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Abstract

Brown adipose tissue (BAT) generates heat through non-shivering thermogenesis (NST) to help
animals adapt to cold environments. Adaptation to cold induces several molecular processes in
BAT, including increased uncoupling protein 1 (UCP1) expression, mitochondrial number, and
mitochondrial activity. However, the mechanisms governing the deactivation of NST during cold-
deacclimation in BAT remain unclear. Our study examines the changes in mitochondrial content,
structure, and energetics in C57BL6/J (WT) mice and mito-QC reporter mice at several time
intervals (3 hours, 12 hours, 24 hours, and 48 hours) after moving from a cold-adapted state (7

days at 4°C) to a thermoneutral environment (30°C).

We hypothesized that during cold-deacclimation BAT mitochondrial content decreases,
mitophagy increases, cristae structure changes, cristae surface area decreases, and oxidative
activity decreases. Investigations included mito-QC mice, which express fusion protein (mCherry-
GFP) in the mitochondrial outer membrane; during mitophagy the GFP fluorescence diminishes
while mCherry fluorescence is preserved. Findings revealed an increase in mitophagy in BAT at
48 hours of cold-deacclimation (p=0.05). However, no changes were observed in key autophagy
and apoptotic proteins Parkin, LC3I/Il or Beclin in BAT during cold-deacclimation. Fission and
fusion markers FIS1 and OPA1 remained unchanged, but FUNDC1 and MFN1 decreased at 48
hours, suggesting mitochondrial fragmentation (p<0.05). Quantitative analysis of transmission
electron micrographs demonstrated a decrease in mitochondrial/cytoplasmic area by 48 hours
(p<0.001), indicating reduced mitochondrial content. Lipid droplet/cytoplasmic area increased by
approximately 50% at 48 hours (p<0.01), consistent with reduced lipolysis during adaptation to
thermoneutrality.

High-resolution respirometry of permeabilized BAT explants revealed decreased complex I-
supported uncoupling at 24 hours (p<0.001) and 48 hours (p<0.01). Complex II-mediated
uncoupled respiration decreased at 48 hours (p<0.05), while complex IlI-derived uncoupled
respiration decreased at 3 hours (p<0.05), 24 hours (p<0.05), and 48 hours (p<0.001). Isolated
BAT mitochondria exhibited reduced Complex Il (p<0.05) and I11-mediated uncoupled respiration
(p<0.01) at 48 hours. Both total protein content per milligram of tissue (p=0.0001) and total
mitochondrial protein per milligram of tissue (p<0.05) decreased over time. However, total UCP1
protein content in BAT remained unchanged over the 48-hour period.



Findings overall are consistent with the conclusion that cold-deacclimation decreases
mitochondrial content and oxidative activity with increased mitophagy in BAT. Future research

directions include investigating details of metabolic changes in BAT during cold-deacclimation

using metabolomics.
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1.

Introduction

1.1  Adipose tissue

Adipose tissue can be categorized into three general types based on morphology and physiological
functions. These types include white adipose tissue, brown adipose tissue, and beige adipose tissue.
White adipose tissue (WAT) is an endocrine organ essential in maintaining metabolic homeostasis
by storing energy derived from food . Brown adipose tissue (BAT) has unique structural
characteristics and is highly thermogenic through a process referred to as non-shivering
thermogenesis (NST)*°. Whereas beige adipose tissue can generally be described as having
intermediate phenotypic characteristics between WAT and BAT. Thus, these distinct types of

adipose tissue play critical roles in mammalian physiology.
1.1.1 White adipose tissue

White adipose tissue (WAT) is broadly classified as subcutaneous (under the skin), which
constitutes about 80-85% of body fat, and visceral fat (intra-abdominal), which constitutes about
10-20% of body fat in adult humans®®. Both these types of WAT differ in their properties and
functions® *°. The primary function of WAT is to take up glucose and fatty acids, and to store the
energy as triglycerides; this results in a unilocular lipid droplet ™. Increased energy intake
expands adipose tissue to store surplus lipids'* 3. Although WAT contributes to a small fraction

of total energy expenditure (5- 10%), it is vital for balancing fat levels in the body™* *°.

Conversely, stored triglycerides are catabolized into free fatty acid during periods of increased
energy expenditure, exercise, cold adaptation or fasting'®. Additionally, a vast array of growth
factors, enzymes, cytokines, hormones, and proteins are secreted by WAT to maintain overall
health*” 2. All these biological regulators work together to support numerous physiological
processes. Moreover, apart from lipid metabolism, WAT has multifaceted roles in reproduction,

angiogenesis, immunity, coagulation, and fibrinolysis'® 2%,

1.2 Brown adipose tissue

Brown adipose tissue is an “energy-burning tissue,” constituting less than 0.5% of body weight in

adult humans, and is highly vascularised with abundant mitochondria and small lipid droplets®"

%0 Active BAT has been estimated to elevate basal energy expenditure by 1-7% in male adults®® 3!~



% put this remains controversial. In humans, BAT is found in the peri-renal, cervical,
supraclavicular, axillary, paravertebral, peri-aortic, and interscapular regions?” % 3% 338 The
distribution of BAT changes in humans with age. In infants, BAT is predominately found in the

interscapular and perirenal regions®* % %4

. In adults, BAT is predominately found in the
cervical, supraclavicular, and paravertebral regions, with the supraclavicular depot being the
most commonly studied depot* * 3! In rats, 50-60 % of BAT was found in intrascapular and

cervical regions and 25 % of BAT was found around the kidneys***,

An inverse co-relation was found between BAT activity and body-mass index (BMI) in human
adults undergoing PET/CT scans?” > “®. BAT is also present in many other mammals, but its
anatomical location might vary depending on the type of species®® *"*°. While the size and
composition can vary between mouse strains and sex, iBAT is the largest depot’” *°.
Understanding the intricacies of BAT distribution would help to understand its role in whole-
body metabolism.

1.2.1 Uncoupling protein 1 (UCP1)

The key feature of BAT is its ability to produce heat through NST, a process that relies on
mitochondrial uncoupling™. The mitochondrial electron transport chain (ETC) is composed of
complexes I-1V through which electrons pass while pumping protons from the matrix into the
mitochondrial intermembrane space®. In coupled thermogenic processes, protons return to the
matrix through CV (ATP synthase). However, under uncoupled thermogenic states protons
return into the matrix bypassing ATP synthase™.

Uncoupling protein 1 (UCP1) also known as “thermogenin’’, is a ~32kDa protein located in the
mitochondrial inner membrane and represents about 10% of total mitochondrial protein in BAT
3L 5457 "UCP1 is exclusively expressed in BAT; other UCPs are expressed also in BAT and
elsewhere in the body®® *°. Like other proteins in the SLC25 family, UCP1 has six
transmembrane a-helices that are connected by extra-membrane loops*® ®. Usually, UCP1
remains in its inactivated cytosolic state (c-state) where purine nucleotides such as guanosine
triphosphate (GTP) bind to inhibit proton leak®. UCP1 is activated by cold environmental
temperatures through the sympathetic nervous system (SNS); its thermogenic capacity is

augmented by thyroid hormones and activity can be modulated through changes in cellular



redox and reactive oxygen species (ROS), etc®*®. Purine nucleotides, such as guanosine
diphosphate (GDP) and ADP, inhibit UCP1, whereas fatty acids activate it ®®". Specifically, a
competitive model has been proposed where fatty acids compete with GDP to control UCP1
mediated leak® . Fatty acids also increase the mMRNA expression of UCP1 and related genes
through PPRE promoter sequences, increasing thermogenesis supported by increased glucose

and fatty acid oxidation® ">,

Upon activation, UCP1 facilitates proton (H+) leak from the mitochondrial intermembrane space
into the mitochondrial matrix. UCP1 transitions to its matrix (m-state) to cause proton leak,
which in turns stimulates upstream fuel oxidation pathways, and this ‘work’ is what generates
the heat ® ™ ® Taken together, UCP1 is the key controller of thermogenesis for whole body
thermoregulation®. Apart from UCP1, uncoupling protein 3 (UCP3) present in the mitochondrial
inner membrane of BAT mitochondria is homologous to UCP1 by ~70%%2%*. Although UCP3 levels
are estimated to be roughly 400-fold lower than UCP1, it has been shown to limit oxidative damage
in BAT® ®_ Thus, this highly metabolic tissue BAT has garnered significant attention in the field

of metabolic biochemistry.
1.2.2 Beige adipose tissue

Beige adipose tissue, also known as “brite” adipose tissue, was found to have a metabolic rate
higher than WAT and lower than BAT®’. In terms of functions, beige adipose tissue participates in
storing energy as well as NST®. Interestingly, some white adipocytes can convert into beige
adipocytes under the influence of certain stimuli (cold, or treatment with adrenergic agonists)
through a process called browning. During this process beige adipocytes are recruited in WAT to
increase mitochondrial number and to upregulate the expression of thermogenic genes®.
Browning increases the amount and the activity of UCP1 allowing the cells to attain brown

adipocyte-like appearances and functions.

Upon stimulation, WAT begins to express low levels of thermogenic genes, such as UCP1, to
initiate browning® 2. Browning of specific WAT depots in mice is influenced by sex, where the
inguinal depot browns better in males while peri-ovarian depot browns efficiently in females®® %
% _Cold exposure is a profound stimulus to induce browning. A study in rodents showed a ~7-fold

increase in the mMRNA expression of UCP in periovarian WAT upon cold



exposure (4°C) for 10 days®. Moreover, p-adrenergic agonist (BRL 26830A, 10 mg/kg i.p.) or
CL316, 243 were shown to increase UCP1 expression in WAT to induce browning in rats and
mice®® ¥. Another study, where Zucker rats were treated with the p-adrenergic agonist, CL
316,243 (1mg/kg/d) for 2-3 weeks, also showed recruitment of brown adipocytes within
retroperitoneal white adipose tissue (RWAT) and epididymal white adipose tissue (eWAT) %.
The treatment with capsinoids, green tea, fish oil, and curcumin was also found to contribute to
beiging/browning®® 1.

Browning of WAT enhances energy expenditure and improves glucose and lipid metabolism** 1%,

Although the significance of beige adipocytes is not clearly understood, the role of beige adipose

tissue in several metabolic disorders like obesity and diabetes is of ongoing interest.
1.3  Effect of cold-acclimation in BAT

Cold exposure induces a cascade of biochemical and physiological changes in BAT, causing
morphological and functional changes in BAT. An in-depth understanding of the effects of
environmental cold on BAT can provide insights into metabolism and help identify potential
strategies for managing metabolic disorders. The following sections review process of adrenergic
activation, as well as morphological, and functional changes that occur in BAT during cold

exposure and acclimation.

1.3.1 Sympathetic nervous system

The hypothalamic areas of the brain are responsible for controlling body thermoregulation'®

195 The physiological responses triggered by cold exposure include vasoconstriction, skeletal
muscle shivering, and BAT thermogenesis'® . Cold activation activates the sympathetic
nervous system (SNS) dependent f3-adrenergic receptors (B3ARs) to drive BAT activation and

thermogenesis with neurochemical signalling™®”*°.

Sustained cold exposure stimulates the release of norepinephrine (NE), that bind to 2 and B3
adrenergic receptors to stimulate cAMP-dependent signalling to activate protein kinase A
(PKA)™ ™ The downstream targets of PKA increase lipolysis where triglycerides (TG) release
free fatty acids by adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) & %

U417 PK A activates p38 mitogen-activated protein kinase (p38MAPK) which is necessary for


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/triglyceride

expression of peroxisome proliferator-activated receptor-y coactivator (PGCl-a) to stimulate
UCP1 expression and mitochondrial biogenesis'®*?°. The promoter regions of UCP1 gene
contain canonical peroxisome proliferator-activated receptor (PPAR)-responsive elements
(PPREs) and two putative cCAMP-responsive elements (CREs) for enhancing UCP1 activity**® %,
NE dependent stimulation was found to regulate CRE2 but was not essential for CRE3 mediated
UCP1 gene transcription'??. Interestingly, CRE-binding protein (CREB) was found to bind to
CRE to augment the role of the enhancer”®. Thus, the cAMP pathway is important in
transmitting the signals from NE and its downstream effects are vital for controlling heat

production and mitochondrial balance in BAT.
1.3.2 Changes in BAT morphology upon cold exposure and acclimation

Cold increases the number of pre-adipocytes that subsequently differentiate into brown
adipocytes™® !, The size/ weight of BAT often increases during cold adaptation (10°C and
21°C for 4 weeks) ***. Haematoxylin and eosin (H &E) staining of iBAT sections revealed
depletion of lipid content during cold exposure (4°C for 4h)*?°. Additionally, BAT mitochondria
undergo remodelling in response to cold. According to Giordano et al., mitochondria were
elongated, and the number of glycogen granules increases when rats were cold acclimated for 2
weeks '2°. Moreover, UCP1 expression, and the total amount of mitochondrial proteins increase

in the brown adipocytes of hamsters exposed cold (4°C for 6 days) *+#" 1%

1.3.3 Alterations in BAT mitochondria

Mice exposed to chronic cold (4°C for 4 weeks) leads to the activation of UCP1 in BAT and
increases B-oxidation and electron transport chain (ETC) activity®® 2% 3% 31 Chronic cold
exposure (6°C for 10 days) also elevates the levels of tri-carboxylic acid (TCA) cycle

132 Brown

intermediates including citrate, a-ketoglutarate, succinate, fumarate, and malate
adipocytes of mice exposed to cold (4°C for 2-4 days) elevated glucose uptake, pentose

phosphate pathway (PPP) flux, glycogen uptake, and glycerol 3-phosphate synthesis .

Upregulation of genes encoding mitochondrial ribosomal protein (MrpL3, MrpL15, MrpL20 and

MrpL51) and the genes responsible for recycling ribosomal proteins (e.g. Mrrf) was observed in



BAT of mice exposed to cold (8°C +2°C for 24 h)**. However, the same study did not report
any changes in the genes involved in BAT differentiation (e.g. Cidea, /PRDM16) or
mitochondrial biogenesis (e.g. cytochrome c; cox8b) **. However, mitochondrial proteins and
cytochrome c oxidase activity were elevated in the BAT of hamsters and mice following 3 weeks

of cold-acclimation (6°C) **°.

1.3.3.1 PGC-1 a mediated signalling

There are three members of the PGC-1 family (PGC-1a, PGC-1p, and PGC-1-related coactivator).
Whole-body PGC1-a and PGC1-B KO mice have impaired expression of mitochondrial genes,
reduced oxidative capacity and disrupted thermogenesis****¥’. PGC1-a stimulates mitochondrial
biogenesis by coactivating nuclear respiratory factor (NRF) 1 and 2 to increase the expression of

138

mitochondrial transcription factor A (mtTFA)~". Additionally, PGC1-a increased the expression

of nuclear-encoded genes of the ETC and oxidative phosphorylation (OXPHOS) system™**4!,

Although the expression of PGC1-a is low in liver, it is highly expressed in the brown adipose
tissue™2. In 1998, Puigserver et al. discovered PGC1-a in BAT of mice exposed to cold'**. The
‘master regulator’ of mitochondrial biogenesis, PGC-1a, plays a key role in BAT thermogenesis.
Its levels were elevated by 30-50-fold in BAT of mice exposed to cold (4°C for 3 or 12 h) **2,
Studies have shown PGC1l-o to interact with peroxisome proliferator-activated receptor-o
(PPAR@) to increase UCP1 expression™" 2 3 Apart from inducing UCP1, PGCl-a also
interacts with PPARy to aid brown adipocyte differentiation™****. PGC1-a is essential for
thermogenesis as PGC1-o KO mice cannot maintain their body temperature when exposed to
cold (4°C for 5h) 136147,

1.3.3.2 Glucose uptake

Glucose is a vital metabolite in BAT when its mitochondria are uncoupled, and therefore un able
to produce ATP through OXPHOS. Studies in rats indicated that cold exposure (4°C for 48h) led
to a 95-fold increase in glucose uptake in BAT to support glycolysis for ATP production™*®*°!.
Upon adrenergic stimulation, apart from fatty acids glucose was also shown to meet the increase
in energy demand®®?. In fact, glucose was shown to be utilized by the brown adipocytes during

adrenergic stimulation in rats to increase thermogenesis by 16%"%*.

Glucose transporter 1 (GLUT1) and glucose transporter 4 (GLUT4) are the only glucose



transporters found in BAT™®. Their expressions are regulated by p3-adrenergic receptor activation
of cCAMP dependent mechanisms *****®. In BAT, GLUT1 facilitates glucose uptake via an insulin-
independent mechanism by activating the phosphatidylinositol 3-kinase (PI3K) pathway**®*°".
mRNA expression of GLUT4 increased in rats during cold-acclimation (4°C for 10 days)'®.
Moreover, the KO of GLUT1 and GLUT4 prevented the elevation of oxygen consumption in
immortalized brown adipocytes indicating the importance of glucose transporters during
thermogenesis*®. Additionally, GLUT4 inhibitor, indinavir repressed glucose uptake and

decreased thermogenesis as measured in mice by infrared thermography*®.

1.3.3.3 Thyroid signalling

Thyroid hormones have a pivotal role in regulating thermogenesis, glucose metabolism, and lipid
metabolism in BAT®. The thyroid hormone, thyroxine (T4), undergoes conversion to the active
form, 3, 3, 5-trilodothyronine (T3), through the action of enzymes called deiodinases (DIO1 and
DI02)™®. T3 subsequently activates UCP1 transcription in BAT by directly binding to thyroid
response elements of genes (TREs) or via binding to PPARY'®". Despite high levels of UCP1
expression, BAT-specific knock-out of DIO2 led to significant defects in the processes of lipolysis,
lipogenesis, and thermogenesis, consistent with the conclusion that it plays an essential role in
maintaining the metabolic functions of BAT®® . Moreover, oral administration of T4 activates
BAT in the cold and at room temperature in rats*”®. Cold also elevated DIO2 expression and T3
levels along with UCP1 levels in BAT'™" 2, Thus, thyroid hormones are crucial players in BAT

thermogenesis.
1.3.4 Vascular remodelling/angiogenesis

BAT is highly vascularized to supply oxygen and energy substrates during thermogenesis, and to
efflux heated blood from the tissue®® 1**"> The vascular density of BAT increases in response to
cold exposure via activation of angiogenesis (4°C for 4 weeks) ™ ® Amongst all other
angiogenic factors, vascular endothelial growth factor (VEGF) is pivotal for BAT expansion
during cold exposure!””. Cold exposure rapidly induces gene expression of pro-angiogenetic
factors, vascular endothelial growth factor-B (VEGF-B) and basic fibroblast growth factor
(bFGF) in rodents by 2- 3-fold (4°C for 1-4 h) 8. Vascular endothelial growth factor receptor 2
(VEGFR2) is also important for angiogenesis. Studies have indicated an increase in the

expression of VEGFR2 within 2 days of cold exposure!®. Furthermore, vascular endothelial



growth factor-A (VEGF-A), an isoform of VEGF, also plays a crucial role in mediating
angiogenesis during cold exposure (4°C for 5 weeks) . VEGF-A also upregulated the
expression of PGC-lo and UCP1 during chronic cold exposure to increase BAT
thermogenesis™®. There are additional isoforms of VEGF, such as vascular endothelial growth
factor-120 (VEGF120), that also increase during cold exposure and stimulate BAT proliferation
in rats™®. In contrast, the expression of several anti-angiogenic factors (plasminogen activator
inhibitor 1 (PAI1) and pigment epithelium derived factor (PEDF)) that destabilize blood vessels

decreases on 2-5 days of cold exposure®”

1.4 Macroautophagy

Macroautophagy (autophagy) is a quality control process in which a double-membraned vesicle

18 mTOR is a crucial

forms around the cellular material to be removed (e.g. damaged organelles)
regulator of several cellular processes, including autophagy. Activated mTORC1 inhibits the
formation of mMTORC1- Unc-51-like autophagy, activating kinase (ULK1/2) complex to release
ULKZ1 for subsequent activation'®®

activated protein kinase (AMPK) inhibits mTORC1 to activate ULK1, Beclin-1, and FoxO3'#*.

. Moreover, during conditions of nutritional deprivation, AMP-

Upon activation of the kinase activity of (ULK1/2), vacuolar protein sorting 34 (VPS34)/Beclin-1

is recruited to initiate phagophore development'®>18¢.

During this recruitment process,
phosphoinositides are phosphorylated to produce phosphatidylinositol-3-phosphate (PI3P) to
expand the phagophore®> 8. Several autophagy-related proteins (ATG) are recruited to progress
the development of phagophores. ATG4 cleaves light chain 3 pro-(LC3) into LC3-1 and
subsequently, ATG7 activates LC3-1 to transfer to AGT10'®® *¥". Moreover, ATG7 and ATG10
also assemble to form ATG5-ATG12-ATG16L complex that is responsible to link LC3-1 to the
phosphatidylethanolamine (PE) present on the phagophoric membrane®®® *¥. LC3-1 converts to
lipidated membrane-bound form (LC3-11) which is thereby cleaved by ATG4 to be recycled*®*%.
Adaptor proteins such as p62/ sequestosome 1 (SQSTM1) recognizes and binds to LC3-1l and
helps the damaged organelle or protein to sequester within the autophagosome for degradation™®®
191

1.4.1 Mitophagy

Mitophagy is an organelle-specific autophagy where damaged and excess mitochondria are

192

removed via lysosomal degradation=“. Various conditions, such as hypoxia, starvation, DNA



damage, dissipated mitochondrial membrane potential, and ROS can initiate mitophagy*® **.

There two main mitophagy pathways are 1) ubiquitin-dependent mitophagy and 2) receptor-
mediated mitophagy.

1.4.1.1 Ubiquitin-dependent mitophagy

The PTEN-induced kinase 1 (PINK1)/Parkin pathway is the most investigated of the mitophagy

pathway8192, 195, 196

. The accumulation of PINK1 on the membrane surface of damaged
mitochondria recruits and activates Parkin, a protein that ubiquitinates the mitochondria for
recognition by the autophagy machinery*®*%. Activation of Parkin leads to ubiquitination of
proteins like voltage-dependent anion-selective channel 1 (VDAC), mitofusin-2 (MFN2), and
mitochondrial fission 1 (FIS1) proteins that further bind to p62'%. Thereafter, adaptor proteins
such as p62 bind polyubiquitinated mitochondria to LC3 to fuse mitochondria with lysosomes®®®
201 - Alongside p62, there are several other adaptor proteins like optineurin (OPTN), nuclear dot
protein 52 kDa (NDP52), and Tax1-binding protein 1 (TAX1BP1) that encapsulate mitochondria

into autophagosomes%202208,

1.4.1.2 Receptor-mediated mitophagy

Independent receptors like FUN14 domain-containing protein 1 (FUNDC1), adenovirus E1B 19
kDa-interacting protein 3 (BNIP3), and BNIP3-like (NIX) can regulate LC3-mediated mitophagy
independent of polyubiquitination®®*2%. In response to stress stimuli, BNIP3 and BNIP3L/NIX
can localize to the mitochondria to initiate apoptosis?®’ ?**. Apoptosis is a programmed process of
cell death that involves the fragmentation and dysfunction of mitochondria aided by the opening
of the mitochondrial permeability transition pore (mPTP)**2. However, BNIP3 and BNIP3L/NIX
can interact with LC3 to encapsulate mitochondria into autophagosomes®® 206 213-216
Phosphoglycerate mutase 5 (PGAMS5), a glycolytic enzyme, is thought to serve as a molecular
switch between mitophagy and apoptosis®’?'°. Specifically, PGAMS dephosphorylates FUNDC1
to activate mitochondrial fission and mitophagy®*” 2. Inhibition of FUNDC1-mediated
mitophagy reciprocally activates apoptosis by phosphorylating B-cell lymphoma-extra-large
(BCL-xL) 2.



1.4.2 Cardiolipin and autophagy/mitophagy

Cardiolipin (CL), a dimeric phospholipid, was first uncovered in the bovine heart in 1942%°.
Despite being discovered initially in the heart, its role is being thoroughly investigated in many
cell types and tissues®® 2. CL is synthesized in the IMM and is crucial for apoptosis,
autophagy/mitophagy and metabolism?**?**. Moreover, a study showed CL to facilitate fission
by influencing the recruitment of Dynamin-1-like protein (DRP1) and by elevating its GTPase
activity®2%". Thus, in addition to autophagy/mitophagy and apoptosis, CL also plays a pivotal

role in maintaining the integrity of mitochondria®®.

Nevertheless, CL found in the IMM might also undergo oxidation to initiate apoptosis®*®°,

This oxidized form of CL (Clox) disrupts the integrity of mitochondrial membrane to promote
the formation of mitochondrial membrane pore (MMP)®%. This is accompanied by the release of

cytochrome-c, which in turn triggers caspases to eventually cause cell death®®,

Despite being synthesized in the IMM, some studies have revealed the presence of CL in the
outer mitochondrial membrane (OMM) during stress-like conditions®**3%. As per a study in
Hela cells, a decrease in mitophagy was associated with lower levels of CL in the OMM3®*®. In
contrast, increasing amount of CL in the OMM was found to mediate the recruitment of
signaling factors associated with autophagy/mitophagy **>*°>%_ During autophagy/mitophagy
LC3 is recruited to the surface of damaged mitochondria to recognize the autophagic cargo for
future degradation®*®. This LC3 has hydrophobic pockets whereby CL binds to facilitate the
identification of the damaged mitochondria and to maintain mitochondrial health®® *!°. CL also
helps in formation of autophagosomes by interacting with the hydrophobic fingers of the
evolutionarily conserved domain (ECD) in Beclin-1'*.

Interestingly, increased levels of CL have also been shown to play an important role in
thermogenesis during cold exposure (5°C for 3 weeks) **2. Acute cold exposure (5°C for 3 days)
was shown to increase the levels of CL in BAT of mice as demonstrated through mass
spectrometry**?. Several studies have shown increases in BAT CL levels in rats during chronic
cold exposure (5°C for 4 weeks) *** **, Many important questions remain regarding the role of
cardiolipin in BAT particularly in relation to the regulation of mitophagy during cold exposure

and cold-deacclimation.
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1.4.3 Autophagy, mitophagy, and brown adipose tissue

The overall structure of the mitochondrial reticulum impacts substrate oxidation within the
cell?®® #1Mitochondrial dynamics, including fission and fusion, play crucial roles in adjusting
mitochondrial morphology, thereby impacting mitochondrial efficiency and cellular

homeostasis®??

Autophagy prompts the breakdown of the cellular components whereas mitophagy is a type of
autophagy that involves the selective degradation of damaged and dysfunctional mitochondria for
quality control and maintenance purposes “*??*, Inhibition of autophagy in 3T3-L1 adipocyte-like
cells results in the accumulation of lipid and decreased the protein levels of adipocyte
differentiation markers??
of fatty acid and B-oxidation in BAT?®. iBAT specific ATG5 KO mice model exposed to cold

(4 °C for 72h) exhibited lower body temperature pointing the importance of autophagy in BAT
d226

. Additionally, adipocyte-specific knockout of ATG7 increased the rate

during col
(ATG5, MAP1LC3B, and SQSTM1) of several autophagic genes in BAT?%®. Even chronic cold

exposure (4 °C for 7 days) increased the mRNA expression of autophagic genes by 2-fold in

. Acute cold exposure (4 °C for 72h) showed increase in the protein expression

BATY". Thus, the upregulation of autophagy during cold exposure might either maintain the
thermogenic capacity or might limit nutrient supply to BAT cells potentially impacting
thermogenesis. In contrast, decreased expression of several autophagic genes to prevent the
removal of BAT mitochondria during thermogenesis has also been reported in response to short-
term cold exposure (4 °C for 24 h)?*’. Cairo et al. found evidence of protein degradation in BAT

during cold-deacclimation and attributed autophagy to be the cause of this process??®

. Moreover,
upon transferring mice from cold to thermoneutral temperatures, brown and beige adipose tissues
undergo whitening®®. A study where ATG5 and ATG7 were knocked in BAT and beige adipose
tissue, it was noted that autophagy was essential for degrading proteins to convert beige into
white adipose tissue?. Together, these findings show that autophagy is pivotal for the

functioning of BAT.

Mitophagy also recruited proteins like Parkin and dynamin-1-like protein (DNM1L) protein to
increase the amount of mitochondrial proteins, mitochondrial turnover, and mitochondrial activity
during cold exposure®®. A study found that mitophagy aided the removal of damaged
mitochondria in BAT upon cold exposure (4°C for 72 h) ?°°. Moreover, PINK1-null BAT

exposed to cold showed the presence of fragmented mitochondria showing that mitophagy was

11



important for maintaining mitochondrial health®*'. Moreover, BAT of PINK1 KO mice exposed to
cold (4°C for 1 week) had decreased OXPHOS capacity and mitochondrial integrity.
Mitochondrial fragmentation also stimulated NE mediated uncoupling in brown adipocytes®.
The role of mitophagy during cold exposure in BAT is a matter of debate, as cold exposure (4°C
for 3 days) was found to decrease the levels of key mitophagic protein Parkin®?. Hence, it is
pivotal to confirm and gain a deeper understanding of the role of autophagy and mitophagy in

BAT.

1.4.4 Traditional and novel methods for the study of mitophagy

Several methods have been used to determine mitophagy in mammalian cells and tissues. Each
method has its advantages and limitations. Transmission electron microscopy (TEM) is often
used and while it allows analysis of mitochondrial cristae number, width, number, area, and other

characteristics of mitochondrial ultrastructure®> 2

, findings do not provide definitive
information about mitophagy, and this technique is time consuming, expensive and analyses can
be biased by the position of tissue sectioning 2**. Western blot approaches provide more
definitive information about mitophagy and quantifies relevant proteins, but can be imprecise and
is unable to detect low levels of proteins®*®*#’. Moreover, immunohistochemistry of cells or
tissues can be used to detect mitophagy by quantifying the colocalization of mitochondria and

191, 238, 239

lysosomes . However, detection of fluorescent signals associated with secondary

antibodies challenging®*® 2**.

In the past decade, fluorescent transgenic mitophagy reporters have been created to visualize and
quantify mitophagy. MitoKiema is used to access mitochondrial turnover/mitophagy in cells and
transgenic mouse models®**?*. Similarly, Mito-timer can be used to monitor mitophagy and
biogenesis in fixed and live cells** 2% In addition, the mito-QC reporter is a promising approach
to determine changes in mitochondrial networks in different tissues as this sensor does not affect
mitochondrial structure or function®® *°. Mito-QC mice express a pH-sensitive protein that
allows analyses of mitophagy flux. This model was created by fusing the mCherry-green
fluorescent protein (GFP) tag to FIS1 (a protein in the OMM) 2*. In the absence of mitophagy,
mitochondria exhibit red and green fluorescence; however, when a mitochondrion fuses with the
lysosome during mitophagy, GFP quenches to emit red fluorescence alone*. This mouse model

provides an advantage as it can give robust and real-time information about mitophagy in
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tissues 2** %, It can be used for in-vivo studies to provide insights into mitochondrial health?*.
Apart from quantifying mitophagy events, this model is compatible with several techniques,
including flow cytometry, immunofluorescence, and live-cell imaging®*®?*. However, caution
must be taken when handling Mito-QC mouse samples to prevent any shift in pH sensitivity in

fluorescent signals®°.

1.4.5 Effect of cold-deacclimation on BAT autophagy

Cold-deacclimation is a process that is induced when a cold-adapted animal is exposed to warmer
temperatures. During cold-deacclimation, NST in BAT is shut down as it is no longer needed.
Limited information is available regarding the mechanisms induced in BAT during cold-

deacclimation.

In the past, the effects of cold-deacclimation in mice were studied by acclimating mice to cold
(4°C for 4 weeks) with denervation of the ventral and lateral nerves entering iBAT ?°%, This study
revealed that several morphological changes occur in BAT during cold-deacclimation where BAT
turns pales in colour, size of mitochondria decreases and BAT lipid content increases™>.
Denervation of BAT decreases the wet weight of BAT by 25-45%%°%, accompanied by a 50%
decrease in BAT proteins after 14 days®*. Similarly, iBAT total protein content was found to
decrease by 25% and 50% after 1 or 7 days of cold-deacclimation, respectively?®. The decrease
in iBAT protein content during cold-deacclimation is accompanied by decreases in BAT

mitochondrial content®>> 2%,

When mice were transferred from a cold-adapted state (4°C, 21d) to a thermoneutral temperature
(29°C, 1 d), mRNA expression of UCP1 decreased by 70% in 24 hours®?®. Following 7 days of
cold-deacclimation, the relative transcript levels of UCP1 further decreased by ~90%°*. No
significant difference in the amount of UCP1 was seen after 24 h of denervation, but UCP1
decreased by 47% 7 days after denervation®3. UCP1 has a long half-life of 20-100 h %*. In
contrast to UCP1, other mitochondrial proteins are rapidly degraded within 24 hours of cold-
deacclimation, including several subunits of complex I, II, IV, and V??®. However, the ratio of

mtDNA/NDNA during cold-deacclimation was not altered??®.

The mRNA expression of FGF21 which is responsible for differentiation and angiogenesis in BAT

decreases when mice are exposed to cold-deacclimation®®. This might indicate that angiogenesis
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and adipogenesis decrease during cold-deacclimation although more research is needed. PGCla
also decreases following only 24 hours of cold-deacclimation. Observations by TEM detected the
presence of mitochondria with fragmented cristae and autophagosomes during 7 days of cold-
deacclimation in BAT??®. Following one day of cold-deacclimation, there were increased levels of
Parkin, PINK1, and LC3 consistent with increased mitophagy in BAT??®. Moreover, Parkin KO
mice subjected to cold-deacclimation exhibited defects in BAT mitophagy providing evidence
that Parkin was an important regulator of mitophagy in BAT?%,

1.5 Rationale

BAT plays an essential role in thermoregulation and undergoes remodelling to adapt to the changes
in the temperature of the external environment. As reviewed above, environmental cold stimulates
BAT activation and growth, leading to enhanced capacities for BAT thermogenesis and whole-
body thermoregulation. On transitioning to warm temperatures, BAT undergoes changes in
activity, structure, and content. To better understand the dynamic nature of BAT, we embarked on
cold-deacclimation studies that explored changes in BAT when a cold-adapted mouse adjusts to
thermoneutrality (at time points up to 48h). Specifically, we sought to examine any changes in

autophagy and mitophagy during cold de-acclimation.

1.6 Overall Aim
To investigate alterations in the whole-body bioenergetics, and BAT activity, structure and

content in mice during the acute transition from cold-acclimation to deacclimation.

1.7 Hypothesis

We hypothesized that cold-deacclimation (up to 48h) in mice would decrease whole body and
BAT energy expenditure, and decrease BAT mitochondrial structure and content, due to

increased mitophagy.
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2 Methods

2.1 Animals

All experiments involving mice were approved by the Animal Care Committee of the University
of Ottawa granted and conducted according to the guidelines and principles of the Canadian
Council of Animal Care Studies were conducted on male and female C57BL/6J and Mito-QC mice
(gift from Dr. Yan Burelle, University of Ottawa) aged 7-9 weeks. Mice were housed individually
in ventilated cages with a 12/12 h light-dark cycle (6 AM-6 PM) and fed a standard chow diet
(44.2% carbohydrates, 6.2% fat, and 18.6% crude protein (T.2018-Harlan)). Unless otherwise
indicated, mice were acclimated to cold (4°C) for 7 days and subsequently sacrificed (TO) or
returned to thermoneutrality (30°C) for 3, 12, 24, or 48 hours (T3, T12, T24, and T48,
respectively). Mice were sacrificed by cervical dislocation, and iBAT was isolated and used
immediately for high-resolution respirometry, fixed for microscopy, or snap-frozen and stored at

-80°C for further analysis.
2.2 Body composition and mouse calorimetry

Twelve C57BL/6J mice were randomly selected to determine changes in whole-body energetics
over 5 days of cold-deacclimation. Fat and lean body mass was determined using a magnetic
resonance imaging whole-body composition analyzer (EchoMRI, Houston, TX). The rates of
whole-body oxygen consumption (VO2), carbon-di-oxide production (VCO2), and respiratory
exchange ratio (RER) was measured every 26 minutes during cold-deacclimation using a 12-
chamber Comprehensive Lab Animal Monitoring System (CLAMS) system (Oxymax, Columbus
Instruments, OH). Moreover, to further analyze data, we applied a percentage relative cumulative
frequency (PRCF) approach to determine the differences in energy expenditure during cold

exposure and cold-deacclimation®®

. Mice were acclimated at 4°C for 3 days and then for 5 days
in the CLAMS chambers (equipped with cotton nestlets) prior to collection of data for analyses.
Readings were recorded prior to and following the elevation in temperature to 30°C (for the next

5 days).
2.3 Isolation of BAT mitochondria

IBAT dissected from C57BL/6J mice was minced in isolation buffer (70 mM sucrose, 210 mM
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mannitol, 5mM HEPES, 1 mM EGTA, and 1% fatty acid- free BSA), and subsequently

homogenized using a Potter Elvehjem teflon—glass tissue grinder. The homogenate was transferred
to a 1.5 mL tube and centrifuged at 800xg for 10 minutes at 4°C. The supernatant was transferred
to a fresh 1.5 mL tube and centrifuged at 8500xg for 10 min to obtain the mitochondrial pellet.
The mitochondrial pellet was washed in a buffer containing 0.5% BSA and 0.25 M sucrose, then
centrifuged at 8500xg for 10 minutes. The purified mitochondrial pellet was gently resuspended
in the isolation buffer. Protein content was measured by Bradford assay and mitochondria were

then used for high-resolution respirometry (HRR) or western blotting.
2.4 High-resolution respirometry

Mitochondrial respiratory function was determined using an Oxygraph-2k system (O2k; Oroboros,
Innsbruck, Austria) in permeabilized BAT explants and isolated mitochondria. For assessments of
permeabilized tissue, iBAT was cleaned, minced, and placed into ice-cold BIOPS buffer (2.77 mM
CaK; EGTA, 7.23 mM K2EGTA,10 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM
dithiothreitol, 6.56 mM MgCI2, 5.77 mM ATP,15 mM creatine phosphate) containing 50 pg/ml
saponin to permeabilized the iBAT for 30 min at 4°C to permeabilize the explants. The explants
were washed thoroughly (3X) in mitochondrial respiration medium (MiR05) (0.5 mM EGTA, 3
mM MgCl2«6H20, 20 mM taurine, 10 mM KH2PO4, 20 mM N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid, 110 mM d-sucrose, 0.1% bovine serum albumin and 60 mM lactobionic acid;
pH 7.1). Rates were determined by adding 2-5mg of iBAT to the Oroboros chambers containing 2
ml of MiIR05. All measurements were performed at 37°C, and the Oxygraph-2k units were

calibrated. Respiratory rates of 50ug isolated BAT mitochondria were also assessed.

The experimental protocol began with the addition of 0.1mM palmitoyl-carnitine (p-car), to
activate UCP1 and 5uM oligomycin to inhibit the Fo subunit of ATP synthase to assess leak
respiration. Next, 5mM pyruvate, 2mM malate, and 10mM glutamate were added to the
chambers to support complex-I linked respiration. Following this, 10mM succinate was added to
support complex-11 mediated respiration and 5mM glycerol 3-phosphate (G3P) was added to feed
electrons to the ubiquinone pool to aid complex-1ll mediated respiration. In the end, the
protonophore 0.5uM carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) was added
to obtain maximum mitochondrial capacity. Respiration rates were normalized to the weight of

tissue for BAT explant analyses or to mg protein for analyses of isolated mitochondria.
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2.5 Confocal microscopy

Mito-QC mice were sacrificed, and IBAT was dissected, preserved, and fixed in 4%
paraformaldehyde solution (pH=7.4) for 2 days. On day 3, iBAT was transferred to a 1 ml mini
tube filled with 30% sucrose (pH=7.4) for 24 hours at 4°C. iBAT was dried and snap-frozen in
cold isopentane following sectioning by a microtome. The 10um-thick frozen iBAT section was
mounted with ProLong™ Diamond antifade mountant with DAPI stain (Thermofisher # P36962).
The GFP and the mCherry signals were detected by an LSM 880 Airyscan (Zeiss
AxioObserverZ1(inverted)) in mito-QC BAT sections. The number of mitolysosomes was

quantified in mito-QC mice using the Mito-QC counter on FIJI (Image J; NIH).

2.6 Mitochondrial ultrastructure analysis by transmission electron microscopy

Approximately 10mg of iBAT from mice exposed to cold-deacclimation was dissected quickly
and was fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer at pH 7.4. The tissue
samples were subjected to gentle rocking overnight at 4°C. The McGill Facility for Electron
Microscopy personnel handled the preparation and TEM imaging of these BAT samples. The
samples were fixed in 1% aqueous OsO4 +1.5% aqueous potassium ferrocyanide and then
subjected to washing. Further, the samples were dehydrated, embedded in 100% Epon, and then
polymerized. The samples were sectioned (90-100nm), transferred to a 200-mesh copper grid, and
stained with 4% uranyl acetate and Reynold’s lead. The grids were imaged by an FEI Tecnai G2
spirit 120 kV TEM equipped with a Gatan Ultrascan 4000 CCD camera (Model 895). The images
obtained at 2000X (2K) in the form of Digital Micrograph 16-bit images (DM3) were converted
to TIFF images for quantification on FIJI (Image J; NIH). The acquired images were used to
quantify the number of mitochondria, mitochondrial area, number of lipid droplets, size of lipid
droplets, number of cristae, length of cristae, and volume of cristae in BAT sections from mice
exposed to several timepoints of cold-deacclimation. Quantification was done manually using

freehand selection as per Lam et al.?*’.

2.7 Western blots

Frozen BAT explants (50-60mg) from mice exposed to several timepoints (TO-T48) were
weighed and homogenized with ice-cold Radio-Immunoprecipitation assay buffer (RIPA,
Millipore) mixed with protease and phosphatase inhibitors (Sigma Aldrich; P8340). Following

sonication, tissues were mechanically homogenized in a Potter Elvehjem Teflon-glass grinder.
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BAT homogenates were centrifuged at 14,000xg for 10 minutes at 4°C to remove excessive fat
residues. The homogenate protein concentration was determined by BCA assay using a

commercially available kit according to the manufacturer’s protocol (ThermoFisher Scientific

#23235).

10-20ug of protein samples were loaded on SDS-polyacrylamide gel (8-15% gels). After
electrophoresis, the proteins were transferred to a polyvinylidene fluoride (P\VDF) membrane. The
membrane was blocked for an hour in 5% bovine serum albumin (BSA). The membranes were
incubated overnight in the following primary antibodies at several dilutions: UCP1 antibody
(1:2000; Sigma Aldrich, #U6382), total OXPHOS rodent cocktail (1:1000; Abcam, #Ab110413),
LC3A/B (1:2000; Cell Signaling Technology, #127415), Parkin (1:1000; Santa Cruz, #sc-32282),
FUNDC1 (Proteintech #28519-1-ap), Beclin-1 (1:2000; Proteintech, #13762) OPA-1 (1:2000;
Abcam, #Ab9833), MFN1 (1:2000; Abcam, #Ab126575), MFN2 (1:2000; Abcam, #A56389),
Fisl (1:1000; BioVision, #42364). The next day, the membrane was washed 5X with TBS-T and
probed with their respective secondary antibody (1:5000) for 60 mins. Membranes were washed
5Xin TBS-T and were imaged on ChemiDoc™ MP Imaging System (Bio-Rad). The protein bands
were visualized, quantified, and normalized to Coomassie stain or to a housekeeping protein using
FIJI (Image J; NIH).

2.8 Real-time quantitative PCR

DNA was extracted from iBAT as per Guo et al.?®® The tissue was mixed with DNA lysis buffer
(AM Tris, 5mM EDTA, 0.2% SDS, 200mM NaCl, pH=8) and homogenized using a Potter
Elvehjem teflon—glass tissue homogenizer, Next, proteinase K solution was added to protein
lysates in 1 ml mini tube and was incubated overnight at 55 °C. Thereafter, DNA was extracted
using phenol/chloroform/isoamyl alcohol (25:24:1) and centrifuged (16000xg for 10 min) to
collect the supernatant. Cold isopropanol was added to the supernatant, incubated overnight at -
20°C and subsequently centrifuged (16000xg for 10 min). The supernatant was mixed with cold
70% alcohol, spun and dried to obtain the DNA pellet. The pellet was dissolved in 0.4 ml tris-
EDTA (TE) buffer and the concentration and quality of mitochondrial DNA (mtDNA) were
measured using NanoDrop 2000 (Thermo Scientific). The concentration of mtDNA and nuclear
DNA (nDNA) was measured by mixing the master mix (the combination of forward and reverse
primers) with the SYBR mix. The primers of mtDNA and nDNA used for this assay are listed in
Table 1.
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Gene Forward Reverse

Mitochondrial | 5-TGC TAG CCG CAG GCATTA | 5-GGG TGC CCA AAG AAT CAG

C-3 AAC-3'
Nuclear 5-CTT CCC CAC TGG CCT CAA | 5-CCA AAA CCC AGT GAT CCA
G-3' GC-3'

Table 1 Primer Sequences used for quantitative RT-PCR

2.9 Statistical analysis

All statistical tests in our study were performed on GraphPad Prism 9 (GraphPad Prism, La Jolla,
CA, USA). One-way ANOVA with post hoc Tukey’s test was used to compare the differences
between several timepoints of cold-deacclimation. The data in the study are presented as

mean £ SD, and statistical significance is defined as p < 0.05.



3 Results

3.1 Whole-body energy expenditure decreases during cold-deacclimation

To measure the changes in energy expenditure during cold-deacclimation, mice were acclimated
to 4°C (TO) in the CLAMS system before increasing the temperature to 30°C (T3-T120). We began
the experiment by measuring the changes in the food intake of mice exposed to several
timepoints of cold-deacclimation. In this experiment we collected data beyond the 48h time point
of cold-deacclimation, extending to 120h. As expected, daily food intake of mice decreased over
120 hours (Figure 1A, p<0.0001 at all timepoints). Next, we compared the changes in overall
oxygen consumption (VO2) during cold exposure and cold-deacclimation. Interestingly, there was
a 66% decrease in whole-body oxygen consumption (T3-T120) compared to TO (Figure 1B,
p<0.0001 for all timepoints). The RER initially increased during T12-T72 (Figure 1D, p<0.0001
for T12-T48, p<0.001 for T72) with subsequent decrease at T120 (Figure 1D, p<0.001) when
compared to TO.

The PRCF approach was used to determine whether differences between VO2 and RER were
driven by changes at the lower or higher range of values collected over time in the CLAMS system,
as described by Riachi et al.®*°. The PRCF approach analyzed large VO2 datasets of the two
groups, and VO2 was found to be lower during cold-deacclimation (T3-T120) when compared to
cold (TO) (Figure 1C). Next, we determined RER an estimate of the respiratory quotient (RQ) to
help identify any difference in the type of energy source oxidized by the mice. On determining the
50th percentile of the PRCF curve, we discovered that the RER value at TO and T3-T120 was
0.935 and 1.06, respectively (Figure 1E). RER of 0.935 and 1.06 indicates mice exposed to cold
oxidized carbohydrates as a fuel source (Figure 1E), consistent with an anabolic (eg lipid synthesis)

rather than a catabolic state overall in mice?®® 2%,
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Figure 1. Whole-body energy expenditure decreases during 3-120h of cold-deacclimation.

C57BL/6J mice were were acclimated at 4°C for 3 days with subsequent acclimation for 5 days
in the CLAMS (T0) and then housed at 30°C for 3,12, 24, 48, 72, 96, and 120 hours (T3, T12,
T24, T48, T72, T96, T120) A) Daily food intake. B) VO consumption was measured and
normalized to lead body mass. C) The difference in VO2 between mice at TO and the mice at T3-
T120 are shown via PRCF plots of VO, D) Respiratory exchange ratio (RER) was determined at
E) The difference in RER between mice at TO and those at T3-T120 are shown via PRCF plots of

RER. (n=12 biologically independent samples/group). Comparisons are made with one-way

ANOVA with post hoc Tukey’s test; data are presented as mean = SD. ***=p<0.001,
**x*=p<0.0001.
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3.2 Metabolic capacity of BAT explants and isolated mitochondria decreases within 3-48 h

of cold-deacclimation.

Analysis of BAT explants using high-resolution respirometry showed Complex-1 mediated
respiration was lower at T24-T48 compared to TO (Figure 2A) (p<0.001 at T24 and p<0.01 at
T48). Additionally, Complex I+l mediated leak, measured by the addition of succinate, was
decreased at T48 (Figure 2B) (p<0.05) as compared to TO. We measured G3P-mediated leak
respiration in both groups, and a decrease was observed at T3-T48 (Figure 2C) (p<0.05 at T3 and
T24 and p<0.001 at T48) as compared to TO.

Further, we determined the impact of cold-deacclimation on the respiratory capacity of isolated
mitochondria from BAT. Mitochondria were used to eliminate the interference of blood vessels,
macrophages, and exosomes that could affect the changes in the respiratory capacity of BAT.
Interestingly, complex I+11 and G3P-supported leak respiration were decreased at T48 (Figure 2E,
F) (p<0.05 for complex I+11 leak and p<0.01 for G3P-supported leak) as compared to TO. No
changes were observed in complex I-mediated respiration during cold-deacclimation, unlike
BAT explants (Figure 2D). Taken together, the metabolic capacity of mitochondria decreased

after 48 hours of cold- deacclimation.
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Figure 2. Metabolic capacity of BAT explants and isolated mitochondria decreases within 3-
48 h of cold-deacclimation.

Mitochondrial respiration was measure by HRR in BAT explants (A-C) or isolated mitochondria
(D-F) from from C57BL/6J mice acclimated at 4°C for 7 days (T0O) and then housed at 30°C for
3,12, 24 and 48 hours (T3, T12, T24, T48) A) Complex | mediated leak, B) Complex I+I11 leak C)
Complex I+ 11+ cGPDH leak (n=17-19 biologically independent samples/group) D) Complex |
mediated leak E) Complex I+Il leak F) Complex I+ I+ cGPDH leak (n=8-12 biologically
independent samples/group). Comparisons are made with one-way ANOVA with post hoc
Tukey’s test; data are presented as mean + SD.*=p<0.05, **=p<0.01. ***=p<0.001.



3.3 BAT mitochondrial content decreases within 12 h of cold-deacclimation

After we carried out the functional studies in mitochondria, we decided to determine changes in
the total protein and mitochondrial content upon cold-deacclimation. A 22% decline in total
proteins was observed per mg of tissue at T48 as compared to TO (Figure 3A) (p<0.001). Moreover,
a time-dependent decrease in the total protein content was also observed during cold-deacclimation
(Figure 3A) (p=0.0001).

When normalizing mitochondrial yield to the total tissue weight, mitochondrial proteins were
significantly decreased within 12 h of cold-deacclimation (Figure 3B) (p<0.05 for mitochondrial
protein/tissue weight at T12-T24 and p<0.01 at T48). We also determined mitochondrial content
by the widely used mtDNA assay to confirm our observation. Using gPCR, mtDNA:nDNA was
determined, and a significant decline was observed at T24-T48 (Figure 3C) (p<0.05 at T24 and
p<0.00001 at T48) as compared to TO. Taken together, total protein content in BAT decreased
with increasing cold-deacclimation time, whereas mitochondrial content decreased within twelve

hours of cold-deacclimation.
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Figure 3. BAT mitochondrial content decreases within 12 h of cold-deacclimation.

C57BL6/J WT mice were cold acclimated at 4°C for 7 days and then housed at 30°C for 3,12, 24,

and 48 hours. A) Total protein content was demonstrated by total protein per wet weight tissue.

(n=7-8 Diologically independent samples/group). B) Mitochondrial protein content was

demonstrated by mitochondrial yield per wet-weight tissue. (n=10-19 biologically independent

samples/group). (¢) mtDNA copy number (MtDNA/nDNA) was measured by qRT-PCR. (n=5-7

biologically independent samples/ group). Comparisons are made with one-way ANOVA with

post hoc Tukey’s test; data are presented as mean + SD.*p<0.05, **p<0.01, ***=p<0.001,

****=p<0.0001.
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3.4 Expression levels of complex Il and Il proteins decrease in BAT during cold-

deacclimation

A decrease in mitochondrial yield during cold-deacclimation indicates low amounts of
mitochondrial proteins. Thus, we determined the changes in significant protein expression in
mitochondria like UCP1 and OXPHOS complexes. Although we expected to observe a decrease
in UCP1 expression during cold-deacclimation, we did not see any changes (Figure 4B). Similarly,
the amount of UCP1 protein per BAT depot was calculated as per Kalinovich et al.?®* and no

changes were noted in UCP1 expression during cold-deacclimation (Figure 4C).

Immunoblot analysis of key OXPHOS proteins revealed that Complex Il decreased at T48
compared to T12 (Figure 5B, p<0.05), whereas no changes were observed in complex I, 11, IV,
and V expression during cold-deacclimation (Figure 5B). Furthermore, we measured the OXPHOS
proteins in the total BAT depot as per Kalinovich et al. 2°2. Expression levels of Complex I and 11
proteins were decreased at T48 when compared to T12 and TO respectively (Figure 5C) (p<0.05
for complex 1) (p<0.05 for Complex Il at T48 compared to TO and p< 0.01 for Complex Il T48
compared to T3). A time-dependent decrease was observed in complex Il expression during
cold-deacclimation (Figure 5C, p=0.0589).

Overall, these results support the conclusion that protein levels of complex Il and 11l decrease

during cold-deacclimation.

26



>
ve}
@]

UCP1 per depot

:

ucpP1

TO T3 T12 T24 T48

UCPL (8 4 8 2 B |<30KDa

—_— -

Figure 4. UCP1 protein expression does not change over 48h of cold-deacclimation.

:

]
o

2000

o
o
o
°oglco (2]

o

) e &

T T T 0= T T T

2 T24 T48

T0 T3 T1. T0 T3 T12 T24 T48

Total UCP1 per depot

g

N
fl
o0

o
i

Relative expression normalized to coomassie
N
o

Western blot images of UCP1 bands in iBAT from C57BL/6J mice acclimated to 4°C for 7 days
and then housed at 30°C for 3,12, 24, and 48 hours. Coomassie staining of proteins was used as
the loading control. B) Densitometry analysis of UCP1 expression from (A). C) Total amounts of
UCPL1 in iBAT tissue were obtained by multiplying the amount of UCP1 in BAT with the total
amount of mitochondrial proteins (Fig 4(B)) per mg tissue (Fig 3(A)). (n=6-8 biologically
independent samples/group). Comparisons are made with one-way ANOVA with post hoc

Tukey’s test; data are presented as mean + SD.
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Figure 5. Expression levels of complexes Il and Ill decrease in BAT during cold-
deacclimation

A) Western blots of complexes I-1V in iBAT from C57BL/6J mice acclimated to 4°C for 7 days
and then housed at 30°C for 3,12, 24, and 48 hours. GAPDH was used as the loading control. B)
Densitometry analysis of complexes I-1V expression in iBAT as in (A). C) Total amounts of
OXPHOS proteins in iBAT were obtained by multiplying the amount of OXPHOS proteins in
BAT with the total amount of mitochondrial proteins (Fig 4(B)) per mg tissue (Fig 3(A)). (n=6-8
biologically independent samples/group). Comparisons are made with one-way ANOV A with post

hoc Tukey’s test; data are presented as mean + SD.*p<0.05, **p<0.01.
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3.5 Mitophagy increases in iBAT within 48 h of cold-deacclimation

We used western blots to quantify the protein levels of the autophagic/mitophagy markers,
Parkin, LC3, and Beclin, and no changes were observed (Figure 6). However, a 50% decrease
was observed in the protein level of FUNDCL1 at T48 (Figure 6, p<0.05). This decrease in
FUNDC1 expression during cold-deacclimation suggests a reduction in mitophagy/autophagy.
To accurately visualize mitophagy in BAT during cold-deacclimation, we quantified the number
of mitolysosomes using mito-QC reporter mice, as shown in Figure 7A. The red punctae were
automatically quantified by a mito-QC counter in iBAT from mice exposed at TO-T48, and an
increase in mitophagy was observed. As mitochondrial content decreased during cold-
deacclimation (Figure 3), we normalized our results to mitochondrial content. Our results were in
alignment with our hypothesis, were we observed an increase in the number of mitolysosomes at
T48 (Figure 7C (p<0.05)). Additionally, we also observed an increase in mitolysosomes at T48
(Figure 7D (p<0.05)).

Overall, we observed a decrease in FUNDCL levels and an increase in mitophagy within 48h of

cold-deacclimation.
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Western blot images and densitometry analysis of Parkin, LC31/LC3lI, Beclin and FUNDC1 in
iBAT from C57BL/6J mice acclimated to 4°C for 7 days and then housed at 30°C for 3,12, 24 and
48 hours. Coomassie or GAPDH was used as a loading control. (n=6-8 biologically independent
samples/group) Comparisons were made with one-way ANOVA with post hoc Tukey’s test; data
are presented as mean + SD.*=p<0.053.6 Changes in BAT mitochondrial ultrastructure within 24-

48h of cold-deacclimation.
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Figure 7. Mito-QC mice models show increased mitophagy in iBAT within 48 h

A) Representative confocal images of iBAT of mito-QC mice at various cold-deacclimation time
points. Yellow punctae indicate normal mitochondria (mCherry+ GFP+). Red punctae indicate
mitochondria fusing with lysosomes and undergoing mitophagy (mCherry+; GFP quenched). B)
Total number of mitolysosomes counted per cell area defined by the manual selection of ROIs. C)
Total number of mitolysosomes counted per mitochondrial content. D) The percentage of
mitolysosomes in BAT in the cell. Quantification was performed with the following parameters:
Radius for smoothing images = 1; Ratio threshold = 0.4; Red channel threshold = 0.6 (n=3-4
biologically independent samples/ group). Comparisons were made with one-way ANOVA with

post hoc Tukey’s test; data are presented as mean = SD.*=p<0.05.
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3.6 Changes in BAT mitochondrial ultrastructure within 24-48h of cold-deacclimation

We next examined the ultrastructure and cristae morphology of BAT mitochondria using TEM.
First, we determined the changes in the lipid droplet area and number. Findings demonstrated an
increase in lipid area at T48 (Figure 8C) (p<0.01) as compared to TO. Results also indicated a

decrease in the number of lipid droplets at T24-T48 (Figure 8B) (p<0.05 for all time points).

Quantification of TEM micrographs revealed no change in the number of mitochondria (Figure
8D); however, mitochondrial area (as % of cytoplasm) was decreased at T48 (Figure 8E) (p<0.05),
consistent with findings in Figure 3. While it appears that there may an increase in the number and

size of glycogen granules with cold-deacclimation, this was not quantified.

An increase was observed in the average cristae length at T24-T48 as compared to T3 (Figure
8G) (p<0.05 at T24 and p<0.01 at T48). Furthermore, cristae number increased at T48 as
compared to T3 (Figure 8F) (p<0.05)). Cristae volume decreased at T3-T24 compared to TO
(Figure 8I) (p<0.05). However, no changes were observed in the average cristae area during

cold-deacclimation (Figure 8H).

Taken together, the process of cold-deacclimation leads to BAT lipid accumulation, a decrease in

lipid droplet number, mitochondrial fragmentation, and decrease in mitochondrial cristae volume.
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Figure 8. Changes in BAT mitochondrial ultrastructure within 24-48h of cold-deacclimation

A) TEM images of BAT tissues from C57BL6/J WT mice acclimated to 4°C for 7 days and then
housed at 30°C for 3,12, 24, and 48 hours. B) Quantification of lipid droplet number C)
Quantification of lipid droplet size (n=3-4 biologically independent samples/group, 10
micrographs were analyzed for each mouse) D) Quantification of number of mitochondria E)
Quantification of mitochondrial area F) Quantification of cristae number G) Quantification of
average cristae length H) Quantification of average cristae area 1) Quantification of volume of
cristae. (n=4 biologically independent samples /group, 5 micrographs were analyzed for each
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mouse). Comparisons are made with one-way ANOVA with post hoc Tukey’s test; data are

presented as mean + SD.*p<0.05, **p<0.01.
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3.7 Alteration in mitochondrial dynamics occurs during cold-deacclimation

Based on our TEM findings, we speculated that there were increases in mitochondrial
fragmentation during cold-deacclimation. This process is necessary to sustain the presence of

healthy mitochondria and facilitate mitochondrial turnover during cold-deacclimation.

Western blots were used to measure levels of mitochondrial fusion proteins (OPA1 and MFN1,
and MFN2) and mitochondrial fission protein, FIS1. Interestingly, the expression of proteins
OPAL1, MFN2, or FIS1 did not change during cold-deacclimation (Figure 9). However, our results
indicate a decrease in the expression of MFN1 during cold-deacclimation, as shown in Figure 9
(p<0.05).
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Figure 9. Alteration in protein markers of mitochondrial dynamics during cold-
deacclimation

Western blot images and densitometry analysis of OPA1, MFN1, MFN2 and FIS1 in iBAT from
C57BL/6J mice acclimated to 4°C for 7 days and then housed at 30°C for 3,12, 24 and 48 hours.
o-tubulin or GAPDH was used as loading control. (n=6-8 biologically independent

samples/group) Comparisons are made with one-way ANOVA with post hoc Tukey’s test; data

are presented as mean + SD. *p<0.05.
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4 Discussion

The present study demonstrates the alterations in whole-body bioenergetics and changes in BAT
metabolism in-vivo during 48 hours of cold-deacclimation. Our research demonstrates that BAT
mitochondrial capacity decreases during the 24-48-hour period of cold-deacclimation. It is also
important to note that although there was no discernible change in the overall UCP1 protein
amount, there was a significant reduction in the total complex | and Il proteins in iBAT. This
decline could be attributed to an increase in mitophagy, confirmed by a decrease in total protein

content and consistent with alterations in mitochondria and cristae ultrastructure.

BAT is key to whole body thermoregulation, particularly in small mammals and in infancy in
humans®32%®. To thermoregulate and adapt to cold environments, BAT generates heat by
uncoupling respiration. Several substrates can be oxidized to generate heat in BAT during
thermogenesis. Quantifying the RER during cold exposure can determine if fats or carbohydrates
were consumed as energy substrates at the whole body level®®®?®°_ Previous studies have observed
that intermittent cold exposure (4°C for 3h for day and 6 h for 8-10 days) increased energy
expenditure and RER during light phase in mice?’. Similarly, energy expenditure was found to
increase when mice were moved from 33°C to 8°C*"%. Our study revealed that real-time whole-
body oxygen consumption decreases within 3-120 hours of cold-deacclimation. This implies that
the body's energy requirements and metabolic rate are reduced immediately upon cold-
deacclimation. The shift in the metabolic profile was evident from the increased RER values at 12
hours of cold-deacclimation from our results. Thus, our results provide insights about the

changes in whole-body metabolism during cold-deacclimation.

As oxidative capacity and metabolism are closely linked, we also determined effects of cold-
deacclimation on BAT mitochondrial function. A study in humans indicated a 2.2 fold increase
in the oxidative capacity of BAT during cold exposure (4°C for 4 weeks) to contribute to increase
in NST*®. The metabolic capacity of BAT can be altered by changes in blood flow or in nutrient
availability during cold-deacclimation. Our results showed a decline in complex I, Il, and
CGPDH leaks at T3-T48 in tissue aliquots. However, isolated BAT mitochondria showed a
decrease in Complex Il and cGPDG-mediated respiration at T48 compared to TO. The isolated
BAT mitochondria might be resilient to the changes in temperature for up to 24 hours;
nevertheless, a decrease in its capacity was apparent at 48 hours. This decrease in mitochondrial

respiration could be related to the loss of damaged mitochondria in the isolation process. Our
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study also pointed a decrease in the capacity of complex Il mediated respiration in BAT during

cold-deacclimation.

Moreover, a recent study revealed that on inducing low membrane potential in BAT
mitochondria akin to the conditions experienced during cold exposure, RETdecreasedand
oxaloacetate accumulated®®. This accumulation of oxaloacetate decreases complex Il
respiration in BAT mitochondria?’?. Thus, future research should elucidate the acute changes in

complex Il activity and membrane potential upon cold-deacclimation.

Cold exposure increases BAT vascularity, cellularity, mitochondrial content, and metabolic rate
210. 213, 214 BAT js highly flexible with remarkable tissue plasticity, as demonstrated by
alterantions in metabolic rate, mitochondrial content decreases with increase in lipid content??.
Our findings demonstrate a reduction in overall protein, mitochondrial content, and
mitochondrial area during cold-deacclimation. Our observation is consistent with previous
studies, where a decrease in protein content was noted during cold-deacclimation®® 2. UCP1 is
the most abundant protein in BAT mitochondria whose expression increases about 5-fold on cold
exposure®. However, studies have indicated a decrease in UCP1 mRNA expression after one day
of cold-deacclimation®®. Surprisingly, no change was observed in the UCP1 levels in iBAT
while shifting mice from cold to thermoneutrality for 48 hours. However, the 48h time point may
have not been long enough to detect changes in UCP1, as UCP1 has a long half-life (20-100 h),
indicating its expression remains unchanged for a long time®> 2’® %'’ |n contrast, the protein
levels of complex I, 1l and IIl in iBAT after 48 h of cold-deacclimation, which is in line with
previous findings that protein levels of complex I, IV and V can decrease after 1 day of cold-

deacclimation®®

.This decrease in OXPHOS proteins likely contributes to the decrease in BAT
oxidative capacity during cold-deacclimation. Thus, the mitochondrial content and respiratory

capacity of BAT decrease upon cold- deacclimation.

TEM is a sensitive technique that helps to determine the changes in mitochondria ultrastructure

and detect structures like autophagosomes®’®

. A qualitative study reported the presence of double-
membrane autophagosomes and the presence of mitochondria-derived vesicles (MDVs) that
indicates mitochondrial degradation was noted during 24h of cold-deacclimation®®®, These past

results indicate the presence of large, elongated mitochondria and numerous mitophagosome
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during cold exposure®*. Detecting autophagosomes by TEM images can be subjective, so our

study used western blots and a reporter mito-QC mice to identify autophagy/mitophagy. We also
used the unbiased mito-QC counter approach to quantify mitolysosomes in BAT to measure
mitophagy'®™> 2”°. Interestingly, our study which was designed to measure mitophagy during 3-

48h of cold-deacclimation revealed an elevation in mitophagy at 48h of cold-deacclimation.

The PINK/ Parkin pathway was shown to be an important regulator of autophagy during cold-
deacclimation®?®. However, we did not detect changes in the protein expression of Parkin and LC3
throughout the 48 hours of cold-deacclimation. It is important to note that the markers of
autophagy/mitophagy might be quickly degraded by proteasome with changes in the membrane
potential’®> #. This might be the potential reason western blot did not detect any changes in the
protein levels of these markers. Interestingly, the protein levels of FUNDC1 decreased at T48,
indicating a decrease in mitophagy. Previous studies have indicated a role for FUNDC1 in the
coordination of with fission or fusion to mediate Parkin-independent mitophagy®®* <.
Interestingly studies have shown mTORC1 and AMPK to regulate autophagy markers including
FUNDC1** %2 Thus, there is a possibility that these regulators (i.e. mTORC1 and AMPK) or
several post-translation modifications might modify the levels of FUNDC1 which should be
further investigated. More generally, further research should examine the role of AMPK and

mTORC1 in BAT during cold exposure and cold-deacclimation.

Our analyses of BAT using TEM showed that mitochondrial fragmentation and glycogen
granules increased throughout the cold-deacclimation period. Our results also point towards

decreased mitochondrial area and cristae volume which might also be an indication of increased

mitophagy. While cold exposure induces BAT lipolysis®* 228

284-286

, triglycerides accumulate into larger

lipid droplets at warm environmental temperatures , and this is associated with the upregulation of

287

enzymes involved in fatty acid synthesis, such as fatty acid synthase’. Our findings of increased

lipid droplet number and size in BAT during cold-deacclimation are in line with previous

findings in rats?.
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Conclusions

Overall, our findings are consistent with the conclusion that increased mitophagy during cold-
deacclimation partially contributes to decreased mitochondria size and content. Our findings are
altogether in-keeping with our observations of decreased whole body energy expenditure and
BAT mitochondria-specific oxygen consumption during cold-deacclimation. Apart from
functional changes, cold-deacclimation decreases mitochondrial number and lipid number;
increases lipid size, and is associated with changes in BAT mitochondrial ultrastructure. Overall,
our findings advance the understanding of the fundamental mechanisms that ‘turn off” BAT

thermogenesis when it is not needed, thereby enhancing survival capacity of the animal.
Limitations

As we carried out cold-deacclimation studies in mice, and as mice thermoregulate differently
than other mammals including humans, it is important to not overinterpret the findings for

humans.

It has been reported that the Mito-QC counter can overestimate the number of mitolysosomes
than anticipated as it does not take the dimension of the mitolysosomes into consideration®®°.

Thus, itis important to consider this limitation in the interpretation of results.

Finally, while high resolution respirometry is useful in investigating mitochondrial respiration in

ex-vivo and in-vitro samples, it measures mitochondrial capacity, and not the actual activity in-vivo.
Alternative approaches and future directions

To complement the assessments of mitophagy described in this thesis, additional determinations
should include mitophagic flux analyses (i.e., LC3 turnover assay, live cell imaging or
comparing autophagosome numbers in the absence and presence of lysosomal inhibitors.) to
quantify the rate of mitophagy and to understand the dynamics of mitophagy in BAT during cold

exposure and cold-deacclimation.

Moreover, mitochondrial lysates should be studied as well as cell lysates for western blot
analysis. Mitochondrial lysates would allow us to detect differences in the presence and levels of
key proteins involved in mitophagy and mitochondrial dynamics.
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In the future it would be interesting to assess the in-vivo functional changes in BAT during cold-
deacclimation. Approaches could include: **C-Glucose tracing using mass spectrometry, as well
as 18F-Fluorodeoxyglucose- and 18F-Fluorothiaheptadecanoic acid- positron emission

tomography (**FDG-PET and *®F-FTHA-PET, respectively).
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