult human (Rothwell and Stock, 1979). This adaptation not only compensates for
excessive heat loss but also protects against obesity and related co-morbidities by
increasing energy expenditure and promoting a healthy metabolic profile (Guerra et al.,

1998).
1.3 Non-shivering thermogenesis (NST)

Thermogenesis is a physiological process by which endothermic mammals produce heat

and sustain thermal balance when exposed to colder environments (Ouellet et al., 2012).

This thermoregulation is achieved through various mechanisms, such as vasoconstriction
of cutaneous blood vessels and skeletal muscle shivering to generate heat (Hertzman,
1959; Mota-Rodas et al., 2021). In addition to shivering, mammals possess autonomically
controlled mechanisms of non-shivering thermogenesis (NST) (Nicholls and Locke, 1984;
Himms-Hagen, 1984).

NST primarily occurs in brown adipose tissue, a specialised site of adaptive heat
production. This unique thermogenic capacity of BAT relies on the function of
mitochondrial uncoupling protein 1 (UCP1), also known as thermogenin (Palou et al.,
1998). UCPI activation is primarily triggered by cold exposure and governed by the
hypothalamus (Arch, 2011). Noteworthy, among the UCP protein family, UCP1 is the only
member exclusively expressed in brown adipose fat and directly associated with adaptive
thermogenesis (Ricquier, 2011).

Physiologically, the process of thermogenesis can be triggered by various physiological

stimuli, such as cold exposure and food intake (diet-induced thermogenesis), which are
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centrally integrated by the hypothalamus and brainstem circuits to drive sympathetic
outflow (Cannon and Nedergaard, 2004; Nedergaard and Cannon, 2013). Naturally, cold
exposure is the most well-defined activator of NST (van der Lans et al., 2014). Upon cold
stress, thermal signals are detected by transient receptor potential (TRP) channels located
on peripheral sensory neurons (Saito, 2013). These signals are relayed to the central
nervous system resulting in heightened sympathetic nervous activity (SNA). At effector
level, postganglionic efferent fibers release NE, which binds predominantly to f3-
adrenergic receptors expressed on brown adipocytes, initiating a cascade of intracellular
processes in BAT mitochondria (Okamatsu-Ogura et al., 2020). This interaction initiates
the Gs-adenylyl cyclase-cAMP-PKA signaling cascade, which phosphorylates hormone-
sensitive lipase to mobilize fatty acids and induces transcriptional programs, culminating

in the upregulation of Ucp! expression in mitochondria (Murano et al., 2009).

Normally, in mitochondria, the electron transport chain (ETC) pumps protons (H*) from
the mitochondrial matrix to the intermembrane space, creating a proton motive force
gradient. This electrochemical gradient is used by ATP synthase to drive ATP production.
UCP1 function leads to uncoupling of this proton gradient from ATP synthesis. Instead of
allowing protons to re-enter the matrix through ATP synthase, UCP1 provides an
alternative pathway for proton re-entry, dissipating the gradient as heat rather than storing
it as chemical energy (Fedorenko, Lishko and Kirichok, 2012). This heat is then distributed
via the bloodstream to help sustain adequate body temperature (Cannon and Nedergaard,
2004; Ricquier, 2011).

Interestingly, UCP1-deficient mice exhibit impaired thermoregulation, as demonstrated by
reduced oxygen consumption following B3-adrenergic stimulation and pronounced cold
sensitivity (Saito, 2013). In the absence of UCP1, the abundance of components of the
mitochondrial respiratory chain in BAT is significantly reduced in UCP1-knockout (KO)

animals compared to wild-type counterparts (Kazak et al., 2017).
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While UCP1 KO rats also display cold sensitivity, the phenotype is less pronounced but
still clear (Enerbéck et al., 1997). Despite evidence for a certain degree and capacity for
UCPI-independent alternative thermogenic mechanisms, UCP1 remains the defining
molecular hallmark of classical NST in thermogenic adipose tissues (Cannon and

Nedergaard, 2004).
1.4 Anatomical locations and functional relevance of BAT

In rodents and human infants, interscapular BAT, iBAT, is the predominant site of
thermogenesis (Lockie et al., 2013; Oelkrug, Polymeropoulos and Jastroch, 2015).
Interscapular BAT has been the focus of numerous foundational studies due to its
relatively large size, uniform brown adipocyte composition, and accessibility for surgical
or imaging analysis (Lockie et al., 2013). Beyond its experimental convenience, iBAT is
located between the shoulder blades and is considered functionally relevant due to its
anatomical connection to Sulzer’s vein, which enables the rapid transport of warmed blood
directly to the heart, underscoring its physiological role in systemic thermoregulation

(Oelkrug, Polymeropoulos and Jastroch, 2015).

This anatomical positioning of iBAT plays a critical role in protecting small mammals and
human neonates from hypothermia, as they rely heavily on BAT-driven thermogenesis,
particularly due to their limited skeletal muscle mass and underdeveloped shivering
capacity (Oelkrug, Polymeropoulos and Jastroch, 2015; Lidell, 2018). In humans, the
1BAT regresses with age, becoming undetectable closer to second decade of life, which
long supported the belief BAT-mediated thermogenesis is fully absent in humans (Gilsanz,
Hu and Kajimura, 2013). Recent evidence from 18F-flourodeoxyglucose positron emission
tomography-computed tomography (FDG PET/CT) imaging, radiological and histological
studies disproved this view, revealing the presence of alternative active BAT depots in
adult humans (Nedergaard, Bengtsson and Cannon, 2007; Saito et al., 2009; Leitner et al.,

2017).
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A series of autopsy studies conducted by Heaton et al. provided an insight into the anatomical
distribution of BAT in adult humans. In infants BAT is vastly concentrated in the
interscapular region, while adults show more diffuse distribution of BAT throughout the
body, with active depots commonly found in the supraclavicular, cervical, axillary,
paravertebral, mediastinal, and perirenal regions (Heaton, 1972). The supraclavicular depot,
located above the clavicle, is the most well-studied BAT site in adults and lies adjacent to the
subclavian and carotid arteries, facilitating efficient heat transfer into systemic circulation
(Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).

The location of BAT confers an evolutionary advantage by facilitating rapid and targeted heat
delivery to vital organs and the central nervous system, enhancing survival during cold stress

(Sacks and Symonds, 2013; Oelkrug, Polymeropoulos and Jastroch, 2015).

Considering the biological need for rapid organ warming during acute cold exposure, it is
plausible that BAT is strategically distributed around blood vessels to ensure efficient
delivery of heat directly to the heart and lungs, while also preventing the return of cooled
venous blood from the periphery to the myocardium (Smith, 1964; Sacks and Symonds,

2013).

Importantly, studies show that BAT perfusion more than doubled during acute cold
exposure, rising from 7.5 to 15.9 ml per 100 g of tissue per minute (Orava et al., 2011).
This is indicative of an increased flow and supply of substrates (such as free fatty acids,
glucose and oxygen) for mitochondrial UCP1-dependent oxidative uncoupling and further
release of energy in the form of heat into the systemic circulation. In comparison, blood
flow in subcutaneous white fat and skeletal muscle showed no significant change,
highlighting BAT’s unique responsiveness to cold and contribution to maintenance of body
temperature homeostasis. Furthermore, BAT perfusion was positively associated with

whole-body energy expenditure during cold exposure, unlike other systemic factors such
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as thyroid hormones or catecholamines, which showed no such relationship (Sacks and

Symonds, 2013).

Given BAT’s established role in increasing energy expenditure through NST, targeted
activation of these depots represents a promising strategy for obesity management and the
treatment of metabolic disorders (Betz and Enerbick, 2018; Saito et al., 2020; Liu et al.,
2023). However, the therapeutic manipulation of BAT requires a nuanced understanding of
depot-specific characteristics, including their anatomical location, innervation,

vascularisation, and transcriptional patterns.

1.5 Sympathetic activation of BAT

The sympathetic nervous system (SNS) is the principal regulator of BAT thermogenesis.
Classic and contemporary studies have demonstrated that BAT receives dense sympathetic
innervation, essential for initiating heat production in response to cold exposure (Maickel

et al., 1967; Bartness et al., 2010).

Morrison et al. have proposed a detailed thermoregulatory network that controls BAT
thermogenesis, integrating both afferent sensory input and efferent sympathetic output. The
network begins with afferent signals from cutaneous thermal receptors: cool- and warm-
sensitive receptors in the skin detect environmental temperature changes and transmit
information via dorsal root ganglia (DRG) to second-order neurons in the dorsal horn (DH) of
the spinal cord. Cool-sensitive DH neurons activate glutamatergic neurons in the external
lateral parabrachial nucleus (LPBel), while warm-sensitive DH neurons project to the dorsal
parabrachial nucleus (LPBd). These inputs converge in the preoptic area (POA) of the
hypothalamus, where GABAergic interneurons in the median preoptic nucleus (MnPO)
inhibit warm-sensitive (W-S) neurons in the medial preoptic area (MPO) in response to

cooling, whereas glutamatergic MnPO interneurons excite MPO W-S neurons in response to
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warmth. Prostaglandin E2 (PGE2) signaling via EP3 receptors further inhibits MPO W-S

neurons during febrile or inflammatory responses.

The MPO W-S neurons then regulate efferent sympathetic outflow to BAT by modulating the
activity of downstream sympathoexcitatory neurons in the dorsomedial hypothalamus
(DMH). Under cool conditions, inhibition of MPO W-S neurons is relieved, allowing DMH
neurons to become active and stimulate BAT premotor neurons in the rostral raphe pallidus
(rRPa). These premotor neurons release glutamate and serotonin, which excite sympathetic
preganglionic neurons located in the intermediolateral nucleus (IML) of the thoracic spinal
cord. These preganglionic neurons, in turn, project via the sympathetic chain to
postganglionic neurons that innervate BAT, releasing norepinephrine at the neuro-adipose
junction to drive thermogenesis through B3-adrenergic receptor-mediated mechanisms in

brown adipocytes (Nakamura & Morrison, 2008).

Additional modulatory inputs refine this efferent output. Excitatory orexinergic neurons from
the perifornical lateral hypothalamus (PeF-LH) enhance DMH and rRPa activity, promoting
BAT thermogenesis, whereas inhibitory paraventricular hypothalamic (PVH) neurons
suppress sympathetic drive under specific physiological conditions. Further fine-tuning
occurs via inhibitory projections from the ventrolateral medulla (VLM) and the nucleus of the
solitary tract (NTS), which integrate visceral sensory feedback and cardiovascular
information, thereby adjusting sympathetic outflow to maintain homeostasis. Together, this
hierarchical network ensures that afferent thermal signals from the skin are integrated in the
hypothalamus and brainstem, and that efferent sympathetic pathways are precisely modulated
to control BAT thermogenesis, balancing energy expenditure with the thermal and metabolic

needs of the organism.

Tracing experiments using tyrosine hydroxylase (TH) reporter mice have visualized this
innervation in detail, revealing numerous TH-positive fibers intimately associated with brown

adipocytes (Murano et al., 2009). Beyond acute activation, SNS stimulation also enhances the
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thermogenic capacity of BAT by increasing the number of brown adipocytes, mitochondrial
biogenesis, and the expression of Ucpl gene (Cannon and Nedergaard, 2004; Nedergaard and

Cannon, 2013).

In addition, B-adrenergic signaling is also involved in the browning of WAT, the process
by which white adipocytes acquire brown fat-like characteristics, increasing expression of
thermogenic genes such as Ucp! (Seale et al., 2011). This essentially helps to enhance
thermogenic heat-generating capacity under critical environmental conditions. This
phenomenon, inducible by cold or pharmacological f-agonism, has become a major focus
in obesity and metabolic disease research due to its therapeutic potential (Mottillo et al.,
2014; Lopez et al., 2015; Gonzalez-Garcia et al., 2019). Thus, SNS regulation of BAT
thermogenesis represents both a rapid response mechanism to thermal stress and a long-
term adaptive system with significant implications for metabolic homeostasis and energy

expenditure.

These sensory circuits likely play a role in a feedback loop that fine-tunes sympathetic
nervous output based on the current state of BAT activity and thermogenic demand.
Studies have shown that sensory denervation of BAT impairs thermogenic capacity of the
tissue, highlighting importance of the bidirectional communication between BAT and SNS

(Diaz-Castro, Morselli and Claret, 2024).

1.5.1 Pharmacological activation of BAT

Cold exposure is the primary natural trigger of brown adipose tissue thermogenesis, however
pharmacological approaches, such as adrenergic receptor agonists, thyroid hormone analogs,
and emerging sympathofacilitators offer alternative strategies to stimulate BAT activity

(Carpentier et al., 2022; Mahu et al., 2020).

While induction of BAT-thermogenesis is a compelling strategy for increasing energy

expenditure and promoting weight loss, pharmacological activation of BAT raises important
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safety concerns. Most proposed BAT-activating strategies rely on enhancing sympathetic
nervous system outflow and stimulating -adrenergic receptor-mediated thermogenesis.
However, systemic activation of B-adrenergic signalling lacks tissue specificity and has been
consistently associated with adverse cardiovascular effects, including tachycardia,
hypertension, and an increased risk of myocardial infarction or stroke (Singh et al., 2021;
Straat et al., 2023). These effects are thought to arise from off-target activation of -
adrenergic receptors expressed on cardiomyocytes and vascular smooth muscle cells,

resulting in increased cardiac workload and haemodynamic stress (Straat et al., 2023).

These concerns are further underscored by clinical experience with sympathomimetic weight-
loss drugs. Early anti-obesity agents, including amphetamine-like sympathomimetics,
increased energy expenditure through broad stimulation of the sympathetic nervous system
but were ultimately withdrawn due to serious cardiovascular complications, such as
pulmonary hypertension and valvular heart disease (Bersoux et al., 2017). Importantly,
increased thermogenic drive itself may further exaggerate cardiovascular strain, as elevations
in energy expenditure are accompanied by increased oxygen demand and cardiac output,
leading to rises in heart rate even in the absence of overt cardiac receptor targeting (Singh et

al., 2021).

Collectively, these observations highlight a key limitation of systemic BAT activation
strategies and emphasize the need for approaches that enhance thermogenesis while
minimizing non-selective sympathetic stimulation and cardiovascular risk. As such, strategies
aimed at enhancing BAT activity, particularly through sustained sympathetic stimulation,
should carefully consider systemic cardiovascular effects rather than assuming depot-specific
metabolic benefits in isolation (Straat et al., 2023). Interestingly, recent efforts have focused
on mitigating these cardiovascular risks by developing sympathofacilitators that selectively
enhance BAT-directed sympathetic activity without engaging central or cardiac adrenergic

receptors (Mah et al., 2020). For example, PEGylated amphetamine (PEGyAMPH) cannot
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enter the brain but stimulates peripheral sympathetic neurons via B2-adrenoceptors, promoting
lipolysis and BAT thermogenesis in mice while avoiding changes in heart rate, food intake,

or locomotor activity (Mahu et al., 2020).

Collectively, while BAT activation remains a promising therapeutic avenue for obesity and
metabolic disease, these findings underscore the need for careful evaluation of safety,
receptor specificity, and physiological context to avoid unintended adverse outcomes.
Importantly, BAT is not a homogeneous tissue; rather, it consists of anatomically and
functionally distinct depots that differ in developmental origin, cellular composition,
vascularization, innervation, and responsiveness to sympathetic and hormonal cues (Sidossis
and Kajimura, 2015; Lynes and Tseng, 2018). This heterogeneity introduces an opportunity
for more refined therapeutic strategies, whereby selectively targeting specific BAT depots or
regulatory pathways may enhance thermogenic output while limiting systemic sympathetic
activation and cardiovascular risk. Understanding depot-specific differences in thermogenic
capacity, neural control, and molecular signature is therefore critical for developing safer,

more precise BAT-based interventions.

1.6 Thermogenic Capacity and Functional Heterogeneity of BAT

Numerous studies have highlighted the anatomical and functional versatility of BAT across
different regions of the human body (Sidossis and Kajimura, 2015; Lynes and Tseng, 2018).
This regional heterogeneity is not only evident in the anatomical distribution of BAT depots,
but also reflected in their distinct gene expression profiles, thermogenic capacities, and
responsiveness to various physiological stimuli (Duerre and Galmozzi, 2022). Such diversity
suggests that different depots may contribute uniquely to systemic energy expenditure and
metabolic regulation. Importantly, several groups have now reported that the brown

adipocytes (even within the same anatomic depot, and particularly in the different depots)
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may have heterogeneous Ucpl expression, as well as expression of other thermoregulatory

genes (Spaethling et al., 2015).

Study by Song et al. (2019) used single-cell RNA sequencing to identify two different
populations of brown adipocytes: high thermogenic brown adipocyte (BA-H) and low
thermogenic brown adipocyte (BA-L). These subtypes differed in expression of classic
thermogenic markers (e.g., UCP1, B3-AR) and genes involved in oxidative phosphorylation,

B3-adrenergic signaling, lipolysis, glycolysis, fatty acid oxidation, and the TCA cycle.

Overall, these findings indicate that brown adipocytes are functionally heterogeneous, with a
distinct subpopulation specialized for robust thermogenesis that can be defined by its unique
metabolic and gene expression profiles. This heterogeneity likely reflects the mixed cellular

composition of BAT depots, which contain brown, beige, and white adipocytes, as well as

potentially other, yet uncharacterized, adipose cell types.

With BAT-specific signature genes now identified, the key next step will be to investigate
early differentiation pathways and to characterize the molecular and transcriptional profiles
of less-studied BAT depots. This will not only deepen our understanding of depot-specific
thermogenic capacity but also inform the development of targeted therapies for obesity and

related metabolic disorders (Xue et al., 2015).

1.7 Adipocyte Lineage Commitment and Differentiation

Adipocyte differentiation occurs in two major phases: (1) commitment of multipotent
mesenchymal stem cells to the pre-adipocyte lineage, and (2) terminal differentiation of pre-
adipocytes into mature adipocytes. These developmental stages are tightly regulated by
lineage-specific transcription factors and epigenetic modifications, including histone
modifications and changes in chromatin structure. These coordinated changes establish
unique chromatin landscapes that enable proper adipogenic progression (Nic-Can et al.,

2019).
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Comprehensive in vitro and in vivo studies have helped identify key regulators of this
process. Insights into WAT adipogenesis come from studies on clonal pre-adipocyte cell
lines, such as 3T3-L1 and 3T3-F442A, which differentiate into mature adipocytes in response
to hormonal cues (Rosen and Spiegelman, 2000; Gesta et al., 2007). Differentiation in these
models typically proceeds through growth arrest, clonal expansion, and stages of early and
terminal differentiation. Notably, adipocyte development often occurs in spatial clusters,

possibly facilitated by paracrine signals from nearby mature adipocytes.

1.7.1 Lineage Origins: BAT versus WAT

Although both white and brown adipose tissue originate from mesenchymal stem cells, they
commit to distinct developmental lineages early in development (Figure 3). Brown
preadipocytes arise from Myf5-positive progenitors, a lineage also shared with skeletal
muscle and display gene expression profile closely resembling that of myogenic cells. In
contrast, white adipocytes originate from Myf5-negative progenitors (Figure 3) , reflecting a
separate developmental path. It's believed that while white adipocyte progenitors derive from
the stromal-vascular fraction (SVF) of adipose tissue, interscapular brown adipose tissue
resides in the central dermomyotome, a region that also gives rise to skeletal muscle

(Birerdinc et al., 2013; Sanchez-Gurmaches and Guertin, 2014).
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Figure 3. Detailed scheme of developmental origins and differentiation pathways of adipocytes.

Mesenchymal stem cells give rise to distinct adipocyte types, depending on specific signaling cues.
White adipocytes arise from FGF10-responsive precursors through PPARY activation, leading to the
formation of unilocular cells specialized in lipid storage. Brown adipocytes originate from Myf5*
progenitor cells, which also give rise to skeletal muscle. Their commitment to the brown adipocyte
lineage is orchestrated by bone morphogenetic protein 7 (BMP7) and the transcriptional regulator
PRDM16. Beige adipocytes, on the other hand, develop within white adipose depots from Myf5~
precursors under the influence of BMP7 and PRDM16. These beige cells can acquire thermogenic
brown fat-like properties and may revert to white adipocytes in response to environmental or
hormonal factors. Myogenic transcription factors such as Myogenin and MyoD direct differentiation

toward the muscle lineage from the same progenitor pool.

BAT develops earlier during embryogenesis, reaching its highest proportion relative to body
weight at birth coinciding with the high thermogenic demand in neonates, and gradually
declines with age in both humans and rodents. Conversely, WAT forms later (mid-gestation
in humans and postnatally in rodents) and continues to expand throughout life to

accommodate body’s energy storage needs (Symonds, Pope and Budge, 2015).

As briefly mentioned previously, white adipose tissue can transition into brown adipocyte

phenotype, a process known as “browning” of WAT. Under specific stimuli such as cold
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exposure or B3-adrenergic receptor activation, white adipocytes can acquire characteristic
properties of brown adipocytes to increase the number of thermogenic brown-like cells.
These are also known as “beige” or “brite” fat cells. Importantly, these beige cells do not
originate from Myf5-expressing progenitors, distinguishing them from classical brown
adipocytes, and supporting the existence of at least two distinct thermogenic adipocyte
lineages (Seale, 2007). Although the precise identity of these beige progenitors remains
unclear, current evidence suggests that they belong to a distinct population of inducible

thermogenic precursors residing within WAT (Wu et al., 2012).

1.8 Molecular and Transcriptional Control of BAT

The recruitment and activation of brown adipocytes is primarily mediated by -adrenergic
signaling, which upregulates numerous thermogenic genes - most notably Ucp! (Fedorenko,

Lishko and Kirichok, 2012).

The establishment of adipocyte identity is orchestrated by a tightly regulated network of
transcription factors (Kajimura, Seale and Spiegelman, 2010). These DNA-binding proteins
modulate RNA polymerase II activity to either activate or repress gene transcription by
binding to specific motifs in promoter regions and distal regulatory elements such as
enhancers and silencers (Kolovos et al., 2012). Despite their differing developmental origins,
brown and white adipocytes share a core transcriptional program that drives adipocyte

differentiation.

Studies using inducible preadipocyte cell lines have revealed that a key molecular switch for
both brown and white adipocytes is regulated by the transcription factors peroxisome
proliferator-activated receptor y (PPARy) and members of the CCAAT/enhancer-binding
protein (C/EBP) family, including C/EBPf, C/EBPo, and C/EBPa. (Lefterova et al., 2008; Lee
et al., 2019). Early in adipogenesis, C/EBP and C/EBP$ are transiently upregulated, initiating

the expression of PPARY and C/EBPa. PPARY acts as the master regulator of adipogenesis,
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while C/EBPa supports PPARY expression and synergistically enhances the expression of
key adipocyte genes. Importantly, while this transcriptional cascade can induce white
adipocyte differentiation in mesenchymal cells, it is insufficient to drive brown adipocyte
identity (Park, 2014). For the scope of this thesis, emphasis is placed on several key BAT-

associated genes and transcriptional regulators.

PPARY (peroxisome proliferator-activated receptor gamma)

PPARY is a member of the nuclear hormone receptor superfamily, which drives the
adipogenesis of both brown and white adipose tissue (Tontonoz et al. 1994; Barak et al. 1999;
Rosen et al. 1999; Nedergaard et al. 2005). The critical role of PPARYy in humans is
highlighted by its involvement in familial partial lipodystrophy type 3 (FPLD3), a rare
genetic disorder caused by loss-of-function mutations in the PPARG gene. Individuals with
FPLD3 typically have an abnormal fat distribution which is often accompanied by severe
metabolic complications, such as type 2 diabetes. Most FPLD3-associated PPARG mutations
are found in either the DNA-binding domain (DBD) or the ligand-binding domain (LBD)
leading to broad functional impairments. Extensive research has established that PPARY is
associated with another family of transcription factors - CCAAT/enhancer-binding proteins
(C/EBPs), including C/EBPa, C/EBP, and C/EBPS (Kajimura, Seale and Spiegelman,

2010).

At the early stages of adipocyte differentiation, C/EBPf and C/EBPo are transiently
upregulated and play essential roles in inducing the expression of PPARy and C/EBPa. While
PPARY acts as the primary regulator driving adipocyte differentiation, C/EBPa is necessary

for sustaining PPARy expression (Rosen et al., 1999; Rosen et al., 2002; Wu et al., 1999).

Moreover, interestingly induction of prolonged high expression of C/EBPf in white

adipocytes has been shown to upregulate genes typically associated with brown fat.
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More recent research has identified additional transcriptional regulators that either promote or
inhibit brown fat cell development (discussed below). Additionally in C/EBPa-ablated mice
show that the development of WAT, but not BAT is disrupted (Linhart et al. 2001),

suggesting that PPARy expression in WAT is more dependent on C/EBPa than in BAT.

Pgc-1a (the nuclear PPARy gamma coactivator)

Transcriptional coactivator Pgc-1a is central to this thermogenic program, enhancing the
activity of transcription factors like PPARYy and thyroid hormone receptor to promote Ucp!

expression and mitochondrial biogenesis (Wu, Cohen and Spiegelman, 2013).

Overexpression of Pgc-/a in white preadipocytes can induce brown fat-like thermogenic
gene expression. While brown adipocytes lacking Pgc-1a can still differentiate, they show
impaired induction of thermogenic genes, underscoring Pgc-1a’s functional, rather than
developmental importance. Several factors regulate Pgc-1a at both transcriptional and post-
translational levels. Positive regulators include FOXC2, CREB, SIRT3, SRC-1, nitric oxide,
and p38 MAP kinase, while repressors like RIP140, necdin, and SHP inhibit its expression or
activity. 4E-BP1 acts at the translational level to suppress Pgc-1a protein synthesis, while
p38 MAP kinase can phosphorylate Pgc-1a to enhance its function (Othman Abu Shelbayeh
et al., 2023). Its interaction with transcription factors such as PPARy, PPARJ, and NRF-1
allows for recruitment of nuclear coactivators like CBP/p300, driving robust transcription of

thermogenic genes (Cheng, Ku and Lin, 2018).

PRDM16 (PRD1-BF-1-RIZ1 homologous domain-containing protein-16)

PRDM16, a zinc finger-containing protein with a PR (PRD1-BF1-RIZ1 homologous)
domain, a major transcriptional activator of BAT-selective gene program, expressed
selectively in BAT; when overexpressed in white adipocyte precursors, PRDM16 drives
differentiation into brown fat-like phenotype both in vitro and in vivo, while simultaneously

repressing WAT-associated genes (Seale et al., 2007; Kajimura et al. 2008). Specifically,

29


https://genesdev.cshlp.org/content/23/7/788.full%23ref-40

PRDM16 induces activation of thermogenic genes (Ucpl, Pgc-1a, and D2) and BAT-
selective genes (Cidea and Elovl3), along with other mitochondrial genes (Seale et al. 2007,

2008; Kajimura et al. 2008).

These effects are mediated at least in part through interactions with transcriptional co-
regulators Pgc-1a and Pge-1p, independent of direct DNA binding.

Furthermore, PRDM 16 can direct a bidirectional switch in cell fate between skeletal
myoblasts and brown fat cells. Lineage tracing studies support this by demonstrating that
BAT, but not WAT, derives from Myf5-expressing precursors, a lineage shared with skeletal
muscle, highlighting a developmental link between muscle and brown adipose tissue.
Ablation of PRDM 16 showed nearly total loss of the brown fat characteristics in vitro (Seale
et al. 2007). Interestingly PRDM 16 deletion from BAT precursor promotes differentiation
into skeletal muscle-like phenotype. Consistent with this, BAT from PRDM16 ablated mice
exhibits an abnormal morphology with dramatically reduced expression of thermogenic
genes and elevated expression of muscle-specific genes at embryonic day 17 (Seale et al.
2008). This evidence positions PRDM16 as a critical driver of brown adipocyte
differentiation.

CIDEA (Cell death-inducing DNA fragmentation factor-like effector A)

CIDEA, a member of the CIDE protein family, plays a pivotal role in the regulation of
thermogenesis and adipocyte browning through transcriptional control of UCPI. It is
considered a BAT-specific marker gene, as its mRNA expression is enriched in brown
adipose tissue (at least 50-fold higher compared to other tissues). Mechanistically, CIDEA
interacts with UCP1 and inhibits its uncoupling activity, thereby establishing a higher
activation threshold for thermogenesis.

In the absence of Cidea expression, UCP1-mediated thermogenesis is enhanced, leading to
elevated energy expenditure and reduced fat accumulation. Notably, high Ucpl expression

precedes the induction of BAT-specific genes during the browning process, suggesting that
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the release of CIDEA-mediated repression on Ucp/ may serve as a molecular switch
initiating the full conversion of white adipocytes into thermogenic beige cells.
By modulating the threshold and extent of UCP1 activation, CIDEA functions as a

gatekeeper of adaptive thermogenesis, energy expenditure, and fat storage (Jash et al., 2019).

Elovl3 (elongation of very long-chain fatty acids 3)

Elovl3, originally identified as Cig30, is a member of the Elovl family of fatty acid
elongases, though the molecular basis of its substrate specificity remains unclear. It catalyzes
the elongation of fatty acids up to 24 carbons and is most prominently expressed in BAT,
with additional expression in the liver, skin, kidney, white adipose tissue, and heart. Elovi3
expression is strongly induced during BAT activation, particularly in response to chronic NE
stimulation, high-calorie diet, and early postnatal development. Functional studies in Elov13
KO mice revealed impaired BAT recruitment during acute cold exposure, accompanied by
deficits in skin barrier integrity. Although knockout mice could ultimately survive prolonged
cold, they relied predominantly on skeletal muscle shivering rather than BAT thermogenesis.
Moreover, in warm-acclimated KO mice, BAT exhibited reduced lipid storage and
diminished metabolic activity upon NE stimulation. Collectively, these findings suggest that
Elovl3 is essential for lipid accumulation and metabolic activation of BAT during the early
recruitment phase but is not strictly required for long-term cold adaptation (Westerberg et al.,

2006).

1.9 Introduction to paravertebral brown adipose tissue (pBAT)

Paravertebral brown adipose tissue (pBAT) is a depot positioned in thoracic paravertebral
space and consistently found in both humans and rodents. Numerous studies have previously
reported that human pBAT exhibits metabolic activity with increased glucose uptake upon
cold exposure, visualized with both 18F-FDG PET and SPECT/CT imaging with the

mitochondrial tracer 99mTc-methoxyisobutylisonitrile (99mTc-MIBI) (Goetz et al.).
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Despite extensive research into human BAT, most attention has focused on supraclavicular
depot, scBAT, while the paravertebral BAT depot remains largely unexplored. For a while,
supraclavicular BAT was considered the human equivalent of the interscapular BAT depot in
small mammals. However, this assumption has been challenged by more recent findings, that
unlike interscapular depot in mice the supraclavicular region is made of beige, brown and
white adipocytes. The constitutive interscapular BAT depot, classic site of thermogenesis in
rodents, is mostly homogeneous, composed almost of thermogenic brown adipocytes. In
contrast, scBAT is highly infiltrated with white/beige adipocytes, which could potentially
mean lower thermogenic capacity of this depot (Lidell et al., 2013). Additionally, as a
superficial depot, scBAT is also more susceptible to age and obesity related whitening (Von

Bank et al., 2021).

Current research is focused on identifying alternative BAT depots and determining whether

these depots function as the human equivalent of interscapular BAT.

Paravertebral BAT has captured our interest due to several factors:

1) Our preliminary results show that pBAT is engulfed in sympathetic ganglia, with the left
T3 ganglion being surrounded by adipose tissue immunostained for TH and UCP1 (as shown
on Figure 4). The dense sympathetic innervation and positive UCP1 staining strongly
suggests sympathetic input into the tissue and that adipose tissue surrounding sympathetic
ganglia is thermogenic. Given that classical thermogenic BAT function relies on intricate
network of sympathetic and vascular innervation, we believe this positioning could have an

implication on pBAT’s thermal and metabolic function.

2) Evidence from small mammals and hibernating species suggests that BAT located adjacent
to the spinal cord and sympathetic chain plays a critical role in thermoprotection of neural
structures during cold exposure. pBAT is anatomically positioned in the paraspinal space,

adjacent to vital organs, major vessels, and the sympathetic chain. It is plausible that this
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location could be an evolutionary strategy to enable countercurrent heat exchange and allow
local warming of the thoracic spinal cord and sympathetic ganglia, thereby maintaining
thermoregulatory autonomic outflow and supporting prolonged BAT activation. In rodents,
BAT is positioned in a way that heat generated during cold exposure can be transferred via
countercurrent vascular mechanisms to vital thoracic organs, the spinal cord, and the
sympathetic chain (Smith, 1964). In humans, paravertebral BAT may similarly contribute to
warming the thoracic spinal cord and sympathetic ganglia, either directly or indirectly
through nearby intercostal vessels supplying spinal circulation (Sacks and Symonds, 2013).
These features imply that paravertebral and thoracic BAT depots may help preserve neural,

autonomic, and neuromuscular function during hypothermia (Sacks and Symonds, 2013).

3) In humans, pBAT may also benefit from vascular connections, such as intercostal arteries
branching into spinal vessels and linking with the anterior spinal artery, further facilitating

localized heat delivery to neural structures (Sacks and Symonds, 2013).

4) Similarly to the last point, pPBAT’s location could also be evolutionary adaptation to

provide heat to major organs in the thoracic cavity, such as heart and major arteries.

5) Additionally, evidence from animal studies indicates that deeper depots of BAT are lost
later in life compared with superficial depots, suggesting greater resilience to age-associated
decline (Ou et al., 2022). Similarly, age-related reductions in Ucpl expression and BAT mass
appear to affect more superficial depots first, while some deeper depots retain activity for
longer (Yu et al., 2024). Indeed, there is sufficient evidence of pBAT persisting into

adulthood in humans, unlike classical iBAT.
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Figure 4. Representative immunofluorescence images showing TH and UCP1 signal distribution.

Representative images of tissue stained for tyrosine hydroxylase (TH, red) and uncoupling protein 1
(UCPI1, green). Individual channels are shown separately (left: TH; middle: UCP1), alongside a
merged image (right). Areas of apparent signal overlap are visible in the merged panel. Images are
presented for qualitative visualization of marker localization and suggest sympathetic innervation of

pBAT.

The above-discussed factors indicate that paravertebral BAT could be part of a highly
integrated neural-metabolic axis that enables rapid thermogenic responses. However, such a
role has not been described or characterised, representing a significant gap in our

understanding of BAT’s functional diversity.

Investigating pBAT could therefore provide valuable insights into the mechanisms that
maintain functional BAT in humans, as well as its role in core thermoregulation and
neurovascular protection. To address these knowledge gaps, we aimed to characterise the
molecular and transcriptional profile of paravertebral BAT and compare it with other well-

studied depots.
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1.9.1 Hypothesis and aims of this research

We hypothesize that the paravertebral BAT (pBAT) depot is a functionally distinct subset of
brown adipose tissue that contributes to localized thermogenesis, protecting neural structures
and sustaining autonomic output during cold exposure in mammals. This project aims to
characterize the transcriptional profile of pPBAT and evaluate its thermogenic potential in
murine models. A pilot study confirmed the expression of key thermogenic genes in pBAT,

validating its functional relevance.

To interrogate the mechanisms driving thermogenesis, we applied two complementary

interventions:

1. Acute cold exposure: animals were exposed to 4°C for 24 hours to mimic an

environmental cold challenge.

2. Pharmacological activation: administration of the B2-adrenergic receptor (2-AR)

agonist Clenbuterol.

The rationale for using Clenbuterol stems from recent evidence showing 2-AR expression on
sympathetic neurons innervating BAT. While the postsynaptic roles of f2-ARs in adipocytes
are well established, their potential presynaptic function in sympathetic neurons remains
poorly defined. Early pharmacological studies in the rat stellate ganglion, which innervates
the heart, demonstrated that presynaptic >-AR activation amplifies cAMP-PKA signaling,
elevates intracellular Ca?*, and facilitates norepinephrine and epinephrine release (Bardsley et
al., 2018). These findings suggest that a similar presynaptic f2-AR-mediated mechanism may

operate in sympathetic neurons innervating BAT.

Building on this hypothesis, our laboratory provides the first direct evidence of f2-AR
expression in sympathetic neurons of the stellate ganglion that innervate the thermogenic

iBAT depot in mice. Activation of these B>-ARs exerts sympathofacilitatory effects,
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enhancing NE-evoked sympathetic responses in vitro, promoting iBAT thermogenesis, and
contributing to maintenance of healthy body weight independently of food intake.
Mechanistically, these effects are likely mediated via the cAMP-PKA signaling pathway,

which supports sympathetic neuron growth and survival (Cheung et al., 2025).

Importantly, targeting B2-ARs at the level of sympathetic ganglia represents an attractive and
translationally relevant strategy. Because the stellate ganglion innervates iBAT in mice,
selective presynaptic stimulation of B2-ARs can be readily tested in well-established murine
models, allowing precise mechanistic interrogation of neural control of BAT thermogenesis

prior to human translation.

Having established the effects of presynaptic 2-AR activation in iBAT, we next investigated
whether enhanced sympathetic signaling influences thermogenic gene expression across other
adipose depots, with a particular focus on pBAT. Clenbuterol administration in our mouse
models allowed us to probe whether presynaptic B2-AR stimulation within sympathetic

neurons projecting to pBAT modulates the expression of key thermogenic markers.

We examined genes regulating brown adipogenesis (Prdm16), lipid storage and glucose
uptake (Cidea, Elovl3), and thermogenic function (Ucpl, Pgc-1a). By comparing gene
expression in pBAT with untreated controls and other adipose depots, this study aims to
elucidate depot-specific transcriptional and functional responses to cold and adrenergic
stimulation and assess whether the gene expression profile of pPBAT resembles classical

iBAT.
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2.1 Mice handling

Animals

Experiments were executed using wild-type (WT) C57BL/6 mice obtained from Charles
River Laboratories and housed in the University of Oxford Animal Facility under
specific pathogen-free conditions. Environmental parameters were maintained at 21 +
1°C and 50 £+ 10% humidity, with a 12h light/dark cycle. Animals had ad libitum access
to standard chow and water, unless otherwise stated. Male mice aged 8-16 weeks were
used for metabolic phenotyping, as detailed in the respective figure legends. All
experimental procedures complied with the UK Home Office regulations, the University
of Oxford institutional guidelines, and the University of lowa Animal Care and Use

Committee protocols.
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Mice Housing at Thermoneutral Temperature and Exposure to Cold Stress

C57BL/6J male mice at 8-weeks old were housed at thermoneutrality (~30°C) for 7 days to
eliminate cold-induced activation of BAT that occurs under standard housing conditions
(~21 °C). This prevents baseline sympathetic stimulation of BAT, enabling a clearer
assessment of B-adrenergic receptor agonist effects. Moreover, housing at thermoneutrality
better reflects human thermal conditions, enhancing the translational relevance of the
findings. At this point, the thermoneutrality-only control group was culled, while the
remaining mice were exposed to 4 °C for 24 hours, with rectal temperatures measured
every 6 hours to ensure core temperature remained above the 30 °C welfare stop-point.
Both groups were then anesthetised with pentobarbital (4 mg/g body weight) and
transcardially perfused with 20 mL of PBS (1x) containing heparin (20 U/mL), followed by
20 mL of 4% paraformaldehyde (PFA) in PBS (1x). This experimental design minimized
confounding thermal stress, ensured animal welfare, and provided well-preserved tissue for

downstream analyses.

2.2 Immunohistochemistry with tissue clearing (iDISCO)

Fluorescence-guided dissection and histology

C57BL/6J male mice were anaesthetized and perfused with 50 mL PBS + heparin 20U/mL,
followed by a seconder fusion with 50 mL 4% PFA/PBS to remove excessive blood that
could limit visibility during the dissection. Next, BAT samples were fixed in 1x PBS/PFA
at 4 °C overnight with shaking for 12-16 hours, then at room temperature for 1 hour.
Finally, the samples were washed in PBS while shaking at room temperature for 30
minutes. Last step has been repeated 3 times.

Immunohistochemistry with tissue clearing (iDISCO)

We optimised iDISCO+ protocol for whole-body and torso preparations, considering the

sample size, lipid content, and the preservation of delicate sympathetic structures. Our
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adapted workflow enabled us to maximise antibody penetration and tissue transparency,
resulting in high-quality images. Importantly, we found that exposure of the sample to air,
and consequent oxidation, leads to reduces tissue transparency and affects the image
quality. For this reason, we minimised the air exposure of the samples and ensured that all
incubations were performed in filled tubes, with 50 mL Falcon tubes preferred during

washes to ensure homogeneous antibody distribution and reduced aggregation.

Torso dissections were designed to preserve the stellate ganglia and sympathetic chain,
requiring removal of thoracic viscera while minimising disruption to key innervation sites.
We performed laminectomy, a procedure by which part of the posterior region of each
vertebra is being removed to expose the spinal cord and allow comprehensive analysis. This
was followed by a week-long treatment in 10% EDTA (pH 8-9) for sufficient and effective

decalcification without compromising tissue integrity.

Pretreatment

Sample pretreatment involved graded methanol dehydration followed by DCM
delipidation, which was particularly important for lipid-rich tissues such as adipose depots,
brain, and spinal cord. Insufficient delipidation produced incomplete clearing, reinforcing
the need for extended solvent washes in these tissues. A bleaching step in
methanol/hydrogen peroxide enhanced optical clarity by reducing pigmentation, especially
when performed under strong illumination.

Immunolabeling

For immunolabeling, prolonged incubations were necessary due to the size and density of
the samples. A two-day permeabilization and blocking phase at 37°C optimized antibody
access, followed by primary and secondary antibody incubations of at least one week each.
Washes between antibody steps were extensive, with multiple buffer changes over 48 h,

which prevented antibody trapping and reduced background fluorescence.
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Clearing

Finally, refractive index matching was achieved through sequential treatment with DBE
and ethyl cinnamate (ECi). We observed that filling tubes to the top was especially critical
at this stage to prevent oxidation artifacts. Interestingly, leaving samples embedded in ECi
for several additional days prior to imaging improved transparency and yielded clearer

images, particularly in large tissue blocks.

After tissue clearing, light-sheet fluorescence imaging was carried out to obtain high-
resolution three-dimensional visualization of the specimen using UltraMicroscope II. The

lengths (um) determined using the Surface and FilamentTracer tools in Imaris 10.

2.3 Treatment

Exposure to B2-AR-agonist Treatment with Clenbuterol

For selective activation of f2-AR, C57BL/6J mice were treated with Clenbuterol in
drinking water (30mg/L) for 14 days starting when they were 8 weeks old. Following the
treatment, mice were euthanised via CO: inhalation and perfused with ice-cold PBS for 5
minutes. Following perfusion, tissues were rapidly excised, placed immediately on dry ice,
and stored at the appropriate temperature until further processing.

Isolation of adipose tissues

Adipose tissue depots, including subcutaneous white adipose tissue, gonadal white adipose
tissue, interscapular brown adipose tissue, and paravertebral brown adipose tissue were
obtained from both the cold-exposure and Clenbuterol-treated mice.

1IBAT was isolated by making an incision along the dorsal midline between the shoulder
blades to expose the underlying brown fat depot (identified as the darkly pigmented fat pad
located between the scapulae). The iBAT pad was carefully separated from adjacent muscle

and connective tissue using fine forceps.
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gWAT was dissected by opening the abdominal cavity and gently removing the fat pads
surrounding the gonads, ensuring minimal disruption to adjacent organs.

scWAT was harvested from the inguinal region by making a skin incision and lifting the
subcutaneous fat layer away from the underlying muscle. All tissues were collected with
care to avoid contamination from neighboring tissues and stored at -80°C until further
processing.

For the dissection of pPBAT, the region adjacent to the vertebral column was carefully
exposed under a dissecting microscope. The overlying connective tissues and muscles were
gently separated to reveal the brown fat depot located paravertebrally. Using fine forceps,
pBAT was dissected free from surrounding structures to avoid contamination with
neighboring tissues. This method ensured high-purity isolation of the paravertebral brown
adipose tissue for downstream transcriptional analyses. All dissected depots were
immediately placed in pre-chilled PBS on ice prior to further processing for transcriptional

analyses.

2.4 qRT-PCR

RNA isolation and gRT-PCR

Frozen adipose tissue samples were homogenized in Trizol reagent using a bead-based
homogenizer. Total RNA was extracted following a standard phenol-chloroform protocol
with subsequent DNase treatment and ethanol precipitation to ensure purity. RNA quality
and concentration were assessed using a Nanodrop spectrophotometer. Two micrograms of
total RNA were reverse-transcribed into cDNA using the SuperScript III First-Strand
Synthesis System (Invitrogen) according to the manufacturer’s instructions. Quantitative
real-time PCR (qQRT-PCR) was performed using Platinum SYBR Green qPCR SuperMix-
UDG (Invitrogen) on a Real-Time PCR Detection System (Bio-Rad). Relative gene

2 -ACt

expression levels were calculated using the method, normalizing target gene
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expression to hypoxanthine phosphoribosyltransferase 1 (HPRT1) housekeeping reference

gene.
Treatment Group 1: Treatment Group 2:
Cold shock (30°C x 7 days — 4°C x| |Clenbuterol in drinking water
1 day) (30mg/L for 2 weeks)
Control: Thermoneutral cohort
(30°C x 8 days) Control: Untreated cohort
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Figure 5. Experimental induction of BAT thermogenic activation and downstream gene
expression analysis. Mice were subjected to two independent thermogenic stimulation paradigms.
Treatment Group 1 underwent cold exposure, consisting of housing at thermoneutrality (30 °C) for
7 days followed by acute cold shock at 4 °C for 24 h; control animals were maintained at
thermoneutrality (30 °C) for 8 days. Treatment Group 2 received Clenbuterol (30 mg/L)
administered via drinking water for 2 weeks, with untreated animals serving as controls.
Following treatment, adipose tissue depots were harvested (Step 1) and processed for RNA
isolation. Total RNA was reverse-transcribed to cDNA and gene expression was quantified by
qRT-PCR (Step 2). Step 3 involved assessment of thermogenic and brown fat-associated gene
expression, including Ucp1, Cidea, Prdm16, Pgcla, and Elovl3, to evaluate transcriptional
responses to cold and pharmacological stimulation.

2.5 Rationale for gene selection and validation

The objective was to establish a mechanistically justified panel of thermogenic genes that
can help us understand whether pBAT is transcriptionally similar to classical iBAT and

how it compares to common WAT depots. Moreover, we were interested in seeing whether
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the expression of genes of interest is affected by the cold stimulus/ B2-adrenergic

stimulation with Clenbuterol.

The selection of genes for transcriptional profiling involved a combination of reviewing

existing literature, functional relevance, and depot-specific expression patterns. A minimal,

yet complete panel of genes was chosen to capture the full spectrum of processes that

define brown adipose biology. These include:

1.

Lineage specification and adipogenic commitment - Prdm 16 was included as a
master regulator of brown adipocyte identity and developmental programming.
Thermogenic machinery and mitochondrial biogenesis - Ucp! (the hallmark effector
of non-shivering thermogenesis) and Pgc-/a (a key transcriptional coactivator driving
mitochondrial proliferation and oxidative metabolism) were selected to assess the
depot’s thermogenic potential.

Lipid storage and mobilisation - Cidea and Elovi3 were included to evaluate the
capacity of pBAT to store and mobilize lipids, a crucial aspect of sustained
thermogenesis. These genes are also linked to glucose, and fatty acid handling, and
their upregulation and high baseline expression indicate that pBAT is metabolically

primed to support heat production.

Housekeeping and normalisation - Using the housekeeping reference gene is essential
to ensure reliability of qPCR results and minimize the degree of error that can arise as
result of variations between samples, runs, nucleic acid integrity, reverse transcription
efficiency, and sample loading amounts. We applied stability testing algorithms
(geNorm and NormFinder) to identify a suitable reference gene, HPRTI. We have
further confirmed its stability across all treatment groups in our pilot experiment. While
using multiple reference genes can improve robustness, HPRT1 is stably expressed
across tissues and conditions relevant to thermogenesis, validated in the literature and

confirmed stable in our pilot analysis.
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Gene

Full Name

Function/Role in thermogenesis

Ucpl

Uncoupling Protein 1

Mitochondrial proton transporter that mediates non-
shivering thermogenesis; exclusively expressed in
BAT.

Cidea

Cell Death-Inducing DNA
Fragmentation Factor
Alpha-Like Effector A

Marker of brown adipocytes; regulates lipid droplet
formation and is a biomarker of thermogenic activity.

Prdml6

PR/SET Domain 16

Transcriptional regulator; drives brown adipocyte
differentiation and activates BAT-selective genes.

Pgc-la

Peroxisome Proliferator-
Activated Receptor Gamma
Coactivator 1-Alpha

Master regulator of the thermogenic gene program;
promotes mitochondrial biogenesis and oxidative
metabolism.

ELOVL3

Elongation of Very Long
Chain Fatty Acids Protein 3

Involved in fatty acid elongation; contributes to cold-
induced thermogenesis and BAT lipid remodeling.

HPRTI

Hypoxanthine-Guanine
Phosphoribosyltransferase 1

Housekeeping gene used for RT-qPCR normalization,
stably expressed in all somatic tissues.

Table 1. Summary of Genes Assessed in Thermogenic Profiling. The thermogenic genes (Ucp/,
Cidea, Prdm16, Pgc-1a, and ELOVL3) were selected based on their well-established roles in brown
adipose tissue (BAT) identity and function, as supported by prior literature. HPRT1 was selected as
the reference gene for RT-qPCR normalization due to its consistent and stable expression across a
range of somatic tissues and experimental conditions, including those relevant to thermogenic
activation in BAT.

2.6 Statistical analysis

Statistical differences between two groups were assessed using a two-tailed t-test, while

comparisons involving three or more groups were analyzed by one-way ANOVA. The

specific statistical tests used, and sample sizes are detailed in the corresponding figure

legends. A p-value of less than 0.05 was considered statistically significant. All statistical

analyses were conducted using GraphPad Prism 10 and data points presented as Mean +

SEM.
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3.1 Tissue Clearing and Immunofluorescence of pBAT

Our findings indicate that pBAT in mice is anatomically integrated with adjacent sympathetic
ganglia. Whole-mount immunolabelling of cleared tissue, followed by light-sheet fluorescence
imaging, revealed extensive co-localization of tyrosine hydroxylase (TH; marker of
sympathetic fibers) and UCP1 (marker of thermogenic adipocytes) within pBAT (Figure 6).
TH-positive fibers were observed running longitudinally along the vertebral column and
branching into the surrounding tissue, while UCP1-positive adipocyte clusters were found
enveloping the sympathetic chain. High integration of sympathetic neurons (Figure 6) with
paravertebral BAT highlights a structural and potentially functional coupling driving
thermogenic response. The presence of sympathetic input into the pBAT is shown in Figure 7,

a high-magnification fluorescence microscopy image that demonstrates the organization of
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sympathetic networks within the T2-T4 plexus surrounding pBAT, with neuronal cell bodies

and associated processes visible along the paravertebral sympathetic chain, which may provide

an anatomical context for sympathetic input to brown adipose tissue.

Figure 6. TH and UCP1 immuneostaining image of the paravertebral brown adipose tissue
(pBAT) in mice. Image shows sympathetic fibers and terminals (TH, red), running longitudinally
along paravertebral adipose depots and multilocular adipocytes (UCP1, green) in mice exposed to cold
(4°C). UCP1-positive structures are clustered around the sympathetic chain, suggesting close
anatomical association between brown adipose depots and sympathetic innervation. Scale bar:

5000 pm.
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200 pm

Figure 7. High magnification image of sympathetic networks in T2-T4 plexus surrounding pBAT.
A high-magnification image of sympathetic chain ganglia acquired using fluorescence microscopy.
Neuronal cell bodies are prominently visualized along the paravertebral sympathetic chain, with clearly
defined soma, proximal axons, and dendritic projections. This structure underlies the communication
between the central nervous system and peripheral targets such as brown adipose tissue. Scale bar:

200 um

3.2 Depot-specific transcriptional profiling of pBAT

Our transcriptional studies compared the BAT signature gene expression across four Below

we describe following:
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1. Baseline thermogenic genes expression in thermoneutrality: pilot study (n=1).
2. Thermogenic gene expression in response to natural stimuli (cold) and

pharmacological stimulation (Clenbuterol): experimental studies (n=4).

Aligned with previous studies, we have observed significant heterogeneity in gene
expression within the depots (Figure 8.A). Notably, pBAT consistently exhibited a more
robust thermogenic transcriptional profile, aligned with classical brown fat genetic signature.
The recorded alterations in pBAT’s gene upregulation surpass those of traditional iBAT,

particularly following the acute cold stress (Figure 9A. And B.).

3.3 Pilot study: Thermogenic Gene Expression at Thermoneutrality

In this pilot study, we assessed the relative mRNA expression of a thermogenic gene panel
across adipose depots in a thermoneutral mouse, using HPRT1 as an endogenous control. The
analysis revealed apparent depot-dependent differences, with pBAT exhibiting the highest
Ucpl expression (Figure 8A). As shown in Figure 8B, expression of core thermogenic genes
was prominent in pBAT. Ucp! and Pgc-1o expression appeared higher in pBAT compared
with classical iBAT, whereas Cidea and Elovi3 levels were comparable between the two
depots. In contrast, Prdm 16 expression appeared lower in pBAT relative to iBAT. Overall, the
expression profiles of thermogenic genes in pPBAT more closely resembled those of iBAT than
white adipose tissue depots. Given the limited sample size (n = 1), statistical analysis was not
performed, and the data are presented as representative observations to assess the detectability
of genes of interest in pBAT.

Collectively, these findings established the presence of these BAT-characteristic markers in
pBAT, particularly high Ucp! expression, and were sufficient for us to pursue further
experiments assessing its responsiveness to both physiological (cold exposure) and

pharmacological (B2-adrenergic stimulation) activation.
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Figure 8. Pilot study results.

(A) Relative fold expression of Ucpl in pBAT compared to the iBAT and white adipose tissue
depots. This graph represents a pronounced difference in Ucpl expression between depots, highest
being pBAT (red). Gene expression has been assessed against the endogenous control gene HPRT].
(B) Relative expression of thermogenesis-associated genes across adipose depots of
thermoneutral mice. We observed striking upregulation of thermogenesis-associated genes in pBAT
(red) as compared to iBAT (blue) and WAT depots (in grey), all groups were compared to a single
control group (iBAT). No statistical analysis was performed on these graphs, due to the sample size

(n=1), instead data served as representative observation.
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3.4 Cold Stress: Thermogenic Genes Strongly Upregulated in pBAT

UCP1

Animals exposed to acute cold shock (24h) exhibited a robust upregulation of Ucp/ mRNA
expression in paravertebral BAT (pBAT), with a ~550-fold increase compared to
thermoneutral controls (p < 0.0001) (Figure 9.A). By contrast, interscapular BAT (iBAT)
showed less robust, though still significant, 17-fold induction under the same conditions (p =
0.0024) (Figure 9.A). Visibly, there was a significant difference between iBAT and pBAT, as
shown on Figure 9.B. To determine whether the markedly greater fold-change observed in
pBAT could be attributed to differences in basal Ucp! levels between depots, we assessed
Ucpl expression at thermoneutrality (performed on the background, not graphically presented
in this thesis). Baseline Ucp! expression did not significantly differ between pBAT and iBAT
(p = 0.6046). Thus, the exaggerated cold-induced response in pBAT reflects a true depot-

specific amplification of Ucp! induction rather than differences in starting expression levels.

Pgc-la

Following cold shock, pBAT demonstrated a ~2440-fold increase in Pgc-/a expression
compared to thermoneutral controls (p < 0.0001) (Figure 9.C). Pgc-1a is a key transcriptional
coactivator regulating mitochondrial biogenesis and oxidative metabolism, and its robust
induction in pBAT is consistent with an expansion of mitochondrial content and enhanced

oxidative capacity in this depot.

Elovl3

Similarly, pPBAT demonstrated a ~62-fold increase in Elov/3 expression (p = 0.0016)
compared to thermoneutral controls (Figure 9.C). Interestingly, iBAT showed an even greater

induction of Elovi3 (~142-fold) (Figure 9.A). Since Elovi3 encodes an enzyme involved in
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very-long-chain fatty acid elongation and is tightly linked to thermogenic lipid metabolism,
this suggests that iBAT may rely more heavily on lipid remodeling as part of its adaptive

response to acute cold exposure.

Cidea

In contrast, Cidea expression was upregulated to a similar extent in both depots (~71-fold in
pBAT vs. ~60-fold in iBAT; p=0.007 and p=0.001, respectively) (Figure 9.A and 9.C). Cidea
is associated with lipid droplet formation and regulation of lipolysis, as well as negative
regulation of Ucpl. These results indicate that cold stress promotes a comparable enhancement

of lipid storage and internal regulatory machinery in both pBAT and iBAT.

Prdml16

Cold shock resulted in a 13-fold increase (p < 0.003) in the expression of the master
transcriptional regulator Prdm16 in pBAT (Figure 9.C), which was comparable to the 18-fold

increase observed in iBAT (p=0.0012) (Figure 9.A).

To summate, we examined the expression of key BAT genes under thermoneutral (30°C) and
cold exposure (4°C) conditions. Cold exposure caused a dramatic increase in thermogenic
genes in pBAT depot compared to other adipose depots (Figure 9.B). Importantly, Ucp!
expression in pPBAT increased by roughly 550-fold upon cold shock, compared with
thermoneutral controls (p < 0.0001). Other core BAT-associated genes showed a positive trend
as well, with Cidea, Prdm16, Pgc-1o, and ELOVL3 all significantly upregulated (p < 0.001 to
p <0.01) (Figure 9.A and 9.C). These genes are known to regulate mitochondrial function,
lipid metabolism, and brown adipocyte identity, suggesting a coordinated robust,

transcriptional response to cold.
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Thermogenic gene expression in pBAT in response to cold

Figure 9. Cold exposure induces depot-specific thermogenic gene expression in mouse adipose
tissue.

(A) Relative mRNA expression of thermogenic and mitochondrial genes (Ucpl, Cidea, Prdm16, Pgc-
la, and Elovi3) in mouse paravertebral brown adipose tissue (pBAT, red), interscapular brown adipose
tissue (iBAT, blue), gonadal white adipose tissue (gWAT, yellow), and subcutaneous white adipose
tissue (scWAT, beige). pBAT exhibited a ~550-fold increase in Ucp! expression (****p = 0.00003)
compared to ~17-fold increase in iBAT(**p = 0.0024). Interestingly, compared to thermoneutral
controls pBAT showed high expression of Cidea (**p=0.007), Prdm16(**p<0.003), Pgc-10. ~2440-
fold (****p <0.0001) and Elovi3 (**p = 0.0016). Bars represent mean + SEM with individual
biological replicates shown (n = 4). Statistically significant differences as determined by one-way
ANOVA with Tukey’s post-hoc testing.

(B) Fold-change in Ucpl expression following cold exposure across mouse adipose depots. This section
demonstrates increased expression of Ucpl in pBAT upon cold shock (4°C, 24h), particularly in
comparison to classical iBAT. Results confirmed that pPBAT exhibits significantly higher Ucpl
expression compared to iBAT (**p = 0.002), gWAT (**p = 0.004), and scWAT (**p = 0.0032).Bars
present mean + SEM with individual biological replicates shown (n = 4).Statistical significance was
determined using unpaired Student’s t-tests for pairwise comparisons between pBAT and each depot.

(C) Thermogenic gene expression in mouse pBAT under thermoneutral (30 °C) and cold-exposed (4
°C) conditions. This panel shows fold-change mRNA expression relative to thermoneutral controls (all
values same as stated in Section A). Bars represent mean + SEM with individual biological replicates
shown (n = 4). Statistically significant differences as determined by one-way ANOVA with Tukey’s
post-hoc testing. For all panels illustrated above significance is indicated as: ns (non-significant), p <
0.05 (*), p <0.01 (**), p<0.001 (***), and p < 0.0001 (****).
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3.5 B-adrenergic stimulation of pBAT with Clenbuterol

Pharmacological stimulation with the ;-adrenergic agonist Clenbuterol further supported
pBAT’s capacity to upregulate the thermogenic gene expression. Stimulation of B>-ARs in
treated mice resulted in a similar effect on both classical iBAT depot and pBAT, showing
statistically strong upregulation of Ucp/ and Cidea, however, not the remaining genes (e.g
Pgc-1a, Elovi3, Prdml6) as shown explicitly in Figure 10.A. Potential reasons underlying
these trends will be discussed in greater detail in the 4. Discussion section.
UCP1
As presented in Figure 10.A and 10C. mice treated with Clenbuterol showed a 60-fold increase
in pBAT’s Ucpl expression (p < 0.0001), which is 3-fold greater relative to 20-fold change
observed in iBAT (p =0.0011). We have compared the baseline expression of Ucp! in both
depots under no treatment to understand whether there is a significant treatment-associated
effect, which showed that under no treatment, both tissues exhibit similar Ucp expression,
with no statistically significant difference between depots. This highlights pBAT’s ability to
respond to sympathetic input.
Cidea
Along with Ucpl, we have observed a strong upregulation of Cidea following the treatment
(Figure 10.A). Levels of Cidea expression following the treatment were similar between pBAT
and classical iBAT depot, with the mean fold change of 80 (p = 0.0001) and 75 (p = 0.0023),
respectively.
Collectively, these results show a degree of pharmacological induction of thermogenic gene
transcription in pBAT. While the thermogenic response across all depots was less pronounced
compared to cold challenge, pBAT still exhibited notable upregulation of the hallmark
thermogenic marker Ucp!. In treated mice, Ucpl expression in pBAT was significantly greater
than in classical iBAT and scWAT depots (Figure 10.B).We have noticed visually evident

upregulation in Pgc-1a, Elovi3, and Prdm16 mRNA levels following the treatment, however
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these changes did not reach statistical significance (Figure 10.C).
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Thermogenesis gene expression in response to Clenbuterol in pBAT

Figure 10. Effect of Clenbuterol on depot-specific thermogenic gene expression in mouse adipose tissue.
(A) Relative mRNA expression of thermogenic genes (Ucp!, Cidea, Prdm16, Pgc-1a, and Elovi3) in mouse
paravertebral brown adipose tissue (pBAT, red), interscapular brown adipose tissue (iBAT, blue), gonadal white
adipose tissue (gWAT, yellow), and subcutaneous white adipose tissue (scWAT, beige). Clenbuterol promotes
expression of Ucpl (****p < 0.0001) and Cidea (***p = 0.0001) in pBAT. Similarly, in iBAT B-adrenergic
stimulation, caused statistically relevant upregulation in Ucp! (**p =0.0011), Cidea (**p = 0.0023), ElovI3 (*p
=(0.08). Bars represent mean = SEM with individual biological replicates shown (n = 4). Statistically significant
differences were determined by one-way ANOVA with Tukey’s post-hoc testing.

(B) Ucpl expression across paravertebral (red), subcutaneous (purple), gonadal (blue), and interscapular (orange)
adipose depots in response to Clenbuterol. Following the treatment, Ucpl expression in pBAT depot was
significantly higher than scWAT(**p < 0.005) and iBAT (*p < 0.01), but not gWAT (ns).Bars present mean +
SEM with individual biological replicates shown (n = 4).Statistical significance was determined using unpaired
Student’s t-tests for pairwise comparisons between pBAT and each depot.

(C) This panel focuses on solely pPBAT’s relative mRNA expression of Ucpl, Cidea, Prdm16,
Pgc-1a, and Elovi3, and expressed as fold-change relative to no treatment controls. This panel
underlines Ucp I (****p < 0.0001) and Cidea (***p =0.00018) being upregulated in pBAT, but
not other assessed genes in response to Clenbuterol. Bars present mean + SEM with individual
biological replicates shown (n = 4). Statistical significance was assessed using one-way ANOVA

Tukey’s post-hoc testing. For all panels illustrated above significance is indicated as: ns (non-
significant), p < 0.05 (*), p < 0.01 (¥*), p <0.001 (***), and p < 0.0001 (¥**%*),
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4.1 General Discussion

In this chapter, I will place the overall findings of this thesis within the broader context of

the field, considering how they extend current models of BAT heterogeneity and highlight

potential directions for future investigation.

In the light of the escalating global obesity epidemic and associated metabolic diseases, the

possibility of therapeutic BAT activation is particularly compelling. At present, targeting

BAT remains elusive, as a knowledge gap persists regarding the existence of a true human

equivalent of the classical interscapular adipose tissue, iBAT. Although iBAT is the most

well-studied thermogenic BAT depot essential for thermoregulation and survival in
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endotherms, it has no translational application, as in humans, iBAT is only active in infants

and gradually undergoes age-dependent degeneration.

This research thus investigated the transcriptional profile of a previously overlooked
paravertebral BAT, pBAT, depot that is present in both small mammals, such as mice, as
well as adult humans. Our study focuses on the thermogenic potential of pBAT in mice. We
investigated the expression of BAT-specific genes in response to 1) cold exposure and 2) B2
agonist, Clenbuterol. For a fuller comparative analysis, we have evaluated alongside those

of different adipose tissue depots, particularly classical thermogenic site, iBAT.

Our findings reveal an intriguing observation that pBAT from C57BL/6J mice express a
robust brown fat gene signature at thermoneutral conditions, with strong upregulation of
Ucpl, Cidea, Elovi3, Prdml6, and Pgc-1a at levels comparable to classical iBAT (Figure
8). The presence of this pronounced thermogenic transcriptional profile in absence of
external stimulus (e.g. cold) could reflect background sympathetic tone activation and
suggest that pBAT exists in a pre-activated or constitutively primed state. Since pBAT is
positioned in anatomical proximity to the spinal cord and sympathetic chain, it’s plausible
that this pre-activated state is maintained to ensure adequate level of thermoprotection of
neural structures and sustaining of efficient sympathetic outflow during ambient cold
exposure. Evidence from rodents and hibernating mammals shows pBAT’s role in
countercurrent heat exchange, warming neurovascular structures and vital body organs,

therefore providing localised protection against cold (Smith, 1964).

Our immunohistochemistry imaging analysis reveals presence of sympathetic networks
closely associated with pBAT (Figure 7). Consistent with the recognised role of the
sympathetic nervous system in BAT thermogenesis, we observed sympathetic activation of
the region with close spatial association of UCP1 and TH in mice exposed to cold (Figure

6). This demonstrates active sympathetic input into the tissue and suggests this depot
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operates under strong autonomic control, potentially facilitating the induction of a brown

adipose thermogenic program upon relevant environmental cues.

More interestingly, our further findings confirm these views by showing that pBAT is
responsive to both environmental stimuli with cold, and pharmacological treatment with
Clenbuterol. The level and strength of upregulation between these two stimuli varied, with
cold being a more robust activator of the BAT transcriptional profile in both pBAT and
iBAT. This was expected as cold elicits a multi-layered neuro-endocrine cascade targeting
numerous intracellular pathways, while Clebuterol activates a narrower intracellular
pathway, primarily cAMP-PKA-CREB, without engaging the full network of co-signals

that amplify thermogenesis.

The transcriptional profile of pPBAT in both instances was aligned with the traditional
activation of truly brown adipose tissue. Surprisingly, we detected a higher level of
thermogenic activation in pPBAT compared to iBAT in numerous instances and looked
further into these changes to understand variability in both depots. Among other
differences, pBAT demonstrated dramatic upregulation of early transcriptional activator
gene Pgc-1o and effector gene, Ucpl, exceeding iBAT significantly (Figure 9.A and 9.C).
These two genes are important for early response and rapid initiation of oxidative
uncoupling, suggesting that pPBAT potentially plays a role as a rapid-response thermogenic
depot distinct from iBAT by virtue of its heightened sensitivity and regulatory flexibility.
Further studies of pBAT are essential to validate these views and assess the magnitude of

pBAT’s thermogenic response.

Overall, these findings depict that pBAT in mice exhibits a pronounced thermogenic
transcriptional profile, supporting the view that this depot is functionally primed for rapid
thermoregulatory activation. The elevated baseline expression of key brown fat genes

shown in Figure 8.A, suggests that pPBAT may contribute to early or tonic thermogenic
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responses, rather than serving solely as a reserve activated under acute environmental
challenge. The following sections provide a comprehensive description and interpretation

of the experimental findings.

4.2 pBAT expresses classical brown fat program: pilot study

To verify the feasibility of this approach, we first checked whether pPBAT of C57BL6/J WT
mice exhibited any genetic markers of thermogenesis under normal conditions (room
temperature, without environmental or physiological stimuli). By conducting a pilot study,
we found that mice kept at thermoneutral conditions showed robust Ucp! expression
(Figure 8.A), along with increased levels of Cidea, Elovi3, Prdm16, and Pgc-1a (Figure
8.B), which reflect the canonical gene signature of classic iBAT, and distinguishes pBAT

from white adipose depots.

Each of these genes plays a critical role in sustaining brown fat function: Ucp! in
uncoupled respiration, Cidea in lipid droplet dynamics and negative control of Ucpl, Elovi3
in fatty acid metabolism, and Prdm 16 and Pgc-1o in transcriptional regulation and
mitochondrial biogenesis. Expression of these genes at basal conditions is not typical for
inducible dormant white adipose depots, whereas it is constitutive and robust in
thermogenic BAT depots (Fitzgibbons et al., 2011; Seale, 2015). Having established the
notable upregulation of brown fat-specific genes in pPBAT of WT mice at levels
comparable/exceeding classical iBAT depot, we next conducted planned experimental

studies.

4.4 pBAT: Cold-Stimulus

Firstly, we were able to identify a strong positive correlation between the decrease in the
environmental temperature and upregulation of pPBAT’s genes associated with non-

shivering thermogenesis. Most importantly, this study has confirmed the hypothesis that at
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baseline pBAT’s gene expression resembles characteristics of classic brown adipocytes and

is highly responsive to adrenergic stimulation.

Standard “room temperature” (around 20-22 °C), induces mild cold stress for mice because
of their small body size, high surface area-to-volume ratio and poor insulation. Therefore, at
this range they rely on brown adipose tissue to activate non-shivering thermogenesis to
maintain core body temperature. To reduce this background BAT activity, we acclimatised
the mice to thermoneutrality (~30 °C) for a week before the experiment. This
preconditioning allowed us to silence baseline thermogenic expression, giving us a clearer
baseline from which to detect transcriptional changes triggered specifically by the

temperature drop.

Indeed, acute cold shock (~24h) revealed striking transcriptional change in pBAT depot,
which I believe resulted from sympathetic-driven transcriptional activation. Exposure to
cold resulted in a pronounced induction of Ucp!, Pgc-1a, Cidea, Elovi3 and modern

upregulation of Prdm16 genes in pBAT (Figure 9. C).

Importantly, the key marker, Ucpl, was dramatically upregulated, with expression levels
increasing by nearly 550-fold relative to the thermoneutral baseline (Figure 9. C). This
magnitude of induction reflects the functional “switching on” of BAT, as UCP1 is the
central effector of non-shivering thermogenesis, uncoupling oxidative phosphorylation to

generate heat.

We have found that the response in pPBAT was markedly greater than that observed in other
adipose depots. Classical iBAT, long regarded as the primary thermogenic depot in rodents,
exhibited robust Ucp! induction (17-fold change to baseline), but to a substantially lower
degree compared to pBAT (Figure 9. B). Indeed, pBAT upregulation exceeded iBAT by
approximately 32-fold under identical cold exposure, suggesting depot-specific differences

in sympathetic innervation or transcriptional responsiveness. Furthermore, the magnitude of
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Ucp! induction in pBAT also surpassed that observed in inducible beige adipocytes within
subcutaneous and gonadal white adipose depots (Figure 9. B), underscoring the distinctive
thermogenic potential of this tissue. This ultimately reflects that pBAT has capacity to
protect surrounding tissues and vital organs from cold stress. To ensure the validity of this
comparison, we have ensured that baseline levels were comparable across all assessed

tissues and showed no statistically significant difference.

Another important observation was the marked induction of the Pgc-/a gene in pBAT
(Figure 9. A). Interestingly, the expression Pgc-/a has been prominent in both iBAT and
pBAT, but to a much lesser degree in WAT. Shown in Figure 9.A, the magnitude of the
Pgc-1a upregulation was the highest among all candidate genes analyzed (with over 2000-
fold change compared to thermoneutral controls). Given the specific regulatory role of Pgc-
la, we believe it could be because a boost in Pgc-/a mRNA precedes and supports full

activation of the downstream thermogenic genes.

These findings are consistent with the existing literature which specifically highlights the
role of Pgc-la as an early transcriptional regulator of downstream thermogenic effector
genes that boosts oxidative capacity of BAT. Pgc-1a orchestrates induction of numerous
BAT genes and acts as a transcriptional coactivation of nuclear receptors, such as PPARY.
This occurs downstream of cAMP-PKA-CREB signaling, ultimately leading to increased
cellular content of mitochondrial DNA, boosting mitochondrial biogenesis and facilitating
the ability of the cell to oxidase fatty acids and glucose (Fernandez-Marcos and Auwerx,
2011). This high induction observed in pPBAT following the acute cold shock most likely
reflects that our sampling coincided with the window of maximal gene activation, which is
reported to occur 6-24 hours following acute cold stimulation (Fernandez-Marcos and
Auwerx, 2011). High responsiveness of the pBAT to sympathetic activation, and capacity
to rapidly upregulate this gene highlights that its transcriptional profile resembles classical

BAT in its nature (Puigserver et al.,1998).
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Highly thermogenic BAT relies heavily on lipolysis-derived fatty acids, which serve as a
primary fuel for heat generation (Klingenspor, 2003). The ability of the tissue to store,
recruit and mobilise lipids intracellularly is key to ensuring sufficient substrate availability
and oxidation to sustain timely thermogenic response (Vegiopoulos and Herzig, 2007). This
functional requirement is reflected in BAT’s transcriptional profile, which usually includes
high expression of genes involved in lipid droplet dynamics and fatty acid metabolism
(Wang et al., 2022). Among these are two genes that were included in our analysis, namely

Cidea and Elovi3.

In our observations, lipid metabolism pathways were upregulated in pBAT, presenting a 60-
fold increase in Elovi3 expression (Figure 9. A). Previous studies revealed modest baseline
expression of Elovi3 at baseline, regulated by systemic factors such as glucocorticoids,
which however, can be robustly induced by adrenergic signaling or in response to cold
(Vegiopoulos and Herzig, 2007). Its protein product catalyses fatty acid elongation, which
is essential for meeting the energy demands of enhanced fatty acid oxidation in activated
brown adipocytes. Importantly, Elovi3 activity is essential even before cold exposure, likely

preparing the tissue for efficient thermogenic response when needed.

Furthermore, the inability of Elovi3-deficient mice to fully activate their brown fat after
prolonged cold exposure reinforces the idea that Elovi3 expression is essential not only
during initial recruitment but also necessary for maintaining optimal BAT function under
thermogenic stress (Westerberg et al., 2006). Interestingly, we observed higher expression
of Elovi3 in the classical iBAT depot (Figure 9A). In contrast, Ucpl and Pgc-1a levels
remained relatively low, which may suggest that iBAT had not yet reached full thermogenic
activation. This pattern could reflect a preparatory or priming stage, where lipid metabolism
pathways are upregulated in anticipation of subsequent thermogenic demand, while pBAT

exhibits maximal induction

63



In parallel, I have observed high expression of Cidea, with transcript levels being similar in
classic iBAT and pBAT, 60 and 72, respectively (Figure 9A). The slightly higher
expression in pBAT is noteworthy, it could mean that pBAT has good ability for lipid
droplet formation and stabilisation - a critical process for effective storage of energy
substrate for thermogenic activation. Beyond its role in lipid storage, Cidea also functions
as a negative regulator of Ucpl activity, fine-tuning thermogenic output to prevent
excessive energy expenditure. The similar expression of Cidea in pBAT and iBAT suggests
that, despite pPBAT’s higher overall thermogenic gene expression, its activity is likely
tightly controlled, maintaining a balance between maximal energy mobilization and
homeostatic regulation. Taken together, these findings indicate that pBAT possesses both a
highly inducible thermogenic program and the molecular machinery to manage efficient

downregulation of these genes and prevent overactivation.

Lastly, the Prdm16 gene, a master transcriptional regulator of BAT identity, showed a 13-
fold increase in pBAT, and similarly, an 18-fold increase in iBAT (Figure 9A). While being
slightly higher in iBAT, no significant difference in gene expression between these two
sites has been observed. These further highlights that both sites activate similar regulatory
programs in response to cold. Additionally, this could mean that any discrepancies in
downstream thermogenic effectors that were observed in this study are likely not driven by

differences in Prdml6.

4.5 pBAT: p-adrenergic stimulation with Clenbuterol

Our choice of treatment with Clenbuterol was based on the observation that sympathetic
neurons innervating iBAT express B2AR, suggesting that pharmacological activation could
directly stimulate these neurons and, in turn, drive thermogenic gene expression in the

tissue (Cheung et al., 2025). Based on these findings, we wanted to know whether

64



sympathetic neurons innervating pBAT express B2AR in similar way and assess the

responsiveness of paravertebral depot to Clenbuterol treatment.

Despite this notion, we have anticipated a lower magnitude of the response, as
thermogenesis in rodents is primarily mediated through B3AR-signaling. Even if the
sympathetic neurons innervating pBAT express B2AR, it was difficult to predict the strength
and effectiveness of downstream signaling cascade triggered by pharmacologic [2-

adrenergic stimulation.

As anticipated, pharmacological stimulation with selective f2-adrenergic receptor agonist
did not produce the same level of transcriptional activation in pBAT (Figure 10.B). We
observed only partial induction of thermogenic genes, with Ucp! and Cidea being
upregulated (Figure 10.C), whereas key transcriptional regulators such as Pgc-1a, Prdml6,
and Elovi3 showed no statistical difference compared to the controls (Figure 10.A). This
pattern likely represents a selective activation of immediate effector genes, but not the

whole thermogenic networks in BAT.

The concurrent upregulation of Ucpl and Cidea indicates induction of the mitochondrial
uncoupling machinery, alongside its intrinsic control. Expression of Ucpl showed 60-fold
increase in BAT of Clenbuterol-treated mice, threefold higher than the 20-fold increase
observed in the classical iBAT depot (Figure 10.A). Cidea mRNA levels in treated mice
were comparable in two depots, with an 80-fold change in pBAT and 75-fold change in
iBAT (Figure 10.A). As reported in prior studies, it is not surprising that f-adrenergic
agonism causes a lower degree of induction compared to cold exposure. Several factors

specific to our study may account for this outcome, as described below.

Our study results align with previous studies that report smaller or more focused changes in
gene expression following B-agonist treatment than after cold, particularly for genes

involved in mitochondrial biogenesis, lipid droplet remodeling and whole-tissue remodeling
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(Qin et al., 2015; Li et al., 2021). This likely reflects differences in receptor subtype
engagement, duration and pattern of sympathetic activation, and systemic co-signals
elicited by cold. Cold elicits a broad, multi-layered sympathetic and endocrine response that
simultaneously activates multiple signaling and transcriptional programs, leading to

activation of several types of adrenergic receptors, including B3AR.

The observed lack of induction of upstream transcriptional regulators, such as Pgc-/o and
Prdm16 in this study could be due to insufficient adrenergic strength, or limited
pharmacokinetics of the drug delivered in drinking water. While Clenbuterol mimics one
component of sympathetic activation, cold exposure triggers a coordinated network of

signaling pathways, enhancing both acute and sustained thermogenic capacity in pBAT.

4.6 Comparative analysis of pBAT and white adipose tissues

Lastly, we aimed to compare the transcriptional profiles of pPBAT and white adipose tissue
depots, focusing on the most prevalent WAT depots in mice: sSsWAT and visceral gWAT.
ScWAT is known to undergo adaptive remodeling and can acquire BAT-like, or “beige,”
characteristics upon appropriate stimulation, whereas gWAT is generally less prone to
browning and acquiring a thermogenic phenotype (Villarroya et al., 2018).

Consistent with established literature, we have detected that scWAT successfully acquires
BAT genetic characteristics, with significant upregulation of the transcriptional regulator
Prdm16 following cold exposure (Figure 9.A), reflecting its capacity for adaptive
thermogenic programming (Seale et al., 2011). Despite the notion that visceral depots are
less responsive, we also detected significant induction of several thermogenic genes (Ucpl,
Cidea, Prdml6, Elovi3) in gWAT upon Clenbuterol treatment (Figure 10.A), an
observation that is uncommon and suggests that pharmacological B2-adrenergic stimulation

may elicit a previously underappreciated thermogenic response in gonadal WAT.

66



Although we observed high fold changes, those can be partially attributed to differences in
baseline thermogenic gene expression: even when largely silenced, BAT depots maintain
higher baseline levels of key thermogenic genes, so fold-changes are less pronounced when
plotted (Figure 9.B and 10.B). Subcutaneous WAT depot, with low basal expression,

therefore, displays relatively large change, even at smaller transcript abundance.

Nonetheless, the transcriptional change in pBAT exceeded that observed in both scWAT
and gWAT by several orders of magnitude. This pattern suggests that, unlike WAT, which
requires acute activation or external cues to initiate a thermogenic program, pBAT is
transcriptionally “prepared” for thermogenic responses, reflecting a depot-specific

preparedness for adaptive energy expenditure.

4.7 Limitations and considerations for future studies

This study provides valuable insights into the transcriptional profile of pBAT, however

there are several limitations that should be considered for future studies.

Firstly, this study focused on transcriptional levels of thermogenic genes but did not extend
to protein levels due to the project scope and limited availability of the sample. Future
studies that measure both transcript abundance and corresponding protein levels will be

important to validate and confirm functional relevance of our findings.

Second, differences in depot size and cellular composition could influence gene expression

patterns and may not directly translate to thermogenic output in vivo.

Third, our sample size was relatively small (n=4). While sufficient to reveal clear fold-
changes, a larger cohort would provide stronger evidence, capture inter-individual variation,

and greater statistical power of the results.
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Another technical limitation of this study is the absence of formal purity validation for the
micro-dissected pBAT samples. While anatomical landmarks and careful dissection were
used to avoid contamination from surrounding tissues (such as white adipose tissue, muscle,
or vasculature), residual heterogeneity cannot be fully excluded. To address this issue future
studies could incorporate post-dissection validation approaches, such as histological
assessment, immunohistochemical staining for brown adipocyte markers (e.g. UCP1), or
transcriptomic/proteomic profiling to confirm enrichment of brown adipose tissue-specific
signatures. Additionally, single-cell RNA sequencing could be used to quantify the relative
abundance of brown adipocytes alongside other resident cell populations, thereby
identifying potential contamination or heterogeneity. Complementary spatial transcriptomic
or proteomic approaches would preserve tissue architecture, allowing verification that
brown adipocyte specific markers are spatially confined to the dissected region and not
influenced by adjacent tissues. Together, these approaches would provide robust validation
of sample purity and enhance confidence that observed molecular signatures are truly

pBAT-specific rather than driven by mixed cell populations.

Finally, the translational implications of these findings require careful consideration, as
rodent BAT depots are not absolutely aligned with human BAT, and further work is needed

to determine whether human pBAT depots show similar genetic responsiveness.

As a follow-up to this study, we suggest several experiments that can be considered to test

thermogenic competence of pBAT:

First, protein-level validation using immunoblotting, immunohistochemistry, and
mitochondrial respiration assays would confirm whether the observed transcriptional

changes translate into functional outcomes.

Secondly, it would be useful to broaden the transcriptional dataset with additional

mitochondrial and thermogenesis-related genes, such as the 32- and B3-adrenergic receptors.
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This would help determine whether pPBAT and iBAT show similar expressions of the main
adrenergic receptors, giving a clearer picture of how each depot might respond to
sympathetic stimulation. We were able to see moderate upregulation of Ucp! and Cidea in
pBAT following the Clenbuterol treatment. To understand whether this resulted from
activation of B2AR expressed on the sympathetic ganglia innervating the depot, we suggest
assessing using qRT-PCR in both adipocytes and sympathetic neurons. Measuring the
cAMP response to B2AR agonist treatment in both adipocytes and sympathetic neurons
would clarify whether this thermogenic induction results from direct f2AR signaling within

BAT or indirectly through neuronal activation.

At the systems level, in vivo metabolic studies employing indirect calorimetry, thermal
imaging, and PET-CT would establish the physiological contribution of pBAT to whole-
body energy expenditure. Together, these approaches would build upon the present findings
and deepen our understanding of pBAT as a distinct and highly dynamic thermogenic

depot.
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5.1 Concluding remarks

This research provides novel insights into the physiological role of paravertebral brown
adipose tissue depot, which hasn’t yet been explored. Our hypothesis was that pBAT plays
an important role in non-shivering thermogenesis and metabolic homeostasis in mammals,

due to its proximity to sympathetic chain, and vital organs.

Interestingly, our results revealed high baseline expression of key thermogenic gene
program in pBAT of thermoneutral mice. Moreover, this depot is sensitive to both
environmental temperature cues and B-adrenergic activation. Comparing these gene
expression trends in pBAT to other adipose tissue sites provided us with sufficient evidence
that pBAT has a strong full thermogenic gene programming, which is robust and
comparable to classic iBAT. Such sensitivity to sympathetic stimulation highlights the
functional relevance of pBAT as a metabolically active thermogenic depot, supporting its

role in systemic energy balance during acute cold challenge.

These observations support our view of pPBAT being well genetically “primed” to support
oxidative metabolism in response to environmental cues. From a larger perspective, this
study highlights that paravertebral brown fat could potentially represent a functional human

alternative to classical interscapular brown adipose depot (iBAT). This is particularly
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important in the context of any future translational studies, since this depot, unlike iBAT, is

found to persist in adulthood in humans.

Considering the existing knowledge gap that currently limits progress in this field, we
believe that further studies should be carried out to understand nature and function of
paravertebral brown fat. Such studies will enhance our understanding of physiological role
of pPBAT in mammals and potentially pave the way for the development of future BAT-

targeting anti-obesity treatments.
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