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ABSTRACT

Brown adipose tissue (BAT) functions as a heat-producing organ that contributes to whole-body
energy balance. The amount and activity of BAT differ between sexes: females typically display
greater mitochondrial content and thermogenic responsiveness than males, largely influenced by
estrogen signaling. Although sex steroids are known to affect BAT physiology, the intracellular
mechanisms that connect hormonal input to metabolic outcomes remain incompletely understood.
Prohibitin-1 (PHBL1) is an evolutionarily conserved scaffold protein that supports mitochondrial
organization and coordinates metabolic and hormonal signaling, including estrogen, androgen, and
insulin pathways. Through various post-translational modifications (PTMs), PHB1 can relocate
among subcellular compartments and influence multiple pathways, including those involved in
lipid handling and insulin responses. Among its modification sites, two residues, Cys69 and
Tyrl14, appear particularly important for regulating PHB1 function, yet their physiological

relevance in living systems has not been defined.

To explore this, two CRISPR-engineered knock-in mouse models were generated, Phb1-KiC69A
and Phbl-KiY114F, each lacking one of these critical sites. Analyses of glucose and insulin
tolerance tests (GTT and ITT), along with histological evaluation of BAT morphology and
mitochondrial density, revealed distinct and sex-dependent consequences for BAT architecture,
mitochondrial quality, and metabolic regulation including glucose homeostasis and insulin
sensitivity regulation. Phb1-KiC69A females showed enlarged BAT depots and hypertrophic
adipocytes, while males exhibited disrupted mitochondrial ultrastructure. In contrast, Phbl-
KiY114F males displayed modest BAT expansion with relatively intact mitochondria, and females

maintained small, densely structured adipocytes. Gonadectomy further indicated that endocrine



status modifies these traits: loss of testosterone enhanced insulin sensitivity in Phb1-KiC69A
males, whereas estrogen withdrawal slightly impaired glucose handling in Phbl-KiY114F

females.

Together, the results indicate that mutating Cys69 and Tyrl14 sites in PHB1 influence BAT
structure and metabolic function in a sex-dependent manner, providing evidence that PHB1 could

participate in the hormonal regulation of energy metabolism.
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CHAPTER I. INTRODUCTION

1.1 Literature Review

1.1.1 Overview of Adipose Tissue Biology

1.1.1.1 Types of Adipose Tissue: WAT and BAT

Over the past several decades, there has been a notable improvement in both public awareness and
scientific understanding of obesity. Despite these advancements, the incidence of obesity and its
related metabolic and chronic health conditions continues to escalate at a concerning pace (1),
underscoring the critical need for further research into its underlying mechanisms. An adipocyte
is a specialized cell that stores energy in the form of lipids. The fundamental basis of obesity lies
in the excessive accumulation of lipids within adipocytes and their hypertrophy. This can lead to
systemic metabolic dysregulation, contributing to the development of chronic diseases such as type
2 diabetes (2). This phenomenon highlights the importance of advancing our knowledge of adipose

tissue function and structure and its relevance to the pathophysiology of obesity.

Mammals have two types of adipose tissue: white adipose tissue (WAT) and brown adipose tissue

(BAT), which differ in structure, function, and distribution.(3).

The distinction between WAT and BAT begins with their fundamentally contrasting physiological
roles. WAT primarily functions as a storage site for energy in the form of triglycerides (4), whereas
BAT utilizes triglycerides to generate energy in the form of heat through thermogenesis (5). These
functional differences are supported by their distinct cellular structures. White adipocytes are

characterized by a single large lipid droplet and a relatively low mitochondrial density, reflecting



their role in energy storage. In contrast, brown adipocytes contain multiple small lipid droplets and

are enriched with a high density of mitochondria, which facilitate their thermogenic activity (6).

In human, WAT is predominantly located in two main regions: subcutaneous fat, which lies
beneath the skin and is distributed across various regions of the body, including the abdomen and
thighs, and visceral fat, which surrounds internal organs within the abdominal cavity, such as the
liver, intestines, and kidneys. In contrast, BAT is most abundant in infants, where it is primarily
localized in areas such as the interscapular region (between the shoulder blades), supraclavicular
region (above the collarbones), and suprarenal region (near the adrenal glands). Although its
quantity diminishes with age, BAT persists in adults, albeit in reduced amounts (7), and is typically
found in the supraclavicular region, paravertebral region (along the spine), mediastinal region
(within the chest cavity), para-aortic region, and suprarenal region (above the kidneys) (8). Given
the distinct structural, functional, and locational characteristics of WAT and BAT, it is reasonable
to hypothesize that their roles in the development and progression of obesity may also differ
significantly. These differences suggest that WAT and BAT may contribute uniquely to the

pathophysiology of obesity and its associated metabolic complications.

In addition to WAT and BAT, there is a third type known as beige adipose tissue. Beige fat cells
are typically found within white adipose depots, especially in subcutaneous regions, and can be
recruited under specific conditions such as prolonged cold exposure or stimulation by certain
hormones (9). Although they arise from a different cellular lineage than classical brown
adipocytes, beige cells share several functional features with them, including the presence of
multiple small lipid droplets, a high density of mitochondria, and the expression of uncoupling
protein 1 (UCP1), which enables them to burn energy and generate heat through thermogenesis

(10,11).



What makes beige fat distinct from brown fat is its inducible nature. While BAT is constitutively
active and localized to well-defined regions like the interscapular area, beige fat becomes
thermogenically active only in response to external stimuli and can revert to a white fat cell-like
state once those stimuli are removed (12). Beige adipocytes can develop either from progenitor
cells found near blood vessels within white fat or through trans differentiation of mature white

adipocytes into thermogenic beige cells (13).

1.1.1.2 Role of BAT in Energy Expenditure and Thermogenesis

As mentioned earlier, BAT possesses a unique structural and functional profile that distinguishes
it from WAT. Structurally, BAT is highly vascularized and contains a dense population of
mitochondria, which imparts its characteristic brown color. Functionally, BAT specializes in non-
shivering thermogenesis (the generation of heat) through the utilization of fatty acids. This
thermogenic capacity is primarily mediated by uncoupling protein 1 (UCP1), a mitochondrial
protein located in the inner mitochondrial membrane (14). Under specific stimuli, such as cold
exposure or diet-induced thermogenesis, the activation of norepinephrine receptors triggers
lipolysis, leading to an increase in free fatty acids (14). These free fatty acids then bind to UCP1,
which uncouples the mitochondrial proton gradient from adenosine triphosphate (ATP) synthesis.
Instead of driving ATP production, the protons dissipate across the mitochondrial membrane,
releasing energy in the form of heat (5). This unique thermogenic feature positions BAT as a
critical regulator of energy expenditure. By clearing glucose and fatty acids from the bloodstream
and converting them into heat, BAT plays a significant role in metabolic homeostasis. Given its
ability to enhance energy expenditure and improve metabolic health, BAT has emerged as a

promising therapeutic target for combating obesity and related metabolic disorders (15).



Consequently, studying the physiology of BAT is important, as it could revolutionize strategies

for managing obesity and metabolic diseases.

1.1.1.3 Adipogenesis in brown adipose tissue

Adipogenesis is the process by which mesenchymal stem cells (MSCs) differentiate into mature
adipocytes. While both BAT and WAT adipocytes originate from MSCs, their developmental
lineages, transcriptional regulation, and functional specializations differ significantly. BAT
adipocytes arise from Myogenic factor 5 (Myf5)-positive progenitors, a lineage shared with
skeletal muscle, and are programmed for thermogenesis via UCP1-dependent uncoupling. In
contrast, WAT adipocytes derive from Myf5-negative MSCs and specialize in energy storage and
endocrine signaling (12). Adipocyte lineage is triggered first by B cell factor-2 (EBF2), which
plays an important role in initiating adipocyte commitment (16). Subsequent stimuli, such as bone
morphogenetic protein7 (BMP7) (for brown adipogenesis) (17), WNT inhibition (18), or
peroxisome proliferator-activated receptor gamma (PPARy) activators, force the transition of
preadipocytes (19). Other key transcription factors, including CCAAT/enhancer-binding proteinf3
C/EBPp (which acts upstream) (20) and PR Domain-Containing 16 (PRDM16), then reinforce
adipocyte specification. It is worth noting that PR domain—containing 16 (PRDM16) plays a
pivotal role in brown adipogenesis because it activates BAT-specific genes while suppressing
those linked to WAT and muscle lineage. (21) The other important step is the coordination of
PRDM16 with CCAAT/Enhancer-Binding Protein Beta (C/EBPP) and proliferator-activated
proliferator that result in activation of receptor gamma coactivator 1-alpha (PGC-1a) to promote
brown fat metabolic programming, while PGC-1a drives mitochondrial biogenesis. The last step
in differentiation is governed by PPARY, it amplifies the effects of early factors like C/EBPJ to

finalize metabolic programming. During the differentiation progresses, preadipocytes acquire
4



brown adipocyte traits, including UCP1 expression, increased mitochondrial content, and small

lipid droplets, ultimately maturing into thermogenically active brown adipocytes (22).

Adipogenesis is regulated by the Sympathetic Nervous System (SNS) in response to stimuli such
as cold exposure, which triggers the release of norepinephrine (NE). Then NE acts on beta-
adrenergic receptors (B-ARs), particularly the B3-adrenergic receptor in BAT, triggering
downstream signaling pathways that promote adipocyte differentiation and thermogenesis (23). It
stimulates MSCs for proliferation and preadipocyte for differentiation into mature brown
adipocytes (12). Therefore, BAT’s thermogenic capacity will be enhanced. NE upregulates key
adipogenic regulators like PGC-1a, which induces mitochondrial biogenesis, and PRDM16, which
directs precursor cells toward the brown adipocyte lineage. Together, all these mechanisms
upgrade BAT function and guarantee efficient energy expenditure and metabolic adaptation during

highly demanding energy needs (12).

Similar to WAT, the number of brown adipocytes remains constant throughout adulthood under
baseline conditions (24). However, BAT displays enhanced adaptive capacity in response to
metabolic or environmental stimuli compared to WAT. This feature allows BAT to shrink or
expand in response to various stimuli. For example, cold exposure acutely increases BAT activity,

while chronic stimulation can recruit BAT subtypes, such as beige fat (5).

It is important to note that mature brown adipocytes do not proliferate. Instead, BAT homeostasis
is regulated by two mechanisms. First, the precursor mesenchymal cells are located within the
tissue, which increases their proliferation in response to demand. And second recruit BAT

subtypes, such as beige fat (5). This proliferative capacity significantly declines with age (25,26).



1.1.1.4 Lipolysis and lipogenesis in BAT

BAT plays a critical role in adaptive thermogenesis; wherein stored lipids are catabolized to

generate heat via mitochondrial uncoupling respiration rather than ATP synthesis.

Thermogenic capacity is primarily fueled by lipolysis (hydrolysis of triglycerides into free fatty
acids), which provides substrates for mitochondrial UCP1. In BAT, a counterregulatory interplay
between lipolysis and lipogenesis (re-esterification of fatty acids) creates a cycle that enhances
energy dissipation and heat production.(5). BAT exhibits markedly elevated lipolytic activity
compared to WAT, as the free fatty acids serve as the primary substrate for UCP1-mediated
thermogenesis in brown adipocyte mitochondria. Although BAT is not specialized for long-term
energy storage, lipogenesis persists at a basal level to maintain a pool of small, multilocular lipid
droplets (27). These morphologically distinct droplets facilitate rapid lipid mobilization during
sympathetic activation (e.g., cold exposure or B-adrenergic stimulation), ensuring immediate
substrate availability for thermogenic demands (27). The lipolysis pathway in WAT and BAT
demonstrates both shared regulatory mechanisms and distinct functional outcomes (28). Both
tissues rely on 3-adrenergic signaling as the primary lipolysis stimulus, which activates the CAMP-
PKA pathway. Protein Kinase A (PKA) phosphorylates perilipins (PLINL1 in WAT, PLIN5 in
BAT) (29), leading to the release of the coactivator CGI-58 (ABHD5) from PLINs. CGI-58 then
binds and activates adipose triglyceride lipase (ATGL), the rate-limiting enzyme that initiates
lipolysis by hydrolyzing triglycerides into diacylglycerols (DAGs). Subsequently, hormone-
sensitive lipase (HSL) cleaves DAGs into monoacylglycerols (MAGs), and finally,
monoacylglycerol lipase (MGL) completes the process, yielding free fatty acids (FFAs) and

glycerol (30).



Despite this shared enzymatic cascade, the functional roles of lipolysis differ significantly between
WAT and BAT. In WAT, lipolysis is primarily triggered by fasting, releasing FFAs and glycerol
into circulation for systemic energy distribution to peripheral tissues (e.g., skeletal muscle, liver).
In contrast, BAT lipolysis is activated by cold exposure, and the liberated FFAs are retained
intracellularly to fuel UCP1-mediated thermogenesis (28). This fundamental divergence in FFA
utilization in systemic energy mobilization (WAT) versus autocrine thermogenesis (BAT)
highlights the specialized metabolic roles of these adipose depots (31). FFAs from lipolysis serve
functions beyond energy production, as research indicates they also regulate critical signaling
pathways involved in maintaining metabolic balance (31). When FFAs bind to fatty acid-binding
proteins (FABPs), they can move into the nucleus and influence the activity of peroxisome
proliferator-activated receptors (PPARs) (32). Inside the nucleus, these lipids either directly
activate PPARSs as ligands or indirectly contribute by generating other PPAR-activating molecules,
leading to the expression of specific target genes. For example, studies highlight the importance
of ATGL-dependent lipolysis in PPARa signaling within cardiac tissue (33). In mice, deleting the
ATGL gene disrupts thermogenesis due to weakened PPARa activity, which is necessary for

activating brown fat-specific genes like UCP1 (34,35).

While FFAs from lipolysis directly fuel UCP1, their role in PPAR signaling also sustains
thermogenic capacity (32). However, maintaining a ready TAG pool for lipolysis requires constant
replenishment, which BAT achieves through two primary sources. The first is the uptake of
circulating triglyceride-rich lipoproteins (TRLS), such as chylomicrons and VLDL (36). Through
the action of lipoprotein lipase (LPL), these particles are broken down into (MAG) and (FFAS),
which BAT takes up via scavenger receptor fatty acid translocase (CD36). This process, stimulated

by B-adrenergic receptor activation, allows BAT to clear plasma TRLs, contributing to systemic

7



energy homeostasis (37). Under most conditions, after the uptake of fatty acids, most are utilized

for TAG synthesis through a well-defined metabolic pathway.

De novo lipogenesis (DNL) provides a secondary pathway for TAG synthesis in BAT, converting
excess carbohydrates into fatty acids. Though most active in liver and WAT, BAT activates DNL
under specific stimuli (38). Prolonged cold or carbohydrate surplus triggers DNL to utilize excess
glucose (39). Glucose preferentially fuels thermogenesis but can be diverted to DNL when
demands shift (40). This pathway primarily replenishes lipid droplets during high-demand states.
The DNL pathway begins with glycolysis, converting glucose to pyruvate, which is then
transformed into acetyl-CoA by pyruvate dehydrogenase (PDH). Acetyl-CoA carboxylase
(ACACA) then catalyzes the formation of malonyl-CoA, which fatty acid synthase (FASN)
converts into palmitate—the precursor for longer-chain fatty acids like stearate (41). Unlike in
liver and WAT, where insulin primarily regulates DNL, BAT relies more on -adrenergic signaling

to activate this pathway, aligning with its thermogenic role (40).

1.1.1.5 Fatty acid oxidation and mitochondrial biogenesis

The high number of mitochondria in BAT allows this tissue to efficiently oxidize free fatty acids
and glucose, a feature that makes it a major oxygen-consuming organ during processes like active
non-shivering thermogenesis (5). BAT has three sources of fatty acids for oxidation when demand
increases. While it prefers to use fatty acids from the lipolysis of its lipid droplets (42,43), it can
also take up non-esterified fatty acids (NEFA) from the bloodstream. The third source is de novo
lipogenesis. These two other sources are primarily used to replenish fatty acids already consumed

from lipid droplets (44).



When activation is acute, the SNS triggers lipolysis. Since fatty acid oxidation takes place in the
mitochondrial matrix, the fatty acids need to be transported across mitochondrial membranes. To
facilitate this process, the SNS also activates carnitine palmitoyl transferase 1 (CPT1) (42,44), the
enzyme that helps shuttle fatty acids into the mitochondria. If activation is chronic, the SNS
enhances BAT’s overall capacity by increasing PGCla, a key regulator of mitochondrial

biogenesis (45).

Interestingly, BAT has several reasons to prefer the oxidation of fatty acids over glucose for
thermogenesis (44): First, FAO produces more acetyl-CoA (8 per palmitate vs. 2 per glucose);
second, it’s more efficient at generating NADH and FADH: (5,40); and third (and most
importantly), free fatty acids directly activate UCP1(14). During fatty acid oxidation, triglycerides
are hydrolyzed into two FFAs and one glycerol molecule. While we have already discussed the
role of FFAs in BAT, glycerol also plays an important role in this tissue. Unlike FFAs, most of the
glycerol released in BAT is not directly oxidized. Instead, it is primarily released into the
bloodstream and transported to the liver, where it serves as a substrate for gluconeogenesis.
However, a portion of the glycerol can be recycled within brown adipocytes. In this pathway,
glycerol is phosphorylated by glycerol kinase to form glycerol-3-phosphate (G3P), which is then
used to re-esterify fatty acids back into triglycerides. This forms a continuous cycle of lipolysis

and re-esterification known as the triglyceride—fatty acid (TG-FA) cycle.

The TG-FA cycle is crucial for several reasons. First, it helps maintain intracellular lipid stores,
which provide a steady supply of FFAs necessary for sustained fatty acid oxidation and
thermogenesis. Second, it prevents the harmful accumulation of excess FFAs, which can be

cytotoxic if not properly regulated. Third, it supports metabolic flexibility by enabling BAT to



rapidly replenish its triglyceride stores and maintain thermogenic activity over time. Finally, this
cycle contributes to overall energetic efficiency. Although fatty acid re-esterification requires
energy, the resulting increase in energy expenditure enhances the thermogenic capacity of BAT,
an advantageous adaptation for maximizing heat production. Surprisingly, BAT still takes up a lot
of glucose from circulation when it is active. However, studies have shown that less than 15% of
this glucose fuels thermogenesis directly (46,47). The rest goes into de novo lipogenesis, producing

new fatty acids to refill droplets after they’ve been used up (46,48).

1.1.1.6 Sex Differences in BAT Physiology

Obesity influences susceptibility to chronic diseases such as metabolic syndrome and type 2
diabetes differently in males and females (49). Disruptions in energy homeostasis are a major
contributor to these metabolic disorders, and since energy regulation varies by sex, understanding
these differences is critical. Additionally, BAT activity plays a key role in energy homeostasis.
Therefore, it is essential to investigate the mechanisms driving these sex-based differences (50).
Research indicates that female rodents have a higher prevalence of BAT, greater BAT activity,
and larger BAT mass compared to males (51,52). Additionally, females display greater metabolic
plasticity, as evidenced by studies in which rats fed a high-fat or high-fat, high-sugar diet showed
more pronounced increases in thermogenic proteins, mitochondrial biogenesis, and fatty acid
oxidation enzymes than their male counterparts (53,54). These findings align with human studies,
where retrospective PET/CT scans reveal that women tend to have higher BAT activity than men
(55,56). While some research suggests that BAT mass is also greater in women (53,57), other
studies reported inconsistent results (58,59). The underlying mechanisms for these sex differences
in BAT biology remain an area of active investigation, which will be explored further in this

section.
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1.1.1.6.1 The effects of sex hormones on BAT

One of the key aspects of BAT activity is its dynamic regulation across the lifespan, which is
profoundly influenced by sex hormones (60). This hormonal dependence highlights their critical
role in modulating BAT function. For instance, one study showed that during puberty, girls exhibit
higher basal BAT activity and greater cold-induced thermogenic responses compared to boys,

suggesting that female sex hormones (e.g., estrogen) may enhance BAT activation (61).

In adulthood, women maintain significantly greater BAT activity than men (50), further supporting
estrogen’s role in promoting metabolic health through BAT (50,60). Another notable shift occurs
during menopause: as estrogen levels decline, BAT activity is similarly affected, diminishing

alongside the reduction in circulating sex hormones (62).

1.1.1.6.1.1 Estrogens

Estrogen exerts its effects on cells via two receptors, ERa and ERf, with its influence on BAT
primarily mediated through ERa (63). Female mice typically express higher levels of these
receptors (64), and cold exposure further upregulates their expression in females. This elevated
receptor expression promotes mitochondrial biogenesis and increases both UCP1 mRNA and

protein levels (64,65).

Evidence shows that ovariectomy in mice, which depletes estrogen, reduces UCP1 expression,
whereas systemic estrogen administration restores it (66,67). Moreover, mice lacking the ERa
receptor in BAT show markedly lower UCP1 levels and a diminished response to cold exposure

(68).
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Key metabolic processes involved in thermogenesis, such as fatty acid oxidation, depend on the
activation of Adenosine Monophosphate-activated Protein Kinase (AMPK) pathways as an initial
step. Estrogen further enhances BAT activity by stimulating these pathways, thereby amplifying
metabolic responses. Beyond its direct receptor-mediated effects, estrogen indirectly activates

BAT through the Sympathetic Nervous System (SNS), a critical regulator of BAT function (66).

1.1.1.6.1.2 Androgens

In contrast to estrogens, androgens, particularly testosterone and its metabolite dihydrotestosterone
(DHT), inhibit BAT function (50). The literature suggests that testosterone suppresses BAT
activity in males by decreasing mitochondrial biogenesis, reducing BAT differentiation, and

ultimately impairing BAT mass and thermogenic capacity (86-88).

Additionally, while norepinephrine, as mentioned earlier, induces lipolysis in BAT, testosterone
has been shown to attenuate this lipolytic response (69). Further evidence from in vitro studies
reveals that testosterone dose-dependently inhibits UCP1 expression and mitochondrial respiration

in immortalized BAT cells (70).

Crucially, orchiectomy studies (surgical removal of testes, which depletes testosterone) provided
in vivo evidence for testosterone’s inhibitory role: castrated male mice show elevated UCPI
MRNA levels and increased protein expression, confirming that testosterone negatively regulates

BAT activation (71,72).

1.1.1.6.2 X-Linked Genes and Their Impact on Sex-Related Differences

A key difference between males and females lies in their sex chromosomes: males typically have

XY chromosomes, while females have XX. During development, one of the two X chromosomes
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in females undergoes X-chromosome inactivation (XCI) to balance gene expression between the
sexes (73). However, approximately 15-20% of genes on the inactivated X chromosome escape
this silencing mechanism, leading to higher expression of certain genes and proteins in females

(74).

Notably, some genes encoding mitochondrial proteins are located on the X chromosome, and a
subset of these can escape XCI (75). As a result, females may have an increased dosage of these
genes, which can influence mitochondrial morphology, quantity, and function. This differential
gene expression may contribute to sex-specific metabolic differences. One example is
thermogenesis, a mitochondria-dependent process critical for energy expenditure and heat
production, which may vary between males and females due to these underlying genetic and

mitochondrial distinctions (74).

1.1.2 Prohibitin

Prohibitin 1 (PHB1) is an evolutionarily conserved protein that belongs to the SPFH superfamily,
which includes stomatin, flotillin, and HfIK/C proteins (76). This protein family is found in a broad
range of living organisms, from basic prokaryotes to more advanced eukaryotes (76). A defining
trait of PHBL1 is its conserved SPFH (also known as Band-7 or PHB) domain, which is a signature
feature shared among members of this protein family (77). The protein's structure includes several
key elements: an N-terminal transmembrane region that mediates attachment to both mitochondrial
and plasma membranes, a C-terminal coiled-coil motif (spanning amino acids 175-252) essential
for forming heterodimers with PHB2, and the C-terminal region includes a sequence that enables

the protein to be transported out of the nucleus (77). The functional relationship between PHB1
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and PHB2 is highly mutual, they form a heterodimeric complex where the absence of either subunit

can compromise mitochondrial structure and function (78).

The name "prohibitin™ reflects its initial characterization as a potential cell cycle inhibitor.
Researchers first isolated PHB1 through comparative RNA analysis between normal and
regenerating liver tissue, noting its significantly reduced levels in actively dividing cells (79). Later
studies demonstrated that this apparent growth-suppressive effect was mediated by regulatory
sequences in its mMRNA's 3' untranslated region (3' UTR) rather than the PHBL1 protein itself (80).
Moreover, PHB1 has been found to be associated with the B-cell receptor and is sometimes called
B-cell receptor-associated protein 32 (BAP32) (81). This name comes from its role in helping B

cells send signals, which is important for the immune response (81).

Similarly, PHB2 is known as BAP37 and repressor of estrogen receptor activity (REA). As REA,
PHB2 directly binds ERa's ligand-binding domain to repress estrogen-responsive transcription by
blocking coactivator recruitment and altering helix-12 conformation. PHBI1 also acts as an ERa
corepressor, overexpression inhibits target gene expression, and forms stabilizing heteromers with
PHB2 that fine-tune repression through cross-squelching.(82,83). These names point to its role in

B-cell receptor and estrogen-related signaling pathways, respectively.

Overall, these different names for PHB1 and PHB2 reflect both the historical context in which
they were first discovered and the diverse functions they perform in cell communication.
Moreover, mouse and human PHB1 are almost identical at the protein level and assemble into the
same mitochondrial prohibitin complex, so mechanistic data from mouse (and other rodent)
models are generally applicable to human PHB1 biology, with the usual caveats regarding species-

and tissue-specific physiology (84).PHB1 and PHB2 are two distinct proteins with differences in
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their genetic location, size, and molecular weight. The PHB1 gene is found on human chromosome
17g21.33 and encodes a protein of 272 amino acids with a molecular weight of about 30 kDa,
whereas PHB2 is located on chromosome 12p13.31 and encodes a 299—-amino acid protein of
approximately 33 kDa (85). What makes prohibitin particularly important to study is its versatility

and involvement in numerous essential cellular processes (86-88).

1.1.2.1 Mitochondrial and Cellular Functions of PHB1

Studies have expanded our understanding of PHB1, revealing its compartment-specific functions
that extend beyond the mitochondria and influence a broad range of cellular processes. PHB1 is
essential for preserving mitochondrial integrity by forming a large scaffolding complex with PHB2
in the inner mitochondrial membrane (IMM) (89). This complex helps stabilize important proteins
like cytochrome c oxidase subunits (COX2p, COX3p) and the mitochondrial fusion protein OPA1
mitochondrial dynamin like GTPase (OPAL) (89,90), which are crucial for maintaining the proper
shape of mitochondrial cristae. PHB1 also binds to mitochondrial transcription factor A (TFAM),
linking it to mitochondrial nucleoids and supporting mtDNA transcription (91). Loss of either
PHB1 or PHB2 leads to mitochondrial dysfunction and structural abnormalities, emphasizing their

cooperative role in mitochondrial maintenance (78).

Outside the mitochondria, PHB1 can move to the plasma membrane (PM) through a post-
translational modification called palmitoylation at PHB1-Cys69 (92). At the membrane, it helps
regulate signaling pathways that control cell growth, such as PI3K-Akt and MAPK-ERK,
particularly in insulin response (92). PHBL1 also plays a role in immune regulation by participating

in B-cell and T-cell receptor signaling (93-95). Interestingly, PHB1 on the cell surface can act as
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a receptor for certain viruses, including dengue and Chikungunya, allowing them to enter the cell

(96,97).

PHBL1 is also present in other parts of the cell, including the nucleus, where it may affect gene
expression, and in various organelles, where it contributes to lipid metabolism and cellular stress
responses (98). Altogether, PHBL1 plays a wide range of roles that are vital for maintaining cellular

balance.

1.1.2.2 The Role of PHB1 in Adipose Tissue

Research into the role of PHB1 in lipid regulation first gained traction in studies using
Caenorhabditis elegans, where PHB1 depletion was shown to significantly reduce lipid
accumulation in the intestine, the organism’s main fat storage tissue (99). These early observations
suggested a conserved role for PHB1 in energy storage. Further analysis in C. elegans
demonstrated that PHB1 influences lipid metabolism through its regulation of SBP-1, the worm
homolog of mammalian SREBP-1, a key transcription factor in lipogenesis (100). Mechanistically,
PHB1 supports mitochondrial function, including cristae integrity and oxidative capacity (90),
which provides substrates such as acetyl-CoA necessary for lipogenesis. Simultaneously, PHB1
stabilizes nuclear-encoded mitochondrial proteins that influence Sbp-1 transcription. For example,
knockdown of Phb-1 results in ~40% reduction in Shp-1 expression .These dual roles place PHB1
at a pivotal point in lipid homeostasis, as it influences both the metabolic machinery and the

transcriptional regulation required for lipid synthesis (100,101).

Building on these findings, studies in murine models revealed PHB1’s essential role in mammalian
adipose tissue homeostasis. Adipocyte-specific deletion of Phbl in mice leads to a dramatic
reduction in fat mass, defective adipogenesis, and resistance to high-fat diet-induced obesity,
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resembling a lipodystrophic phenotype (102). Conversely, mice with adipocyte-targeted
overexpression of PHBL1 display increased fat accumulation, enlarged adipocytes, and expanded
WAT mass (104). These opposing outcomes highlight the importance of PHB1 not only in
adipocyte differentiation but also in lipid storage capacity, suggesting that PHB1’s effects depend

on context, potentially influenced by metabolic state or hormonal signals.

Beyond its mitochondrial roles, PHB1 also localizes to the plasma membrane of adipocytes and
endothelial cells, where it participates in fatty acid uptake. Specifically, it interacts with CD36, a
fatty acid translocase, and annexin A2, a scaffolding protein within lipid rafts. PHB1 binds annexin
A2 to form a lipid raft domain that anchors CD36 on the cell surface, enhancing its ability to
capture and transport non-esterified fatty acids (NEFAs) (105). Loss of PHB1 disrupts this
membrane complex, resulting in reduced surface localization of CD36 and a corresponding
decrease in fatty acid uptake (106). Conversely, PHB1 overexpression enhances CD36 surface
retention and promotes greater lipid influx. This membrane-associated role of PHBL1 is crucial not
only in adipocytes, where it supports triglyceride storage, but also in endothelial cells, where it

facilitates lipid trafficking between tissues (105,107).

Collectively, these findings underscore the evolutionary conservation of PHB1 as a key player in
lipid metabolism. In mammalian adipose tissue, PHB1 functions as a multifaceted regulator,
coordinating mitochondrial performance, adipocyte differentiation, and lipid transport across

cellular compartments.

While previous studies have revealed PHB1’s cellular roles in fatty acid transport and adipocyte
function, its systemic metabolic effects remain poorly understood. To bridge this gap, our lab

developed a transgenic mouse model (Mito-Ob) with adipose-specific PHB1 overexpression,
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achieved by introducing a transgene encoding PHB1 under the control of the adipocyte protein 2
(aP2, also known as Fabp4) promoter in CD1 background mice. Since aP2 is expressed in both
macrophages and adipocytes, this model allows us to investigate how elevated PHBL1 levels in
adipose tissue and macrophages influence whole-body metabolism, including potential effects on

energy balance, lipid distribution, and insulin sensitivity (104).

The primary observation from the Mito-Ob model is the pronounced sexual dimorphism in
response to PHB1 overexpression. Both male and female mice accumulate excess adipose tissue;
however, only males develop significant metabolic complications, including insulin resistance,
hepatic lipid accumulation, hyperglycemia, and tumor development. In contrast, females remain
metabolically healthy despite equivalent fat mass. This suggests that adipose expansion alone does
not determine metabolic risk, and that hormonal context, particularly sex steroids, modulates

PHB1’s effects on metabolism (104).

One potential explanation for these differences lies in PHB1’s role in maintaining mitochondrial
health. While obesity is typically associated with reduced mitochondrial content and impaired
function in WAT, PHBL1 overexpression in Mito-Ob mice appears to preserve mitochondrial
biogenesis and activity. This is supported by evidence of elevated mitochondrial DNA copy
number, enhanced expression of genes involved in oxidative phosphorylation, and increased
mitochondrial density (104). PHB1 thus contributes to both adipocyte differentiation and
mitochondrial maintenance, potentially mitigating the mitochondrial dysfunction commonly

observed in obesity (108).

Interestingly, while mitochondrial biogenesis is enhanced in both sexes, only female Mito-Ob mice

display increased adiponectin levels, an adipokine linked to insulin sensitivity and anti-
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inflammatory signaling. In males, this coupling between mitochondrial health and adiponectin
production is disrupted (104). This sex-specific decoupling suggests that downstream signaling
mechanisms governing adipokine secretion may differ between males and females, contributing

to the divergent metabolic phenotypes (109).

The sexually dimorphic effects of PHB1 in Mito-Ob mice appear to be shaped by the interaction
between PHB1 and sex steroid hormones. PHB1 is both regulated by and a regulator of hormone
receptor activity: it functions as a transcriptional corepressor of estrogen receptor alpha (ERa) and
androgen receptor (AR), while its own expression is enhanced by estrogen and suppressed by
testosterone. Given that adipose tissue itself has steroidogenic capacity, these mutual interactions

likely contribute to depot-specific and sex-dependent regulation of PHB1 activity (104).

Experimental evidence from gonadectomy studies supports this idea. In males, orchiectomy not
only reduces body fat but also lowers PHB1 and OPA1 expression in adipose tissue, suggesting
that androgens are required to maintain the full adipogenic and mitochondrial effects of PHB1
overexpression (110). In females, ovariectomy removes their natural protection, resulting in tumor
formation and insulin resistance similar to that seen in males. These outcomes underscore the
importance of estrogen in enabling PHB1’s beneficial effects, particularly in sustaining

mitochondrial homeostasis and suppressing inflammatory responses (104,111).

Moreover, hormonal regulation of mitochondrial proteins appears to occur independently of
PHBL1. In both wild-type and Mito-Ob mice, sex hormone deprivation leads to reduced expression
of OPA1, a mitochondrial fusion protein critical for maintaining cristae structure and oxidative
capacity. This suggests that sex steroids directly support mitochondrial integrity in WAT, and that

this support operates in parallel with, but is not contingent upon, PHB1 overexpression (104).

19



In summary, PHB1 serves as a central regulatory node linking mitochondrial function, lipid
metabolism, and sex hormone signaling in adipose tissue. Its overexpression in the Mito-Ob model
highlights how fat accumulation can lead to markedly different outcomes depending on hormonal
context. In females, the synergistic effect of estrogen and PHB1 promotes metabolically adaptive
adipose expansion, characterized by preserved mitochondrial integrity and increased adiponectin
production. In males, lack of estrogenic signaling and the suppressive effects of testosterone on

PHBL1 impair these protective mechanisms, leading to metabolic dysfunction and disease.

These findings reinforce the need to consider biological sex as a fundamental variable in metabolic
research. They also point to PHB1 as a potential therapeutic target, where modulation of its
expression or function, possibly in a sex-specific manner, could offer novel strategies to prevent

or treat obesity-associated metabolic disorders.

1.1.2.3 The Post-translational modifications of PHB1

Post-translational modifications (PTMs) are essential biochemical mechanisms that expand
protein function beyond the genetic code (112). These covalent modifications, including
phosphorylation, glycosylation, acetylation, ubiquitination, and palmitoylation, are catalyzed by
specific enzymes and regulate nearly every aspect of protein behavior, including activity, stability,
localization, and interaction networks (112,113). By modulating protein function in response to
environmental cues, PTMs provide dynamic and reversible control over complex biological
processes. For instance, phosphorylation can activate or inhibit enzymes, ubiquitination often
directs proteins toward degradation, and lipidation, such as palmitoylation, enables membrane
association. The physiological significance of PTMs is broad, encompassing gene expression,

metabolic regulation, immune signaling, and cellular stress adaptation. Dysregulation of PTMs
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contributes to pathologies ranging from cancer and neurodegeneration to metabolic syndromes,

underscoring their central role in maintaining cellular and systemic homeostasis (112,114,115).

Given their regulatory potential, PTMs represent an important layer of control for PHB1, a
multifunctional protein that governs mitochondrial integrity, adipocyte differentiation, and
systemic metabolic balance. Although overexpression of PHBL1 in adipocytes in Mito-Ob mice
profoundly alters adipose tissue biology and whole-body metabolism, changes in gene or protein
abundance alone cannot fully account for PHBI1’s tissue-Specific, sexually dimorphic, and
hormone-dependent effects (116). Complementary in vitro study demonstrated that insulin
stimulation induces phosphorylation of PHBL1 at tyrosine 114 (Tyr-114), enabling recruitment of
SH2 domain-containing phosphatase 1 (Shpl). Shpl negatively regulates insulin signaling by
dephosphorylating intermediates such as Akt and GSK-3pB, thereby attenuating insulin
responsiveness (117). Mutation of PHB1-Tyrl14 to phenylalanine (mutant-PHB1-Tg mice),
which prevents phosphorylation, blocks Shpl recruitment and enhances Akt phosphorylation,
sustaining insulin signaling. This regulation is site-specific: other residues, such as Thr-258, have
been implicated in opposite roles, potentially promoting insulin sensitivity (116,118).
Furthermore, crosstalk between phosphorylation and other PTMs, such as O-GIcNAcylation,
highlights the existence of a multilayered regulatory network fine-tuning PHB1’s metabolic

actions (119).

To evaluate the physiological importance of PHB1-Tyr114 phosphorylation in vivo, the m-Mito-
Ob mouse model was developed in our laboratory, in which the PHB1Y114F mutant form was
overexpressed in adipocytes under the aP2 gene promoter. Comparative analysis of m-Mito-Ob
and Mito-Ob mice revealed that, despite comparable adiposity, m-Mito-Ob mice displayed

improved insulin sensitivity and distinct immune phenotypes. These findings indicate that PHB1-
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Tyrl1l4 phosphorylation functions as a molecular switch, selectively modulating insulin

responsiveness and immune regulation without disrupting PHB1’s adipogenic role (120).

To further investigate how hormonal cues shape PHB1 function and its PTM landscape,
gonadectomy experiments were performed in both male and female Mito-Ob and m-Mito-Ob
mice. Removal of gonadal androgens and estrogens allowed assessment of the contribution of sex
hormones to PHB1-mediated regulation. In gonadectomized m-Mito-Ob mice, reduced adiposity,
enhanced insulin sensitivity, and attenuated mitochondrial biogenesis in WAT were observed,
demonstrating that PHB1’s metabolic effects are partially hormone-dependent (110). Nonetheless,
depot- and sex-specific differences in PHB1 localization and signaling persisted in the absence of
sex hormones, suggesting the involvement of additional, uncharacterized PTMs in PHB1

regulation (110).

This hypothesis led to the investigation of modifications beyond phosphorylation. Sequence
analysis of vertebrate PHB1 identified a conserved cysteine at position 69 (Cys69), structurally
positioned for lipid-based modification (92). Experimental studies confirmed that PHB1-Cys69
undergoes palmitoylation, a lipid modification essential for PHB1 localization to the plasma
membrane in adipocytes and immune cells (92). Loss of this modification, through substitution of
cysteine with alanine (PHB1C69A), disrupted PHB1 membrane localization and signaling,

establishing palmitoylation at PHB1-Cys69 as a critical determinant of PHB1 function (92).

To dissect the physiological relevance of these PTMs in vivo, two knock-in mouse models were
generated in our laboratory using CRISPR-Cas9 technology: one carrying the Phbl-KiY114F
mutation, which prevents phosphorylation at PHB1-Tyr114, and another carrying the Phbl-

KiC69A mutation, which blocks palmitoylation. Both models express PHB1 at normal levels but
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solely in the mutant form. These precise genetic modifications provide powerful tools to define

how individual PTMs direct PHB1’s metabolic, signaling, and tissue-specific functions.

Together, findings from these models underscore the importance of PTMs in shaping PHB1’s
context-dependent actions. Rather than acting through a fixed mechanism, PHB1 integrates signals
via a combinatorial PTM code that modulates its role across tissues and physiological states.
Crosstalk between modifications, such as the mutual exclusivity of phosphorylation and O-
GIcNAcylation, further refines its actions (119). Palmitoylation at PHB1-Cys69 is indispensable
for plasma membrane anchoring and scaffolding functions, whereas PHB1-Tyrll14
phosphorylation governs insulin sensitivity and immune cell regulation (121). Additional
modifications, including redox-sensitive S-nitrosylation, may expand PHB1’s repertoire in stress

responses and mitochondrial control (122).

As PHB1 emerges as a protein with striking tissue specificity (78), investigating the consequences
of its PTMs in physiologically relevant models is critical. In this thesis, particular attention is
devoted to characterizing BAT in the Phb1-KiY114F and C69A knock-in models. Comprehensive
analysis of BAT morphology, mitochondrial abundance, protein expression, and thermogenic
capacity will clarify how distinct PTMs shape PHB1’s function in this metabolically unique tissue.
This work advances our mechanistic understanding of PHB1 regulation and provides insights with

broad implications for metabolic disease, tissue-specific signaling, and therapeutic intervention.

1.1.2.4 The Role of PHB1 in BAT Metabolism and Phenotype

Emerging studies highlight a pivotal role for prohibitin proteins, particularly PHB1, in shaping
mitochondrial function within BAT. Prohibitins are well recognized as scaffolding proteins that
maintain cristae architecture and stabilize respiratory chain super complexes, , in diverse cellular
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models (90,123,124),While this role is well established in non-adipose systems and white
adipocytes, evidence specific to BAT is more limited. Nonetheless, given BAT’s dense
mitochondrial network and reliance on oxidative metabolism during thermogenesis, PHB1’s

influence on mitochondrial stability is highly relevant (125).

The first direct exploration of PHB1 in BAT was performed by Gao et al. 2021, who demonstrated
that adipocyte-specific deletion of PHB1 disrupted BAT development. This loss impaired lipid
accumulation, reduced mitochondrial content, and downregulated thermogenic markers such as
UCP1 and PGC-1a. Functionally, PHB1-deficient mice displayed reduced energy expenditure and
poor cold tolerance, underscoring PHB1’s dual role in sustaining mitochondrial structure and
enabling metabolic activation. Importantly, reintroducing PHB1 rescued these defects, confirming

its essential role in maintaining brown adipocyte identity and thermogenic competence (102).

Complementing this, Wang et al. (2022)(126) examined PHB1 deletion in adipocytes under high-
fat diet conditions, highlighting its metabolic significance in BAT. In their study, loss of PHB1
caused a reduction in BAT mass, altered droplet morphology, and impaired lipid storage capacity.
These defects reduced BAT’s ability to buffer circulating lipids, which in turn aggravated hepatic
steatosis in diet-challenged mice. Interestingly, while BAT structural and metabolic functions were
compromised, the absence of PHB1 did not exacerbate hepatic inflammation or fibrosis,
suggesting that its role in protecting systemic metabolism lies primarily in sustaining BAT

integrity and lipid handling (126).

Another work by Gao et al. (2022) (127) introduced another perspective by identifying a non-
mitochondrial role for PHB1 in BAT, specifically within endothelial cells. Using an endothelial

cell-specific Phbl knockout (EC-KQO) mouse model, they demonstrated that PHB1 is essential for
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efficient transport of long-chain fatty acids (LCFAS) across the vascular endothelium into brown
adipocytes. In Phb1EC-KO mice, fatty acid uptake into BAT was significantly impaired, not due
to intrinsic defects in adipocytes, but because of disrupted endothelial transport. Although basal
BAT vascularization and thermogenic gene expression remained intact, these mice exhibited
impaired triglyceride clearance and diminished lipolytic fatty acid release upon stimulation. As a
result, there was a compensatory metabolic shift toward increased glucose utilization, leading to
enhanced insulin sensitivity under high-fat diet conditions (127). Mechanistically, PHB1 was
proposed to facilitate LCFA trafficking through interactions with CD36 and annexin A2. Thus,
beyond its canonical mitochondrial functions, PHB1 also acts as a vascular gatekeeper, ensuring
that brown adipocytes receive sufficient lipid substrates for thermogenic activation and systemic

lipid regulation. This feature has also seen in WAT (127).

Evidence from the Mito-Ob mouse model further supports PHB1’s role in BAT. In this model,
adipocyte-specific overexpression of PHB1 led to sex-dependent alterations in BAT morphology.
Male Mito-Ob mice exhibit an increase in lipid droplet size, deviating from the typical small,
multilocular structure of healthy brown adipocytes, suggesting a shift toward lipid accumulation
and potential dysfunction. In contrast, female Mito-Ob mice maintain normal multilocular droplet
morphology, indicating preserved brown adipocyte identity. These findings highlight the tissue-
specific and sexually dimorphic effects of PHB1 (104). At the mitochondrial level, no increase in
mitochondrial number was observed in either sex; however, mitochondrial size was found to be
reduced in males. Despite these structural changes, thermogenic protein levels such as UCP1
remain unaltered, suggesting that PHB1 overexpression does not activate thermogenic

programming in BAT (104).
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Mechanistically, previous studies have shown that PHB1 promotes cross-talk between
mitochondrial and nuclear genomes, supporting transcriptional programs essential for oxidative

metabolism (98), processes that are also critical in BAT (128).

Collectively, these findings establish PHB1 as a central regulator of mitochondrial content, lipid
handling, and metabolic homeostasis in BAT, with its effects modulated by tissue type, sex, and
hormonal environment. However, several aspects of PHB1’s role in BAT remain underexplored.
While existing studies have elucidated its involvement in adipocyte differentiation, mitochondrial
respiration, lipid metabolism, and redox balance, questions remain regarding the regulation of
PHB1 by sex hormones, its potential interaction with immune cells within BAT, and how its
function changes with age. Future research should aim to clarify these molecular mechanisms and

explore sex-specific interventions to leverage PHB1’s metabolic benefits

1.1.2.5 The Role of PHB1 in Glucose Homeostasis

The role of PHBL1 in glucose homeostasis is closely tied to its involvement in various cellular
processes and its context-dependent function. That is, PHB1’s effects can differ depending on the
tissue type and the organism’s metabolic state. According to current literature, several tissues and
signaling pathways have been identified in which PHB1 contributes to glucose regulation. In the
pancreas, PHB1 helps protect B-cells against oxidative stress by maintaining mitochondrial
function and also plays a role in insulin secretion (129). In granulosa cells, overexpression of PHB1
leads to a shift toward glycolysis, especially under conditions of mitochondrial dysfunction (130).
The role of PHB1 in adipose tissue appears to be more complex. While adipocyte-specific
overexpression of PHB1 promotes obesity, only male mice develop glucose intolerance and fatty

liver, suggesting a sex-specific metabolic effect (131). Additionally, PHB1 regulates glucose and
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fatty acid metabolism partly through modulation of key enzymes such as pyruvate carboxylase
(132). In the liver, the consequences of PHB1 deficiency differ between sexes: in males, it is
associated with insulin resistance and increased adiposity, while in females, it improves glucose
tolerance, possibly by reducing gluconeogenic activity (131). These findings reflect systemic roles
of PHB1 in energy balance. At the signaling level, PHB1 has also been linked to the insulin
pathway. It interacts with phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and undergoes
important post-translational modifications such as phosphorylation at PHB1-Tyr114 and O-
GlcNAcylation, which may influence downstream protein kinase B (Akt) signaling and cellular
glucose uptake (116,119,133). Altogether, PHB1 emerges as a versatile regulator of glucose

metabolism, with effects that vary depending on the cellular and physiological context.

1.2 Research rationale

Adipose tissue in mammals comprises several distinct types, white, brown, and beige each playing
specialized roles in systemic energy metabolism (4). WAT acts as the body’s principal energy
store, with unilocular adipocytes accumulating large lipid droplets found in subcutaneous layers
(beneath the skin) and around internal organs (visceral fat) (4). In contrast, BAT consists of
multilocular adipocytes harboring numerous mitochondria rich in uncoupling protein 1 (UCP1),
localized predominantly in the interscapular, cervical, and supraclavicular regions in infants, and
persisting as smaller depots in adults (125). BAT is uniquely equipped for non-shivering
thermogenesis, producing heat by dissipating energy (134), while beige adipocytes represent
inducible, thermogenic cells that transiently develop within WAT in response to stimuli such as

cold exposure, acquiring BAT-like properties but reverting to a white phenotype once the stimulus
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diminishes (135). These depots differ not only in anatomical location and cellular morphology but

also in metabolic function, with WAT storing and BAT expending energy (4).

Like the well-known sex differences in WAT (136), BAT also exhibits marked sex differences
(137). In both rodents and humans, females tend to possess higher BAT mass and more active
thermogenic capacity than males (137). These sex-dimorphic traits are observed in depot size,
UCP1 expression, mitochondrial content, and responsiveness to metabolic challenges. For
example, female rodents display greater upregulation of BAT thermogenic genes and more
substantial mitochondrial adaptations compared to males, and human imaging studies frequently
report more active BAT in women (137,138). However, the magnitude and consistency of these

differences can vary between different anatomical depots and populations.

Sex steroids play a decisive role in shaping this BAT dimorphism. Estrogen, via ERa signaling,
enhances BAT development, stimulates mitochondrial biogenesis, boosts UCP1 expression, and
promotes thermogenic responsiveness, particularly in females (139). Loss of estrogen, whether
due to menopause or experimental ovariectomy, leads to decreased BAT activity, while estrogen
replacement restores thermogenic competence (140). Conversely, androgens such as testosterone
exert inhibitory effects on BAT, reducing mitochondrial abundance and functional capacity (66).
Experimental studies, including orchiectomy in males, reinforce that removing testosterone
partially rescues BAT thermogenesis. These findings highlight that sex hormone signaling is

central to the regulation of BAT mass and function (141).

This raises a key mechanistic question: How do sex hormones mediate their regulatory effects on

BAT? While classical nuclear hormone receptor pathways are well-studied, the molecular targets

28



and intracellular mediators that translate hormonal cues into adipose-specific metabolic adaptation

remain incompletely defined.

Prohibitin 1 (PHB1) emerges as a potential candidate in this context. PHB1 is a highly conserved
scaffold protein, best known for its roles in organizing mitochondrial structure, maintaining their
cristae integrity, and ensuring efficient oxidative metabolism (78). Yet PHB1’s influence extends
far beyond mitochondria; it can localize to the plasma membrane, nucleus, and other cellular
compartments depending on its post-translational modifications and cellular context (78).
Importantly, PHB1 is increasingly recognized as an integrator of metabolic and hormonal signals,
participating in insulin signaling, immune responses, and cellular stress pathways. This
multifaceted relationship with sex hormones, including regulation of its expression and function
by both estrogens and androgens (111), positions PHB1 as a plausible mediator of sex-specific
metabolic regulation in adipose tissue, particularly in BAT. Thus, PHB1 is a potential candidate

gene for sex-related metabolic differences.

Focusing on BAT is especially justified for several reasons. First, BAT plays a critical role in
energy expenditure and thermoregulation and is central to observed sex differences in systemic
metabolism (142). Second, prior studies using the Mito-Ob mouse model (characterized by
adipocyte-specific PHB1 overexpression) revealed profound sex-specific phenotypes: both WAT
and BAT developed metabolic alterations, but males and females differed in susceptibility to
insulin resistance, lipid accumulation (104). More recent work and additional literature confirm
the essential function of PHB1 in BAT mitochondrial maintenance and thermogenesis, yet the

intracellular mechanisms remain unsettled (102,127).

29



Although it is established that PHB1 is required for BAT health and metabolic function, how PHB1
mediates these effects within BAT, especially in response to hormonal cues, remains unknown. In
vitro and in vivo studies have revealed that phosphorylation of PHBL1 at tyrosine 114 (Tyr-114)
responds to insulin, recruiting negative regulators such as SHP1 and modulating metabolic
signaling (117). However, observations from the m-Mito-Ob mouse model (overexpressing a non-
phosphorylatable mutant) suggest there must be additional, more complex regulatory layers, since
metabolic phenotypes extend beyond the effects explained solely by PHB1-Tyrll4

phosphorylation (120).

Cysteine 69 (Cys69) appears as a likely candidate for such regulation, as it is the unique site for
palmitoylation, a lipid modification that governs PHB1 s trafficking to the plasma membrane and

its interaction with signaling partners (92).

Given the sex-dimorphic role of BAT in energy balance and the centrality of PHBL1 in
mitochondrial and metabolic regulation, it would be interesting to know how specific PTMs (at
PHB1-Tyr114 and PB1-Cys69) direct PHB1 activity within BAT. The development of targeted
knock-in mouse models creates a unique opportunity to unravel, at a systemic and depot-specific
level, the combinatorial mechanisms through which hormonal signals and post-translational

modifications converge to control BAT function and, by extension, sex-specific metabolic health.
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CHAPTER Il. HYPOTHESIS AND OBJECTIVES

Sex differences play an important role in various aspects of metabolism, including energy balance,
fat distribution, and how adipose tissue functions (136). BAT in particular shows distinct sex-
specific features. For example, females typically have more active BAT and higher thermogenic
capacity compared to males. These differences are largely driven by sex steroid hormones, which
influence not only BAT activity but also the molecular pathways that control its development and

function (142).

In this context, PHB1 has gained attention as a key regulatory protein in adipose tissue (126).
PHB1 is a highly conserved multi-functional protein that undergoes PTMs, including
palmitoylation at Cys69 site and phosphorylation at Tyrl114 site. These modifications determine
intracellular trafficking of PHB1, and different location influences its function (104,116,143).
However, the importance of these conserved PTM sites (i.e., Cys69 and Tyr114) in biological sex-

related differences in BAT biology is unexplored.

Given PHB1’s dual role in metabolic and hormonal pathways, I hypothesize that the PTM at Cys69
and Tyr114 sites plays a role in PHB1’s cell compartment-specific functions and contribute to the
sex-specific regulation of BAT. To test this, | am using Phb1 knock-in mouse models to examine
how mutating Cys69 and Tyr114 PTM sites affect PHB1 function in males and females, with the

goal of understanding how these molecular mechanisms shape sex differences in BAT.

Objective 1. To define changes in the BAT phenotype in male and female Phbl1-Ki mice as

compared to respective wild-type mice.

The goal of this objective is to characterize how BAT phenotype is altered in male and female

Phbl-mutant mice carrying either the Phb1-KiC69A or Phbl-KiY114F mutation, compared to
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their wild-type counterparts. This analysis will focus on identifying both genotype and sex-
dependent differences in BAT phenotype, which includes morphology, metabolic activity, and
biochemical features, all of which may result from disruptions in PHB1 post-translational

modifications.

Objective 2. Investigate the effects of gonadectomy on BAT phenotype in male and female

Phb1-Ki mice.

This objective is focused on understanding how sex hormones influence the phenotype and
metabolic function of BAT in Phbl-mutant mice carrying the Phb1-KiC69A or Phbl-KiY114F
mutations, in comparison to wild-type controls. To begin, I will establish the baseline metabolic
profile of BAT in wild-type mice under normal hormonal conditions to capture natural sex
differences. | will then assess how removing gonadal sex hormones through surgical gonadectomy
could impact BAT phenotype across different genotypes. Finally, 1 will investigate how the
specific post-translational modifications of PHB1, disrupted in the Phb1-KiC69A and Phbl-
KiY114F mutants, interact with the presence or absence of gonadal sex hormones to influence
BAT function. This approach will help clarify how PHB1 modifications and hormonal signaling

work together to regulate BAT biology in a sex-dependent manner.
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CHAPTER I1l. MATERIALS AND METHODS

3.1. Materials

Materials and reagents used in this thesis are listed in Table 3.1.

Reagent

Source

4x Laemmli Sample Buffer

Bio-Rad

Acrylamide

Fisher Scientific

Ammonium persulfate

Fisher Scientific

2-mercaptoethanol

Sigma-Aldrich

80% Ethanol (Molecular Biology Grade)

Thermo Scientific

Bis-acrylamide

Fisher Scientific

Bromophenol blue

Bio-Rad

Formalin Fisher Scientific
Isopropanol Fisher Scientific
KCI Sigma-Aldrich

Glycine Fisher Scientific
HCI Fisher Scientific
Insulin Sigma-Aldrich

NaCl Fisher Scientific
NaOH Fisher Scientific

PhosSTOP (phosphatase inhibitors)

Roche

Tris base

Fisher Scientific

Triton X-100

Fisher Scientific
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Tween-20 Amresco

D-(+)-glucose Sigma-Aldrich

Ponceau S Solution Sigma-Aldrich (Mississauga, ON, Canada)
3.2 Methods

3.2.1 Development of Phb1-Ki mice

CRISPR-Cas9

Figure 3.1 Generation of Phb1-Ki mouse models by CRISPR-Cas9.CRISPR-Cas9 mediated
genome editing was used to create two Phbl1 knock-in lines: Phb1-Ki Y114F, in which the tyrosine
at position 114 was mutated to phenylalanine to prevent phosphorylation, and Phb1-Ki C69A, in
which the cysteine at position 69 was mutated to alanine to prevent palmitoylation or other
cysteine-based modifications, as illustrated by the loss of the corresponding post-translational

modification icons on the PHB1 schematic
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The Phbl knock-in mouse lines were generated at the University of Manitoba’s Transgenic Core
Facility through CRISPR-Cas9-mediated genome editing (143). In the C69A variant, the codon
for cysteine at position 69 was substituted with one encoding alanine. Additionally, a Hae Il
restriction site was introduced to facilitate genotyping, and the protospacer adjacent motif (PAM)
sequence was altered in the donor DNA to avoid repeated cleavage by Cas9. Genomic DNA was
isolated from ear punch biopsies, and homozygosity was determined by PCR amplification of the
targeted region, enzymatic digestion using Hae Ill, and subsequent analysis by agarose gel

electrophoresis.

Similarly, for the Y114F model, the codon for tyrosine at position 114 was substituted with one
encoding phenylalanine at this position in the Phbl gene. Genotyping of offspring was performed
using PCR amplification, and successful incorporation of the mutation was confirmed via DNA
sequencing. As with the C69A model, homozygous mice were selected based on PCR
amplification followed by gel electrophoresis of the amplicons. Homozygous Phbl knock-in
mutants were selected to achieve complete disruption of the targeted post-translational
modifications (Cys69 palmitoylation or Tyrl14 phosphorylation), ensuring maximal phenotypic
penetrance in BAT without partial compensation from wild-type alleles, which is critical for
detecting subtle mitochondrial and metabolic effects. Heterozygous Phb1l mutants generally lack
spontaneous phenotypes but show increased susceptibility to stressors like hepatotoxicity in liver-
specific models, suggesting subthreshold effects that may not manifest under baseline conditions.
The C57BL/6 background strain was used, as it is the standard at the University of Manitoba's
Transgenic Core Facility, providing well-characterized BAT activity, genetic stability, and

extensive wild-type metabolic reference data for robust comparisons (144).
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3.2.2 Animal Housing and Tissue Collection

All animal procedures were conducted in accordance with protocol number 24-023 (AC11900),
approved by the University of Manitoba’s animal ethics committee. Mice were housed under
standard conditions with unrestricted access to a regular chow diet and maintained on a 12-hour
light/dark cycle. Tissues were harvested promptly and either processed immediately or snap-frozen

in liquid nitrogen and stored at —80°C for future experiments.

3.3 BAT weight measurements

In this study, BAT was consistently collected from the interscapular region in all animals.

Immediately after sacrifice, the tissue was snap-frozen and placed on ice.

3.4 Histology

BAT from the interscapular region was collected from 3- to 4-month-old mice immediately after
euthanasia and fixed in 10% buffered formalin. Tissues were then dehydrated, embedded in
paraffin, and sectioned at a thickness of 5 um. The sections were stained with hematoxylin and
eosin (H&E) for morphological evaluation. Imaging was performed using the EVOS XL Core
Imaging System at 40x magnification. And the pictures are utilized for two purposes cell counting
and measuring adipose area. One image was acquired per animal (n = 3), each representing a
carefully selected region of BAT. Due to the close embedding of BAT with surrounding beige and
white fat, additional fields of view were not included, as they risked capturing non-BAT regions
and introducing bias because beige adipose tissue can represent compromised BAT. Only clearly

distinguishable BAT regions were analyzed to ensure tissue specificity.
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3.5 Quantification of Cell Number in BAT Sections

To quantify cell number in BAT, hematoxylin and eosin (H&E)-stained sections were imaged at
40x magnification using the EVOS XL Core Imaging System. Images were analyzed using ImageJ
software (NIH, USA). Each image was first converted to 8-bit grayscale, followed by color
deconvolution to isolate the hematoxylin (blue) channel for enhanced nuclear contrast.
Thresholding was applied to highlight nuclei while minimizing background and debris, and the
image was converted to binary format. The “Analyze Particles” function was used to count
individual nuclei. To exclude non-cellular elements and artifacts, a size filter was applied, and only
particles with areas between 250 and 2000 pixels? were included in the analysis. This range
corresponds approximately to nuclei sizes between 20 and 150 um? based on the imaging scale.

Only nuclei fully within the field of view were counted.

3.6 Adipose Area Quantification in Histological Images

BAT sections stained with hematoxylin and eosin (H&E) were imaged at 40x magnification. To
measure the lipid-rich (white) regions, images were analyzed using a threshold-based
segmentation method. Each image was first converted to grayscale to improve contrast between
adipose areas and surrounding tissue. A brightness threshold was then applied to detect and isolate
the white spaces corresponding to lipid droplets. Sensitivity settings were fine-tuned through visual
inspection to account for variability in staining intensity and droplet size. The identified adipose
regions were quantified in square micrometers (um?) using the pixel-to-micron scale associated
with 40x magnification. For images with low contrast or incomplete detection, threshold
sensitivity was increased to improve accuracy. These measurements were used to compare lipid

content between experimental groups.
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3.7 Gonadectomy

3.7.1 Animal Models and Surgical Procedures

12 weeks old male and female C57BL/6 mice were used as wild-type controls, alongside two Phbl
knock-in models including C69A or Y114F. The number of animals per group, categorized by sex,

genotype, and surgical treatment (sham or gonadectomy), is summarized in Table 3.2.

Animals were anesthetized using 2-4% isoflurane delivered in oxygen, and anesthesia depth was
verified by the absence of a response to toe pinch. Subcutaneous injection of Metacam (2 mg/kg)
was administered subcutaneously for postoperative analgesia. Mice were monitored during
recovery and for three days post-surgery for changes in body weight and signs of discomfort or

distress. Additional analgesic doses were provided if it was required.

Sham-operated animals underwent identical anesthetic, surgical, and postoperative procedures as
those in the gonadectomy groups, with the exception that gonads were left intact. In these cases,
the reproductive organs were exposed, visually examined, and then the surgical incisions were

closed using the same method as the gonadectomy group.

3.7.2 Orchidectomy (male gonadectomy)

For male gonadectomy, mice were placed in a supine position, and a midline incision (~1 cm) was
made in the scrotum to expose the underlying tunica. Each testis was carefully extracted, and the
spermatic cord was ligated at the junction with the epididymis and blood vessels. The testes were
then excised. In sham-operated males, testes were exposed but not removed or manipulated. Skin

incisions were closed with wound clips, and all animals received equivalent postoperative care.
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3.7.3 Ovariectomy (female gonadectomy)

For female gonadectomy, mice were positioned prone, and a dorsal midline skin incision (1-2 cm)
was made between the ribcage and the tail base. Using blunt dissection, the muscle wall was
exposed and pierced ~1 cm lateral to the spine on both sides. The ovary and oviduct were
externalized, and the uterine vasculature was clamped. Each ovary and part of the oviduct were
removed with a single cut. Sham females underwent the same procedure without excision of the
ovaries. Incisions were closed with surgical clips, and postoperative care was identical to that of

the gonadectomy group.

Table 3.2 Experimental grouping of mice by sex, treatment, and genotype (WT, C69A, Y114F).
Sham = control surgery; Ox = gonadectomy (orchidectomy or ovariectomy).

Sex Treatment | Wild-type C69A Phbl knock- | Y114F Phb1 knock-
in mice in mice
Male Sham 2 2 2
Ox 4 4 4
Female Sham 2 2 2
Ox 4 4 4

* One of the female shams C69A Phb1l knock-in mice died after surgery. The analysis will report
with one.

3.8 Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

At six months of age, corresponding to twelve weeks post-surgery, glucose and insulin tolerance
tests were performed. For the glucose tolerance test (GTT), food was withdrawn for 12 hours
overnight (10:00 p.m. to 10:00 a.m.). To prevent ingestion of bedding or waste during fasting,
mice were transferred to fresh cages and housed individually with free access to water. The
following morning, mice were gently restrained using a tube, and a baseline blood glucose
measurement was obtained from the tail vein (time 0). Mice then received an intraperitoneal

injection of sterile-filtered glucose (1 g/kg body weight, dissolved in saline). Blood glucose levels
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were subsequently measured from tail blood samples collected at 15, 30, 60, and 120 minutes post-

injection using a handheld glucometer and test strips according to the manufacturer’s instructions.

For the insulin tolerance test (ITT), a similar procedure was followed, with the exceptions that
mice were fasted for 4 hours (6:00 a.m. to 10:00 a.m.) and injected intraperitoneally with insulin
(0.75 U/kg body weight). Blood glucose concentrations were measured at 0, 15, 30, 60, and 120

minutes following insulin administration using the same glucometer-based method.

For both GTT and ITT, glucose measurements over time were summarized by calculating the area
under the curve (AUC) using the trapezoidal method, in which the area between consecutive time
points was calculated as the average of the two glucose values multiplied by the corresponding
time interval. Total AUC values were used for statistical comparisons between experimental

groups.

3.9 Statistical Analysis

All statistical evaluations were conducted using GraphPad Prism (version 10). Based on the nature
of each dataset, we applied one-way ANOVA, two-way ANOVA, or repeated measures ANOVA
as required. For group comparisons, Tukey’s test was used following ANOVA. When comparing
treatment groups directly to controls, either Dunnett’s post hoc test or an unpaired Student’s t-test
was employed. Results are reported as the mean with corresponding standard deviation (mean +

SD), and a threshold of P < 0.05 was used to determine statistical significance.

In experiments involving BAT tissue, wild-type C57BL/6 mice were used as the reference group
to evaluate phenotypic differences in Phbl-Ki lines carrying C69A or Y114P mutations. For

metabolic assessments such as GTT and ITT, statistical comparisons focused on the effects of
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gonadectomy by analyzing differences between sham-operated and hormone-depleted mice across

genotypes and sexes.

To improve clarity and ease of interpretation, GTT data for the C69A and Y114F groups are
presented separately. When all six experimental groups were included in a single plot, substantial
overlap of glucose curves resulted in crowded figures that obscured group-specific trends.
Importantly, all GTT data were analyzed using the same statistical methods across groups, and

separation was performed solely for visualization purposes.
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CHAPTER IV. RESULTS

4.1 Phb1-Ki Mice Display Altered Whole-Body Weight in a Sex-Dependent Manner

Prohibitin-1 (PHB1) is known to influence adipocyte differentiation in a sex-dependent
manner(145). Since adipocyte differentiation plays a critical role in regulating whole-body weight
(146), understanding PHB1's mechanisms in adipose tissue development and metabolic regulation
is important. Previous studies on PHB1-Tg (Mito-Ob) mice have demonstrated that overexpression
of PHB1 in WAT leads to increased body weight (104). However, the potential role of the key
post-translational modifications (PTMs) of PHB1 on body weight regulation at a systemic level
remains unexplored. In this study, female Phb1-KiC69A mice exhibited significantly higher body
weight compared to age-matched wild-type females (P = 0.0015) (Fig. 4.1A). Although Phbl-
KiY114F females also showed elevated body weight relative to wild-type, this difference did not
reach statistical significance (Fig. 4.1A). In male mice, body weights of both Phb1-KiC69A and
Phb1-KiY114F were not significantly different from their wild-type counterparts (Fig. 4.1A).
When comparing sexes within each genotype, Phb1-KiY114F males weighed significantly more
than Phb1-KiY114F females (P = 0.0024; Fig. 4.1B). A similar pattern was observed in wild-type
mice, with males displaying significantly higher body weights than females (P = 0.0007) (Fig.
4.1B). In contrast to the typical pattern observed in wild-type and Phbl-KiY114F mice, male
Phb1-KiC69A mice did not weigh more than the females; instead, female Phb1-KiC69A mice
tended to have greater body weight than their male counterparts, but this difference did not reach

statistical significance (Fig. 4.1B).
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Figure 4.1. Phbl-Ki mice show sex- and genotype-dependent differences in body weight.
(A) Body Weight (g) by genotype within sex (C69A, WT, Y114F). (B) Body Weight (g) by sex
within genotype. Bars represent mean + SD (n = 3 mice). Statistics: two-way ANOVA (genotype

x sex) followed by Tukey’s multiple-comparisons test; P < 0.05 considered significant. **P <0.01.
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4.2 BAT Mass in Male and Female Phb1-Ki Mice

Previous work from our laboratory demonstrated that overexpression of PHBL1 in adipose tissue
alters BAT characteristics (104). The interscapular BAT depot was collected and weighed, and its
ratio to total body weight was calculated. Preliminary observations from a single biological sample
revealed BAT as a percentage of body weight of approximately 0.2% in wild-type males, 0.4% in
Phb1-KiC69A males, and 0.4% in Phb1-KiY114F males. In females, ratios were approximately
0.2% in wild-type, 0.4% in Phb1-KiC69A, and 0.2% in Phbl-KiY114F mice (Fig. 4.2). It is
important to note the limitations that these data represent initial observations from single animals
per group (n=1) and therefore cannot support statistical conclusions about genotype effects or sex
differences. The apparent differences in BAT: body weight ratios require validation in adequately
powered studies with larger, prospectively calculated sample sizes. In comparable rodent
metabolic studies, formal power analyses frequently indicate a need for group sizes in the range of

6-8 animals per group before meaningful conclusions can be drawn(147).
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Figure 4.2. BAT as a percentage of body weight in Phb1-Ki mice, including Phb1-KiC69A, Phbl-
KiY114F, and wild-type controls. Data are shown for both males and females for each genotype;

n = 1 mice. No statistical analysis was performed due to the limited sample size.
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4.3 Quantification of BAT Cell Number and in Phb1-Ki Mice

Studying adipocyte number and adipose area in the BAT of Phb1-Ki mice is essential because
PHBL1 plays a key role in maintaining mitochondrial structure (99) and regulating BAT cell
development (102). Mutations in PHBL1 that prevent specific post-translational modifications may
interfere with these functions, potentially altering BAT composition and organization. A decrease
in cell number could suggest defects in adipocyte formation or recruitment of precursor cells. At
the same time, shifts in fat area may signal abnormalities in lipid accumulation, mitochondrial
performance, or thermogenic function. Although previous studies have shown that loss of PHB1
reduces BAT mass and impairs mitochondrial function (102), the specific role of PHB1 C69 and
Y114 sites on cellular features of BAT, such as adipocyte proliferation and lipid droplet structure,
has not yet been investigated. Quantitative analysis of BAT cell numbers from hematoxylin and
eosin (H&E) stained BAT sections demonstrated no significant differences between wild-type,
Phb1-KiC69A, and Phb1-KiY114F mice within either sex (Fig. 4.3A). However, notable sex-
specific differences in cell number were observed within genotypes. In Phbl-KiY114F mice,
females exhibited significantly greater BAT cell numbers per field compared to their male
counterparts (P = 0.0001), and a similar pattern was observed in Phb1-KiC69A mice (P = 0.0009)
(Fig. 4.3B). In contrast, wild-type mice showed no significant sex difference in BAT cell number.
These results indicate that PHB1 mutations, particularly at C69A and Y114F, are associated with
an increased number of BAT in females relative to males, whereas this sex difference is absent in

wild-type controls.
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Figure 4.3. BAT cell number per field was quantified in hematoxylin and eosin (H&E) stained
BAT sections from Phbl1-Ki (C69A, Y114F) and WT mice. (A) Data are grouped by genotype
within sex (C69A, WT, Y114F). (B) Data are grouped by sex within genotype. Bars represent
mean = SD (n = 3 mice). Statistics: two-way ANOVA (genotype x sex) followed by Tukey’s

multiple-comparisons test; P < 0.05 considered significant. ***: P < 0.001; ****: P <0.0001; ns:

not significant.
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4.4 Quantification of BAT and Adipocyte Area in Phbl-Ki Mice

Quantitative analysis of BAT adipocyte area revealed that male Phb1-KiC69A mice exhibited
significantly greater average adipocyte area compared to wild-type males (P < 0.0001), while the
difference between male Phb1-KiY114F and male wild-type mice was not statistically significant
(Fig. 4.4A). Additionally, adipocyte area in male Phb1-KiC69A mice was significantly larger than
that in male Phb1-KiY114F mice (P < 0.0001) (Fig. 4.4A). In female mice, Phb1-KiC69A animals
exhibited significantly greater BAT area compared to wild-type females (P = 0.0313), whereas the
difference between Phb1-KiY114F and wild-type females did not reach statistical significance
(Fig. 4.4A). Furthermore, female Phb1-KiC69A mice showed a significantly larger adipocyte area

than female Phb1-KiY114F mice (P = 0.007).

Comparison between sexes within each genotype showed that, for all genotypes analyzed (Phb1-
KiC69A, wild-type, and Phb1-KiY114F), male mice consistently displayed higher adipocyte area
than their female counterparts, with the difference reaching statistical significance (P < 0.0001 for
Phb1-KiC69A and Phbl-KiY114F, P < 0.001 for wild-type) (Fig. 4.4B). These results indicate
that the Phb1-KiC69A mutation leads to pronounced adipocyte hypertrophy in male mice, and
highlight a robust sex effect whereby males of all genotypes possess greater adipose area than

females.
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Figure 4.4. Adipocyte area (um?) in BAT was quantified from histological sections by genotype
and sex (Phb1-KiC69A, Phbl-KiY114F, and WT). (A) Data are grouped by genotype within sex;
(B) data are grouped by sex within genotype. Bars represent mean + SD (n = 3 mice). Statistical
analysis was performed using two-way ANOVA (genotype x sex) followed by Tukey’s multiple-
comparisons test; P < 0.05 was considered significant. * =P <0.05, ** =P <0.01 ***: P <0.001;

**%%: P <0.0001; ns: not significant.
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45 Phbl-KiC69A and Phbl-KiY114F Knock-in Mice Display Differences in BAT

Morphology and Function

The combined analysis of BAT morphology and cellularity highlights distinct effects of the Phbl
mutations. The Phb1-KiC69A mutation appears to promote BAT expansion primarily through

increased lipid accumulation and tissue hypertrophy. In contrast, the Phbl-KiY114F mutation

leads to an increase in relative BAT mass in males with a slight change in adipocyte size or number.

Figure 4.5. Representative histological images of BAT in Phb1-Ki mice. Hematoxylin and eosin
(H&E) stained BAT sections from female (top row, ¢) and male (bottom row, &) wild-type, Phb1-

KiC69A, and Phb1-KiY114F mice at 40x magnification.
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4.6 Transmission Electron Microscopy Reveals Mitochondrial Variations in BAT by

Genotype and Sex

One of the primary roles of PHBL1 is to maintain mitochondrial structure (149). Previous studies
have shown that PHB1 influences mitochondrial morphology through its regulation of key fission
and fusion proteins (150). Preliminary electron microscopy analysis of BAT mitochondria in
Phb1-Ki mice revealed alterations in cristae density and mitochondrial shape. In Phb1-KiC69A
males, mitochondria frequently displayed elongated shapes with a near-complete loss of cristae
compared to wild-type. In contrast, Phb1-KiY114F females exhibited mitochondria with rounded
morphology and densely packed cristae, closely resembling wild-type. These observations are
based on examination of single or a limited number of animals per group (n = 1) per genotype and
sex, and should be interpreted as preliminary. This data indicates that the importance of Cys69 and
Tyrl14-linked functions of PHB1 within the BAT has a unique effect on mitochondrial integrity
in a sex-dependent manner. TEM analysis showed that modifying specific sites on the PHB1
protein leads to different effects on BAT, depending on both the mutation and the sex of the mouse.
In the case of the Phbl-KiC69A mutation, especially in males, we observed disrupted
mitochondrial structure in BAT cells. This was associated with increased adipocyte hypertrophy,
suggesting enhanced lipid storage (Fig. 4.4A), even though the number of adipocytes didn’t change
significantly (Fig. 4.3A). In contrast, the Phb1-KiY114F mutation increased BAT mass mainly in
male mice without affecting adipocyte size (Fig. 4.4A) or number (Fig. 4.3A), and in females, it
appeared to preserve mitochondrial integrity. These findings can suggest that the Phb1-KiC69A
mutation primarily alters mitochondrial function and lipid handling in BAT, while the Phbl-
KiY114F mutation influences BAT mass through a different, likely non-mitochondrial

mechanism.
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Figure 4.6. Representative electron microscopy images showing mitochondrial ultrastructure in
BAT of Phb1-Ki mice by sex and genotype. Columns from left to right represent Phb1-KiC69A,
wild-type, and Phb1-KiY114F genotypes. The top row shows images from female mice, and the
bottom row from male mice. Blue arrows and circles highlight mitochondria within BAT cells.

Magnification = 25000x

52



4.7 Effects of gonadectomy on body weight in Phb1-Ki mice

Phb1-Ki (Phb1-KiC69A and Phbl-KiY114F) alter BAT morphology and mitochondrial structure
in a sex-dependent manner. To examine the potential link between the impact of these mutations
on BAT with male and female sex hormones, gonadectomy was performed at the age of 3 months
(post-puberty), followed by a 3-month metabolic adaptation period which defined as the time
required for mice to physiologically adjust and for metabolic parameters to stabilize in response
to the absence of circulating gonadal hormones, before tissue collection. Given the established
roles of PHB1 in BAT function (102), adipose tissue homeostasis (103), and glucose metabolism
(130), we assessed changes in whole-body weight and BAT mass, glucose tolerance, and insulin
sensitivity. This experimental approach is supported by previous findings that sex hormones
regulate BAT thermogenesis (60) and mitochondrial integrity, and that PHB1 might mediate these
hormonal effects. Analysis of body weight revealed a significant reduction in male wild-type mice
following orchidectomy, with orchiectomized animals weighing less than sham-operated controls
(P = 0.01; Fig. 4.7A). A similar, though non-significant, trend toward lower body weight was
observed in Phbl-KiY114F males post-orchidectomy. In contrast, body weight increased in
orchiectomized Phbl-KiC69A male mice; although this change did not reach statistical
significance compared to sham-operated Phb1-KiC69A controls (Fig. 4.7A). Notably,
orchiectomized Phbl-KiC69A males displayed significantly greater body weight than both
orchiectomized wild-type (P = 0.01) and orchiectomized Phb1-KiY114F (P = 0.001) male mice.
In females, no significant differences in body weight were detected between ovariectomized and
sham-operated animals for any genotype (Fig. 4.7B). These results indicate that the effect of

gonadectomy on body weight is sex-dependent and further modulated by PHB1 genotype, with
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Phb1-KiC69A males uniquely exhibiting increased body weight following testicular hormone

removal.
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Figure 4.7. Body weight in male and female mice following sham surgery or gonadectomy.
(A) Body weight of male mice in each genotype (C69A, WT, Y114F) under sham-operated and
orchidectomized (Orchx) conditions. (B) Body weight of female mice in each genotype (C69A,
WT, Y114F) under sham-operated and ovariectomized (Ovx) conditions. Bars represent mean +
SD (n = 1-4 mice). Statistical analysis was performed using two-way ANOVA (genotype x
surgical status) followed by Tukey’s multiple-comparisons test; P < 0.05 was considered

significant. Significance annotations: ns, not significant; * =P <0.05, ** =P <0.01.
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4.8 Effects of gonadectomy on BAT in Phb1-Ki mice

BAT mass is regulated by mitochondrial function and lipid metabolism, processes in which PHB1
plays a central role that is further modulated by sex hormones (9,16,150,151). While PHB1’s
general importance in mitochondrial integrity and adipose tissue function is well established
(82,108), the specific roles of PTMs at PHB1-Cys69 and PHB1-Tyr114 remain to be fully
elucidated; current literature does not yet directly address how these individual modifications
affect mitochondrial architecture or adipocyte metabolism in vivo. These PTMs, however, could
plausibly determine PHB1’s responsiveness to hormonal signals (104), providing a mechanistic
link between post-translational control and metabolic regulation. Measuring BAT mass in Phbl-
Ki mice with and without gonadectomy can therefore provide critical insights into how PHB1
PTMs and sex hormones collectively modulate BAT homeostasis and metabolic sexual
dimorphism. Preliminary data from a single biological sample (n = 1 mice) showed BAT mass as
a percentage of body weight (Fig. 4.8B). In male mice, BAT accounted for 0.6% of body weight
in Phbl-KiC69A, 0.3% in WT, and 0.4% in Phbl-KiY114F genotypes under sham-operated
conditions. In female mice, sham-operated animals exhibited BAT percentages of 0.5% (Phbl-
KiC69A), 0.2% (WT), and 0.6% (Phb1-KiY114F), whereas ovariectomized animals showed BAT

percentages of 0.2% (Phb1-KiC69A), 0.1% (WT), and 0.5% (Phb1-KiY114F).
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Figure 4.8. BAT as a percentage of body weight in Phb1-Ki mice (Phb1-KiC69A, Phbl-KiY114F)
and wild-type controls under sham and gonadectomy conditions. (A) Data for males; (B) data for
females. Each bar represents a single biological sample (n = 1 mice); statistical analysis was not

performed due to limited sample size.
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4.9 Effect of gonadectomy on glucose homeostasis in Phb1-Ki mice

Sex steroid hormones are key regulators of metabolic homeostasis, acting through adipose depots
to shape energy balance(146). BAT is a major site of glucose disposal and thermogenesis and is
strongly sensitive to hormonal status (153). In general, estrogens enhance BAT glucose uptake and
mitochondrial performance, whereas androgens are associated with poorer metabolic control
(154). In our transgenic work, PHB1-Tg mice become obese regardless of sex, yet impaired
glucose regulation emerges predominantly in males, suggesting an interaction between sex steroids
and PHBL1 in driving sex-dependent metabolic outcomes (104). To probe this relationship further,

systemic glucose handling was assessed by conducting GTT and ITT in Phb1-Ki mice.

4.9.1 Effect of gonadectomy on glucose homeostasis in Phb1-Ki female mice

Glucose tolerance test was performed in female wild-type and Phb1-KiC69A mice to assess how
disruption of PTM at PHB1-Cys69 site could affect glucose homeostasis and estrogen
responsiveness. We evaluate the effects of genotype (Phb1-KiC69A vs. wild type) and surgical
condition (sham-operated vs. ovariectomy) on blood glucose levels over time (Fig. 4.9.1A). Three-
way repeated-measures ANOVA of blood glucose during the GTT revealed a significant main
effect of time (F (2.336, 16.36) = 13.57, p = 0.0002), reflecting the expected dynamic changes in
glucose levels across time points. No significant main effects of genotype (F (1, 7) = 1.757, p =
0.227) or surgical status (F (1, 7) = 0.285, p = 0.610) were detected. No two-way or three-way
interactions reached significance (time x genotype: F (4, 28) = 1.338, p = 0.281; time x gonadal
status: F (4, 28) = 0.634, p = 0.643; genotype x gonadal status: F (1, 7) = 0.040, p = 0.847; time x
genotype x gonadal status: F (4, 28) = 0.476, p = 0.753). (Fig. 4.9.1A). Specifically, in wild-type
females, the AUC increased from approximately 1800 mmol-h/L in sham-operated animals (with

intact ovarian hormones) to 2000 mmol-h/L following ovariectomy (absence of circulating ovarian
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hormones), representing an ~11% increase. Similarly, Phb1-KiC69A females exhibited an increase
in AUC from approximately 1450 mmol-h/L (sham-operated) to 1650 mmol-h/L
(ovariectomized), corresponding to a ~14% increase. These results suggest a trend toward impaired
glucose tolerance following ovariectomy in both genotypes, likely related to the loss of ovarian
sex hormones, although these effects were not statistically significant (Fig. 4.9.1A, B). We also
examined glucose hemostasis in female Phb1-KiY114F mice. The data demonstrated a significant
main effect of time on blood glucose levels (P = 0.0013) (Fig. 4.9.1C). However, no significant
main effects of genotype (F (1, 8) = 0.102, p = 0.758) or surgical status (F (1, 8) = 0.106, p = 0.754)
were detected. No two-way or three-way interactions reached significance (time x genotype: F(4,
32) = 0.771, p = 0.552; time x surgical status: F(4, 32) = 0.300, p = 0.876; genotype x surgical
status: F(1, 8) = 0.117, p = 0.741; time x genotype x surgical status: F(4, 32) = 0.385, p =
0.818).(Fig. 4.9.1C). This indicates that blood glucose levels changed across time, but the overall
pattern and magnitude of these changes were similar between Phb1-KiY114F females and wild-
type controls. AUC analysis provided an integrated assessment of glucose handling throughout the
test period. Two-way ANOVA on GTT AUC revealed no significant main effects of genotype (F
(1, 8) = 0.000027, p = 0.996) or surgical status (F (1, 8) = 0.734, p = 0.417), nor a significant
genotype x surgical status interaction (F (1, 8) = 0.083, p = 0.780). Although statistically
significant differences were not detected between groups, trends were observed that may reflect
distinct metabolic phenotypes. In wild-type females, AUC increased following ovariectomy from
approximately 1850 mmol-h/L (sham-operated) to 2050 mmol-h/L (ovariectomized), representing
a ~13% increase. In contrast, Phbl-KiY114F females exhibited a smaller change in AUC
following ovariectomy, rising from approximately 1900 mmol-h/L (sham-operated) to 2000

mmol-h/L (ovariectomized), an increase of ~5%. These differences did not reach statistical
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significance, but can suggest that wild-type females may show greater susceptibility to

ovariectomy-induced impairments in glucose tolerance compared to Phb1-KiY114F mutants.
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Figure 4.9.1 Glucose Tolerance in Female Wild-Type and Phbl-Ki Mice. (A) Line graph
showing blood glucose levels during the glucose tolerance test in female wild-type and Phbl-
KiC69A mice, comparing sham-operated controls and ovariectomized (Ovx) groups. Data are
shown as mean = SD (n = 2-4 mice) for C69A sham SD is not calculated. Statistical analysis was
performed using three-way repeated measures ANOVA to compare glucose levels between
genotypes, surgery status, and time points during the glucose tolerance test. (B) Bar graph
presenting AUC analysis from glucose tolerance tests in the same groups as panel A. Data are
shown as mean + SD (n = 1-4 mice). Statistical analysis was assessed using an unpaired Student’s
t-test. (C) Line graph showing blood glucose levels during the glucose tolerance test in female
wild-type and Phb1-KiY114F mice, comparing sham- operated controls and ovariectomized (Ovx)

groups. Data are shown as mean + SD (n = 2-4 mice). Statistical analysis was performed using

59



three-way repeated measures ANOVA. (D) Bar graph summarizing AUC values from glucose
tolerance tests in Phb1-KiY114F and wild-type female mice. Data are shown as mean = SD (n =
2-4). Statistical analysis was conducted using two-way ANOVA. Significance annotations: ns, not

significant; * =P <0.05, ** =P <0.01.
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4.9.2 Effect of gonadectomy on glucose homeostasis in Phb1-Ki male mice

Glucose tolerance test was performed in male wild-type and Phb1-KiC69A mice to assess how
disruption of PTM at PHB1-Cys69 site affects glucose homeostasis and testosterone
responsiveness in males. We assess the effects of genotype (Phb1-KiC69A vs. wild type) and
surgical condition (sham-operated vs. orchiectomy) on blood glucose levels over time in male mice
(Fig. 4.9.2A). Three-way repeated-measures ANOVA of blood glucose during the GTT revealed
a significant main effect of time (F (1.948, 15.58) = 11.01, p = 0.0011), reflecting the expected
dynamic changes in glucose levels across time points. No significant main effects of genotype (F
(1, 8) = 0.375, p = 0.557) or surgical status (F (1, 8) = 0.422, p = 0.534) were detected. No two-
way or three-way interactions reached significance (time x genotype: F (4, 32) =0.792, p = 0.539;
time x surgical status: F (4, 32) = 0.281, p = 0.888; genotype x surgical status: F (1, 8) = 0.006, p
= 0.940; time x genotype x surgical status: F(4, 32) = 0.294, p = 0.880). This indicates that blood
glucose levels changed significantly over time, but the pattern of change was similar between
Phb1-KiC69A males and wild-type controls. No statistically significant differences in AUC were
observed between any groups (Fig. 4.9.2B). However, trends in the data suggest potential
metabolic distinctions. Wild-type males demonstrated an increase in AUC following orchidectomy
(sham-operated: ~1900 mmol-h/L; orchiectomized: ~2100mmol-h/L), indicating a possible
modest impairment in glucose tolerance after testosterone removal. Phb1-KiC69A males exhibited
consistently elevated AUC values under both surgical conditions (sham-operated: ~2100
mmol-h/L; orchiectomized: ~2200 mmol-h/L), suggesting a tendency toward glucose intolerance
that appeared independent of circulating testosterone. Notably, the magnitude of change in AUC
following orchidectomy was smaller in Phb1-KiC69A males (~100 mmol-h/L increase) compared

to wild-type males (~200mmol-h/L increase). Taken together, these data suggest that male Phbl-
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KiC69A mice may display impaired glucose tolerance regardless of hormonal status, contrasting
with the improved glucose handling observed in female Phb1-KiC69A mice, and highlight the

potential for sex-dependent effects on glucose homeostasis.

We also assessed the effect of orchiectomy on glucose homeostasis in Phb1-KiY114F. Three-way
repeated-measures ANOVA of blood glucose during the GTT revealed a significant main effect
of time (F (2.009, 16.07) = 13.67, p = 0.0003), reflecting the expected dynamic changes in glucose
levels across time points. No significant main effects of genotype (F (1, 8) = 1.144, p = 0.316) or
surgical status (F (1, 8) = 0.226, p = 0.648) were detected. No two-way or three-way interactions
reached significance (time x genotype: F(4, 32) = 0.825, p = 0.519; time x surgical status: F(4, 32)
=0.272, p = 0.894; genotype x surgical status: F(1, 8) = 0.011, p = 0.917; time x genotype x
surgical status: F(4, 32) = 0.244, p = 0.911)(Fig. 4.9.2D). However, inspection of the data shows
that Phbl-KiY114F males displayed consistently higher AUC values under both surgical
conditions (sham-operated: ~2250 mmol-h/L; orchiectomized: ~2350mmol-h/L) compared to
wild-type males (sham-operated: ~1950 mmol-h/L; orchiectomized: ~2050mmol-h/L). Both
genotypes exhibited a modest increase in AUC following orchidectomy (~100mmol-h/L). This
might suggest that testosterone removal may be associated with slightly worsened glucose
tolerance, irrespective of genotype. Although these patterns did not reach statistical significance,
they may warrant further investigation in larger cohorts to clarify whether these differences reflect
underlying metabolic phenotypes. What stands out is that the Phb1-KiY114F mutation seems to
specifically affect males, unlike in females, where the impact was minimal, pointing to a clear sex-

dimorphic effect of PHB1-Tyr114 phosphorylation disruption.
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Figure 4.9.2 Glucose Tolerance in Male Wild-Type and Phb1-Ki Mice (A) Line graph showing
blood glucose levels during the glucose tolerance test in male wild-type and Phb1-KiC69A mice,
comparing sham-operated controls and orchiectomized (Orchx) groups. Data are shown as mean
+ SD (n = 2-4 mice). Statistical analysis was performed using three-way repeated measures
ANOVA to compare glucose levels between genotypes, surgery status, and time points during the
glucose tolerance test. (B) Bar graph presenting AUC analysis from glucose tolerance tests in the
same groups as panel A. Data are shown as mean + SD (n = 2-4). Statistical analysis was assessed
using a two-way ANOVA. (C) Line graph showing blood glucose levels during the glucose
tolerance test in male wild-type and Phb1-KiY114F mice, comparing sham-operated controls and
orchiectomized (Orchx) groups. Data are shown as mean + SD (n = 2-4 mice). Statistical analysis
was performed using three-way repeated measures ANOVA repeated measures ANOVA. (D) Bar

graph summarizing AUC values from glucose tolerance tests in Phb1-KiY114F and wild-type
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male mice. Data are shown as mean + SD (n = 2-4 mice). Statistical analysis was conducted using

two-way ANOVA. Significance annotations: ns, not significant; * =P <0.05, ** =P <0.01.
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4.10 Effect of gonadectomy on insulin sensitivity in Phb1-Ki mice

To better define the effect of disrupting PHB1-Cys69 and PHB1-Tyrl14 sites on sex-related
differences in glucose homeostasis, insulin tolerance tests (ITT) were performed. PHBL1 is
involved in regulating insulin sensitivity through pathways like PIP3/AKT signaling (133), and
disrupting its PTMs, like palmitoylation at Cys69 (important for membrane localization) (92) or
phosphorylation at Tyrl114, could interfere with insulin-stimulated glucose uptake in BAT, muscle,
or liver. Since sex-specific metabolic differences are well documented (142), ITT is especially

useful for identifying whether these Phb1 mutations interact with hormone signaling.

4.10.1 Effect of ovariectomy on insulin sensitivity in Phb1-Ki female mice

Insulin tolerance test was performed in female wild-type and Phb1-KiC69A mice to directly assess
insulin sensitivity and determine whether the improved glucose tolerance observed in GTT was
due to enhanced insulin action or alternative mechanisms. We evaluate the effects of genotype
(Phb1-KiC69A vs. wild type) and surgical condition (sham-operated vs. ovariectomy) on blood
glucose levels during the insulin tolerance test in female mice (Fig. 4.10.1A). Three-way repeated-
measures ANOVA of blood glucose during the ITT revealed a significant main effect of time (F
(1.654, 9.921) = 9.037, p = 0.0074), reflecting the expected dynamic changes in glucose levels
across time points. No significant main effects of genotype (F (1, 6) = 0.362, p = 0.569) or surgical
status (F (1, 6) = 0.109, p = 0.753) were detected. No two-way or three-way interactions reached
significance (time x genotype: F (4, 24) = 0.203, p = 0.934; time x surgical status: F (4, 24) =
0.101, p =0.981; genotype x surgical status: F (1, 6) =0.014, p =0.911; time x genotype X surgical
status: F(4, 24) = 0.074, p = 0.990). (Fig. 4.10.1A). These findings demonstrate that insulin

administration reduced glucose levels over time in all groups, and the overall response pattern was
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comparable between genotypes and surgical conditions in females. AUC analysis in Phbl-
KiC69A females provided an integrated assessment of insulin sensitivity throughout the test
period; no statistically significant differences were observed between any of the groups (Fig.

4.10.1B).

The second observation of ITT belongs to Phb1-KiY114F females. Three-way repeated-measures
ANOVA of blood glucose during the ITT revealed a significant main effect of time (F (1.830,
12.81) = 18.36, p = 0.0002), reflecting the expected dynamic changes in glucose levels across time
points. No significant main effects of genotype (F (1, 7) = 0.216, p = 0.656) or surgical status (F
(1, 7) = 0.051, p = 0.828) were detected. No two-way or three-way interactions reached
significance (time x genotype: F (4, 28) = 0.696, p = 0.601; time x surgical status: F(4, 28) = 0.510,
p = 0.729; genotype x surgical status: F(1, 7) = 0.546, p = 0.484; time x genotype x surgical status:
F(4, 28) = 0.278, p = 0.889).(Fig. 4.10.1C). This indicates that blood glucose levels changed
significantly over time during the insulin tolerance test, but the overall glucose response was
similar between Phb1-KiY114F females and wild-type controls, regardless of surgery status. The
bar graph of AUC values (Fig. 4.10.1D) provides an integrated view of these differences. Although
these differences were not statistically significant, we observed a trend. In sham-operated mice,
both wild-type and Phbl-KiY114F females had nearly identical AUCs (~850mmol-h/L) (Fig.
4.10.1D), suggesting no baseline difference in insulin sensitivity. However, ovariectomy produced
opposite trends in the two genotypes: wild-type females showed improved insulin sensitivity, with
AUC decreasing to ~750 mmol-h/L, whereas Phb1-KiY114F females exhibited a higher AUC

(~950mmol-h/L) (Fig. 4.10.1D), indicating reduced insulin sensitivity after estrogen loss.
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Figure 4.10.1 Insulin tolerance in Female Wild-Type and Phbl-Ki Mice (A) Line graph

showing blood glucose levels during the insulin tolerance test in female wild-type and Phbl-

KiC69A mice, comparing sham-operated controls and ovariectomized (Ovx) groups. Data are

shown as mean + SD (n = 2—4 mice). C69A sham is one, and SD has not been calculated. Statistical

analysis was performed using three-way repeated measures ANOVA to compare glucose levels

between genotypes, surgery status, and time points during the insulin tolerance test. (B) Bar graph

presenting AUC analysis from insulin tolerance tests in the same groups as panel A. Data are

shown as mean = SD (n = 1-4).
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Statistical analysis was assessed using an unpaired Student’s t-test. (C) Line graph showing blood
glucose levels during the insulin tolerance test in female wild-type and Phbl-KiY114F mice,
comparing sham-operated controls and ovariectomized (Ovx) groups. Data are shown as mean +
SD (n = 2-4 mice). Statistical analysis was performed using three-way repeated measures

ANOVA.

(D) Bar graph summarizing AUC values from insulin tolerance tests in Phb1-KiY114F and wild-
type female mice. Data are shown as mean £ SD (n = 2—4 mice). Statistical analysis was conducted

using Two-way ANOVA. Significance annotations: ns, not significant; * =P <0.05, **=P <0.01.
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4.10.2 Effect of orchiectomy on insulin sensitivity in Phb1-Ki male mice

Blood glucose levels following the insulin tolerance test demonstrated a significant main effect of
time in Phbl-KiC69A male mice (P = 0.0265) (Fig. 4.10.2A), indicating that glucose
concentrations changed significantly over the course of the test. Three-way repeated-measures
ANOVA of blood glucose during the ITT revealed a significant main effect of time (F (2.074,
16.59) = 4.496, p = 0.027) in Phb1-KiC69A male mice and a significant main effect of surgical
status (F (1, 8) = 8.262, p = 0.021), indicating higher overall glucose levels in gonadectomized
mice independent of genotype and time. No significant main effect of genotype was detected (F
(1, 8) = 0.726, p = 0.419). No two-way or three-way interactions reached significance (time x
genotype: F (4, 32) =0.888, p = 0.482; time x surgical status: F (4, 32) =0.430, p = 0.786; genotype
x surgical status: F (1, 8) = 2.251, p = 0.172; time x genotype x surgical status: F (4, 32) = 0.271,
p = 0.895). (Fig. 4.10.2A). These results demonstrate that gonadectomy significantly impaired
insulin sensitivity (higher glucose across the ITT curve), while genotype had no detectable main
effect and did not modify the surgical status effect. The analysis revealed a significant genotype x
surgery interaction (F (1,8) = 8.09, p = 0.0217), indicating that the effect of orchiectomy on insulin
sensitivity differed between Phbl-KiC69A and wild-type mice. There was no significant main
effect of genotype (F (1,8) = 0.75, p = 0.4130). In contrast, surgical status had a significant main
effect on ITT AUC (F (1,8) = 42.63, p = 0.0002). Together, these results suggest that orchiectomy
significantly alters insulin responsiveness in male mice and that this effect is modulated by
genotype. (Fig. 4.10.2B). These findings indicate that removal of testosterone markedly improves
insulin sensitivity in Phb1-KiC69A males. Conversely, insulin sensitivity in wild-type males was

relatively unaffected by orchidectomy.
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We also examine the effect of orchiectomy on glucose homeostasis in Phb1-KiY114F. Three-way
repeated-measures ANOVA of blood glucose during the ITT revealed no significant main effect
of time (F (1.319, 10.56) = 2.493, p = 0.140). A significant main effect of surgical status was
detected (F (1, 8) = 5.696, p = 0.044), indicating higher overall glucose levels (poorer insulin
sensitivity) in gonadectomized mice, independent of genotype and time. No significant main effect
of genotype was found (F (1, 8) = 1.339, p = 0.281), and no two-way or three-way interactions
reached significance (time x genotype: F (4, 32) = 0.815, p = 0.525; time x surgical status: F(4,
32) = 0.673, p = 0.616; genotype x surgical status: F(1, 8) = 0.022, p = 0.885; time x genotype x
surgical status: F(4, 32) = 0.921, p = 0.464). (Fig. 4.10.2C). These results demonstrate that
gonadectomy significantly impaired insulin sensitivity (higher glucose across the ITT curve),

while genotype had no detectable main effect and did not modify the surgical status effect.

The AUC analysis for Phb1-KiY114F male mice showed no significant genotype x surgery
interaction (F (1,8) = 1.42, p = 0.2677), indicating that the effect of orchiectomy on ITT AUC did
not differ between Y114 and wild-type mice. There was also no significant main effect of genotype
(F (1,8) = 0.46, p = 0.5180). However, a significant main effect of surgical status was observed (F
(1,8) = 6.58, p = 0.0334), suggesting that orchiectomy significantly altered insulin responsiveness

in male mice, independent of genotype.
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Figure 4.10.2 Insulin Tolerance in Male Wild-Type and Phb1-Ki Mice (A) Line graph showing
blood glucose levels during the insulin tolerance test in male wild-type and Phb1-KiC69A mice,
comparing sham-operated controls and orchiectomized (Orchx) groups. Data are shown as mean+
SD (n =2-4 mice). Statistical analysis was performed using three-way repeated measures ANOVA
to compare glucose levels between genotypes, surgery status, and time points during the glucose
tolerance test. (B) Bar graph presenting AUC analysis from insulin tolerance tests in the same
groups as panel A. Data are shown as mean + SD (n = 2-4). Statistical analysis was assessed using
a two -way ANOVA. (C) Line graph showing blood glucose levels during the insulin tolerance
test in male wild-type and Phbl-KiY114F mice, comparing sham-operated controls and
orchiectomized (Orchx) groups. Data are shown as mean + SD (n = 2-4 mice). Statistical analysis
was performed using three-way repeated measures ANOVA. (D) Bar graph summarizing AUC

values from insulin tolerance tests in Phb1-KiY114F and wild-type male mice. Data are shown as
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mean = SD (n = 2-4 mice). Statistical analysis was conducted using two-way ANOVA.

Significance annotations: ns, not significant; * =P < (.05, ** =P <0.01.
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CHAPTER V. DISCUSSION

This study set out to explore how substitutions at two key post-translational modification (PTM)
sites of PHB1, PHB1-Cys69 and PHB1-Tyr114, shape BAT biology and whole-body metabolic
traits in a sex-specific manner. By integrating whole-body weight measurements, BAT-to-body
weight ratios, histomorphometry analysis of adipocyte number, quantifying lipid area, and
ultrastructural assessments of mitochondrial morphology, we aimed to develop a mechanistic
picture of how these mutations might influence BAT phenotype. A summary of observations is

shown in Table 5.1.
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Table 5.1 Summary of sex- and mutation-specific BAT/body phenotypes in Phb1-Ki mice

(Phb1-KiC69A, Phbl-KiY114F) relative to wild type. NS= none significant

Phb1- Phbl-KiY114F Phb1-KiC69A | Phb1-KiC69A
KiY114F female mice male mice female mice
male mice

Weight Modest 1 Moderate 1 (NS) | * WT(NS) | 1
(NS)

BAT weight relative | 1 (vs WT) | = WT (no clear 1 (trend) 1

to whole-body weight change)

Bat adipose area 1 | (trend/NS) 1 (noted,; 1 (significant)
(trend/NS) significance

not
established)

BAT cell number l 1 (trend/NS) 1 (NS) 1 (NS)
(trend/NS)

Mitochondria Mild Well-structured, Elongated, Mild

morphology alterations; round; dense severe cristae | elongation,
elongated, cristae loss partial cristae
cristae preservation
relatively (less severe
preserved than males)
vs Phbl-
KiC69A

A consistent theme emerged from the baseline whole-body weight data: female mice carrying
either the Phb1-KiY114F or Phb1-KiC69A mutations on a C57BL/6 background exhibited greater
body weights than their wild-type counterparts, while males showed weights comparable to
controls. Specifically, Phb1-KiC69A males did not show any significant weight difference from
wild-type, whereas Phb1-KiY114F males displayed a modest increase in weight, although this was

not statistically significant when compared to wild-type. All experimental groups including age,
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diet, and housing were matched to control for environmental variables. These observations reveal

a pronounced sex effect on weight gain driven by PHB1 mutations.

Contextualizing these results with the existing literature presents several complexities. Wang et al.
(126) investigated adipocyte-specific PHB1 knockout mice (on a C57BL/6 background), focusing
exclusively on male animals, and demonstrated that targeted loss of PHB1 in adipose tissue
conferred resistance to high-fat diet-induced weight gain compared to wild-type controls (126). In
contrast, the current study introduced structural mutations in PHB1 (Phb1-KiC69A and Phbl-
KiY114F) with knock-in models expressing mutant PHB1 throughout the whole body, not limited
to adipose tissue, and analyses included both sexes. This broader expression pattern was associated
with increased body weight, most notably in females, while males showed minimal or non-
significant changes. These distinctions in genetic strategy, tissue-specific knockout versus whole-
body knock-in combined with differences in sex inclusion and mutation type, make direct
comparisons challenging. Ande et al. (131) explored PHB1 overexpression in adipose tissue and
observed weight gain in both sexes, with sex-dependent differences. While that model shares the
context of PHB1’s impact on body weight, direct comparison is complicated because the mutants
are expressed only in adipose tissue, whereas the models described here are expressed globally,

potentially influencing other tissues and systemic metabolism (131).

Further, previous work from our laboratory group on Phbl-KiC69A mice showed a different
pattern: males gained weight significantly, while female weight increases were non-significant
compared to wild type (143). In contrast, in the present cohort, no significant weight difference
was observed between Phb1-KiC69A males and females, with females actually trending heavier a
reversal of the usual sex-related weight difference in C57BL/6 mice. This observation may be

influenced by cohort effects, such as a smaller sample size in males and the presence of an
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unusually lean individual. Examination of weight trends in an independent set of mice purchased

for gonadectomy did not reveal the same female-biased pattern in pre-surgery data.

Taken together, these findings suggest that the mode of PHB1 alteration, whether knockout,
overexpression, or point mutation, can markedly affect the direction and magnitude of weight
change, and that sex remains a pivotal modifier of phenotype. Differences in tissue specificity of

mutant expression, sample size, or cohort variability may also contribute to divergent outcomes.

The preliminary findings in Phbl-KiC69A mice indicate sex-specific alterations in BAT
architecture and cellularity. Male mutants showed a tendency toward increased BAT weight,
accompanied by a non-significant decrease in cell number and a notable increase in adipocyte area
compared with wild-type controls. In females, increased BAT weight was observed along with
non-significant elevations in cell number and a significant expansion of adipocyte area.
Interpreting increased BAT weight requires examining both tissue mass and cell number(134). If
BAT weight rises without a change in cell count, this suggests adipocyte hypertrophy; when both
weight and cell number increase, it indicates combined hyperplasia and hypertrophy, an atypical
expansion pattern for BAT (155,156). Elevated BAT weight is frequently associated with lipid
accumulation (134) and may reflect a phenotype shift toward lipid storage reminiscent of white

adipose tissue, potentially due to diminished thermogenic capacity (157).

Studies have shown that BAT hypertrophy can arise from changes in mitochondrial oxidative
capacity influenced by mitochondrial shape and cristae density (158,159). PHB1, by anchoring to
the inner mitochondrial membrane and forming a super complex with PHB2, is essential in this
process (160). When a mutation at PHB1-Cys69 (palmitoylation) impairs membrane anchoring,
mitochondrial structure is disrupted. This specifically affects OPAL-dependent cristae

organization, reducing mitochondrial number and inner membrane integrity (124) and thereby
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limiting proper localization of UCPL1, a critical component of BAT thermogenesis (161). As a
result, BAT shifts from energy expenditure toward increased lipid storage (161). Further electron
microscopy findings support this mechanism: analyses revealed distinct genotype- and sex-
specific mitochondrial changes in BAT. In Phb1-KiC69A males, mitochondria were notably
elongated with severe cristae loss, indicative of compromised membrane organization and
oxidative capacity, which can result in fat accumulation and hypertrophy, consistent with our
observations in male Phb1-KiC69A mice. In females with the same mutation, mitochondria were
slightly elongated but showed less severe structural impairment. Taken together, these
mitochondrial structural abnormalities, reduced thermogenic function, and increased lipid storage

characterize the impaired BAT phenotype(161).

It is important to note a unique aspect of our model. Compared with prior BAT-focused PHB1
genetically modified models, our Phbl knock-in mice (PTM-site substitutions) provide a systems-
level in vivo readout of PHB1 function that preserves endogenous expression in all cell types while
modulating its activity. In contrast, Gao. et al. (127) used an endothelial cell-specific Phbl
knockout (EC-KO) and showed that loss of endothelial PHB1 limits long-chain fatty acid (LCFA)
flux into adipose tissue, most notably BAT, thereby impairing triglyceride clearance and shifting
whole-body fuel use toward glucose under high-fat diet conditions (127). Our direct assessments
of BAT mitochondrial ultrastructure indicate that, beyond vascular substrate delivery, cell-intrinsic
mitochondrial alterations arise when PHBL1 is perturbed, consistent with a second, adipocyte-
autonomous mechanism. Together, these findings point to dual control of BAT by PHB1: an
extrinsic endothelial gate for lipid transport and an intrinsic mitochondrial scaffold, with the

balance modulated by sex and diet.
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To explain the pronounced sex differences, we observed males showing more compromised BAT
than females, and given that these differences occurred independently of diet, housing, or other
environmental factors, a role for PHB1-sex hormone interactions is likely. This interpretation is
supported by previous observations; for example, in Mito-Ob mice, adipocyte-specific PHB1
overexpression produced sex-dependent BAT remodeling, with the female BAT phenotype less
compromised than in males (104). The literature further suggests that estrogen enhances PHB1
expression and mitochondrial integrity, providing protection, whereas testosterone reduces PHB1

and exacerbates mitochondrial disruption (111,120).

Sex-related differences in BAT remodeling are evident in Phb1-KiC69A model. Female mice
exhibit increased cell number (hyperplasia) alongside hypertrophy, whereas males display a
reduction in cell number with pronounced hypertrophy. This pattern contrasts with a previous
study using adipocyte-specific Phb1 knockout, where no differences in cell number were observed;
it is worth noting that, in that model, knockout was induced after initial adipogenesis, likely
preventing any impact on cell recruitment and limiting the phenotype primarily to adipocyte
hypertrophy (102). In the current model, the Phb1 mutation is present from the beginning, affecting
BAT development throughout all stages. As a result, females experience a combined effect of
hyperplasia and hypertrophy, whereas males show mainly hypertrophy with reduced cell number.
These results suggest that the timing and nature of PHB1 disruption play a critical role in
determining BAT cellularity and remodeling and highlight a pronounced sex-dependent
divergence potentially driven by differential hormonal modulation of PHB1 s roles in proliferation

and adipocyte growth.

Before presenting our observations in the Phbl-KiY114F model, it is important to note that

palmitoylation at PHB1-Cys69 is required for its translocation to the plasma membrane, which
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subsequently enables specific post-translational modifications such as tyrosine phosphorylation
and protein interactions associated with membrane signaling functions (92). As such, the
phenotype of Phbl-KiY114F mutants reflects the specific consequences of PHB1-Tyrll4
phosphorylation, whereas the phenotype of Phb1-KiC69A mutants arises from disruption of both

PHB1-Cys69 palmitoylation and its downstream phosphorylation at Phb1-KiY114F (120).

In male Phb1-KiY114F mutants, BAT mass relative to body weight was significantly higher
compared to wild-type controls, whereas in females, BAT mass remained comparable to wild-
type. This increase in BAT in males was accompanied by a reduction in adipocyte number and
hypertrophy of the remaining cells, consistent with impaired lipolysis and early features of a
whitening-like phenotype. In contrast, females displayed an increased number of smaller
adipocytes without hypertrophy, indicating preserved hyperplasia and overall healthier BAT
expansion. Compared to wild-type females, Phb1-KiY114F females also showed reduced fat

accumulation, supporting the idea of a more resilient BAT phenotype.

Electron microscopy confirmed these sex-dependent differences. BAT mitochondria from male
Phb1-KiY114F mice exhibited mild morphological alterations but retained relatively dense cristae
compared to Phbl-KiC69A mutants, suggesting partial preservation of oxidative capacity. In
females, mitochondria appeared well-structured with densely packed cristae, consistent with intact

thermogenic potential.

PHB1-Tyr114 phosphorylation of PHB1 has been implicated in regulating MAPK-ERK and
PI3K—Akt signaling, a conclusion supported by both established literature and observations from
the m-Mito-Ob model. These studies indicate that PHB1 phosphorylation at PHB1-Tyr114 acts as
a switch, modulating the balance between ERK- and Akt-driven pathways (117,133,162,163). that

are central to BAT biology and mitochondrial regulation (164-166) . ERK integrates sympathetic
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input to drive early adipogenesis, lipolysis, and thermogenic activation (166), while PI3K—-Akt
promotes hyperplasia, glucose uptake, lipid metabolism, and UCP1 expression (164). Disruption
of ERK signaling is expected to impair differentiation, reduce lipolysis, and diminish thermogenic
activation (166), which aligns with the phenotype of male Phb1-KiY114F mutants showing
reduced adipocyte number, hypertrophy, and lipid accumulation. By contrast, the phenotype of
Phb1-KiY114F females suggests compensation, enabling maintenance of adipocyte hyperplasia

and mitochondrial quality despite the absence of PHB1-Tyr114 phosphorylation.

The sexual dimorphism in this model is particularly striking. While males exhibit whitening-like
remodeling of BAT, females retain healthy adipocyte cellularity, mitochondrial structure.
Estrogen-mediated protection likely plays a central role, as estrogen supports mitochondrial
integrity, enhances Akt signaling, and limits lipid accumulation (111,120,167), buffering females

against the metabolic consequences of Phb1-KiY114F substitution.

Taken together, these findings suggest that PHB1-Tyr114 phosphorylation may play an important
role in modulating ERK- and Akt-dependent signaling in BAT, particularly in males. The
relatively preserved mitochondrial morphology and BAT function observed in females could
reflect a compensatory influence of estrogen. Thus, the observed phenotypes likely reflect sex-
dependent differences in adipocyte differentiation, lipid handling, and mitochondrial integrity. The
gonadectomy experiments provided an opportunity to probe whether adult gonadal hormones are
required to maintain these sex-specific phenotypes. Removal of ovarian or testicular hormones in
adulthood did not significantly change whole-body weight in any genotype, including wild-type.
This is in line with prior work showing that weight changes after gonadectomy are highly context-
dependent, often emerging under high-fat diets, thermoneutral housing, or prolonged post-surgical

intervals, but minimal under standard chow and room-temperature conditions (168,169).
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BAT is a central sink for glucose disposal and a major driver of adaptive thermogenesis(170), and
both processes are strongly modulated by sex hormones. Prior work shows that estrogen enhances
BAT glucose uptake and mitochondrial efficiency, whereas testosterone tends to exacerbate

metabolic dysfunction(171).

In females, both Phb1-KiC69A and wild-type (WT) mice in the sham state cleared glucose better
than their ovariectomized (OVX) counterparts (trend), consistent with estrogen supporting glucose
disposal (172). Overall, the C69A mutation affects glucose tolerance in a sex-dependent manner.
Female Phb1-KiC69A mice consistently exhibited lower GTT AUC values than wild-type controls
under both sham and ovariectomy conditions, indicating a trend toward improved glucose
handling. In contrast, male Phb1-KiC69A mice showed higher GTT AUC values than wild-type
mice under both sham and orchiectomy conditions, consistent with impaired glucose tolerance.
Importantly, gonadectomy produced similar directional effects within each sex regardless of
genotype, indicating that responsiveness to sex hormone removal is preserved. Female ITT AUCs
were comparable across groups; WT sham vs OV X was not significant, and Phb1-KiC69A sham
and OVX were similar. Visually, Phb1-KiC69A AUCs were modestly higher than WT in both
hormone states, suggesting a trend toward lower insulin sensitivity in Phb1-KiC69A females. This
means that their improved glucose tolerance seen in the GTT cannot be explained by insulin

sensitivity, but must come from other mechanisms of glucose control.

This dissociation in females implies that better GTT performance is unlikely to be explained by
classical insulin sensitization. Instead, insulin-independent mechanisms may contribute e.g., BAT-
driven glucose uptake via GLUT1 (153), altered hepatic glucose output (173), or
sympathetic/thermogenic programs that increase glucose disposal without requiring stronger

insulin signaling (153). These possibilities align with literature showing estrogen-supported BAT
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metabolism and suggest that PHB1 loss may shift the balance toward insulin-independent glucose
clearance in females (102). This idea is supported by the findings in PHB Ad-KO mice, where
lipid intolerance due to defective fatty acid uptake led to increased reliance on glucose, such that
Ad-KO animals actually cleared glucose better than WT under high-fat diet conditions (102). In
both cases, disruption of PHB function seems to limit efficient lipid utilization, pushing
metabolism toward greater glucose use. Thus, our observations in Phb1l-KiC69A females may
represent a similar adaptive mechanism, consistent with prior reports of PHB’s role in balancing

lipid versus glucose metabolism.

These findings are consistent with a testosterone-dependent component of insulin resistance in
Phb1-KiC69A males: removing testosterone improves insulin sensitivity in mutants, whereas WT
are largely unchanged. This pattern suggests that testosterone exacerbates the metabolic defect
associated with the Phb1-KiC69A mutation. Disrupting palmitoylation likely weakens PHB1’s
ability to organize the membrane sites where insulin receptors connect to the PI3K pathway (124).
Testosterone may worsen this defect by altering lipid metabolism and promoting pro-inflammatory
signals, which together drive insulin resistance (174). Removing testosterone restores normal
insulin sensitivity, even though the PHB1 mutation remains, highlighting an interaction between

PHB1 palmitoylation and androgen signaling in the regulation of insulin action.

In female GTT AUC, ovariectomy did not produce significant changes in either genotype;
however, both WT and Phbl-KiY114F showed a numerical rise after OVX (ns). Thus, any
attenuation of the OVX effect in Phbl-KiY114F, if present, was modest and not significant.
Baseline glucose handling was not strongly disrupted. In female ITT, ovariectomy had opposite,
non-significant trends by genotype: WT showed a small decrease in AUC (trend toward improved

insulin sensitivity), whereas Phbl-KiY114F showed a small increase in AUC (trend toward
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reduced sensitivity). Neither comparison reached statistical significance. After ovariectomy,
however, the two groups began to show different patterns, with Phb1-KiY114F females trending

toward reduced insulin sensitivity compared to wild-type.

In males, under sham conditions Phb1-KiY114F mice showed numerically higher GTT AUC than
wild-type (trend). After orchidectomy, the Phb1-KiY114F AUC did not change (ns), whereas wild-
type showed a slight, non-significant increase. Overall, these patterns suggest a testosterone-
independent tendency toward poorer glucose clearance in Phbl-KiY114F males, but all
comparisons were non-significant. These parallel, non-significant AUC decreases after
orchidectomy suggest a minor improvement in insulin sensitivity in both genotypes, with no clear
Phb1-KiY114F specific effect within the limits of our sample size. This suggests that, unlike the
Phb1-KiC69A mutation (which interacts strongly with testosterone), the PHB1-Tyrl14 change
affects insulin signaling in a more limited way it slightly weakens the strength of the pathway but
does not disrupt its basic structure. Collectively, these results suggest that the Phbl-KiY114F
mutation slightly weakens the strength of insulin signaling and metabolic adaptation to hormonal
changes but does not fundamentally disrupt pathway integrity or precipitate overt insulin
resistance. In contrast to more disruptive mutations like Phb1-KiC69A, which strongly interact
with sex hormones and drive pronounced metabolic defects, Phb1-KiY114F acts as a modest
modulator, only subtly affecting glucose and insulin handling within the limits of the current

sample size.

Comparison of Phblknock-in with the Mito-Ob and m-Mito-Ob transgenics reveals a shared male-
biased vulnerability but different hormone dependencies. In Mito-Ob males, orchidectomy
modestly improves GTT yet does not improve ITT, indicating partial androgen dependence for

glucose tolerance with insulin resistance that is largely androgen-independent; females are largely

83



preserved, and ovariectomy produces little or no change in GTT and ITT (110). In Phb1-KiC69A,
males show poor glucose clearance and insulin resistance with a clear testosterone-dependent
component orchidectomy significantly improves ITT, whereas Phb1-KiC69A females repeatedly
trend toward better GTT than WT under both sham and OV X without a parallel ITT advantage,
consistent with greater insulin-independent disposal (e.g., BAT-driven uptake/substrate
switching). In Phb1-KiY114F , effects are milder: males show a trend toward higher GTT AUC
that is largely testosterone-independent, and females exhibit small, non-significant OV X-related
shifts, with ITT broadly comparable to WT, consistent with PHB1-Tyr114 acting as a signal-tuning
site rather than a determinant of signaling architecture (120). Reports on m-Mito-Ob similarly
point to sex-dependent remodeling with relative female protection, but without the strong
androgen-reversible defect seen in Phb1-KiC69A. Together, these comparisons suggest that
PHB1-Cys69 post-translational modification loss drives pronounced, sex- and hormone-
modulated phenotypes, whereas PHB1-Tyr114 post translational modification loss mainly fine-
tunes metabolic adaptation, and that the Mito-Ob background shows a mixed pattern: partial
androgen dependence for GTT in males, preserved female control after OV X, and persistent male

insulin resistance on ITT.

Together, our results support a model in which PHB1 post-translational state gates how sex
hormones might shape BAT and systemic glucose control: loss of Cys69 PTM perturbs membrane
organization of insulin signaling and exposes a testosterone-sensitive liability in males (rescued
by orchidectomy), while in females, glucose handling can be maintained via insulin-independent

routes.
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Study Limitations

This study faced several methodological and technical limitations that warrant acknowledgment
to provide the proper context for interpreting the results. First, Due to technical constraints,
comprehensive quantification of protein expression in BAT lysates could not be reliably achieved.
Although our original experimental plan included assessment of key proteins involved in BAT
function and mitochondrial biology, such as prohibitin 1, prohibitin 2, UCP1, and additional
markers, to enable detailed characterization of BAT in mutant versus wild-type mice, many
planned Western blot analyses yielded insufficient data quality. This limitation restricted our
ability to draw robust conclusions regarding molecular mechanisms underlying the observed
phenotypes. Furthermore, while subcellular fractionation was performed to separate mitochondrial
and membrane compartments, inadequate fraction purity and cross-contamination prevented
reliable interpretation of compartment-specific protein localization. These challenges are
consistent with previously reported technical limitations associated with protein extraction and
fractionation from adipose tissue, particularly under conditions requiring high sensitivity and
stringent validation. Sample size constituted another important constraint. Fewer animals per
genotype and sex than initially planned reduced the statistical power of the study, raising the risk
of type Il errors and limiting the capacity to detect subtle genotype- or sex-dependent effects. This
issue is particularly relevant in studies of metabolic phenotypes, where biological variability

demands robust experimental sampling to achieve meaningful inference.

Additionally, the method used to measure BAT weight may have introduced inaccuracies. Rather
than weighing BAT immediately upon dissection, tissue samples were frozen and later thawed,
cleaned, and weighed. Since BAT in this region is embedded within WAT, careful dissection was

needed to isolate pure BAT. However, this trimming and weighing process was time-consuming,
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which is a concern because key transcription factors in BAT, such as PPARy, C/EBPa, and
C/EBP, are known to degrade rapidly after tissue collection. Due to the instability of these
proteins, this method is not ideal when the goal is to assess their expression levels. Based on current
literature, non-invasive imaging approaches are considered more suitable alternatives. Techniques
such as MRI (e.g., proton density fat fraction or chemical shift imaging) can estimate BAT volume
without compromising tissue integrity. Additionally, 18F-FDG PET (fluorodeoxyglucose positron
emission tomography) is widely used to measure BAT metabolic activity, as it detects glucose
uptake in response to thermogenic stimulation (e.g., cold exposure). These imaging methods not
only avoid protein degradation but also provide both structural and functional insights into BAT
physiology. Therefore, this protocol can alter physical properties, impact weight measurement
validity, and potentially compromise protein integrity for downstream analyses, a known concern,
as highlighted in best-practice tissue handling literature. Other fat depots (such as WAT and SAT)
were not weighed, preventing a complete assessment of depot-specific fat distribution and limiting

integrative analysis across adipose tissue compartments.

Taken together, these methodological limitations may have affected the precision of tissue weight
data, the accuracy of protein quantification, and the interpretation of subcellular molecular
findings. Future work should address these issues by increasing sample size, improving
fractionation purity with validated compartmental markers, performing immediate post-dissection
tissue measurements, and employing optimized protocols for protein extraction from BAT and
other depots. Despite these constraints, the major patterns and conclusions presented here are
supported by the available data, though caution is warranted in interpreting finer molecular details

or drawing broad generalizations.
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Future Directions

Building on the findings and acknowledged methodological constraints in this study, several key
avenues for future research are recommended to deepen understanding of PHB1 post-translational

modifications, BAT biology, and metabolic regulation:

1. Given the absence of statistically significant differences in GTT outcomes in the present
study, which may be attributable to limited sample size, future studies should repeat these
experiments using adequately powered cohorts to ensure sufficient statistical sensitivity.
Increasing sample size will allow more definitive evaluation of the effects of genotype and
gonadectomy on glucose tolerance.

2. To pin down the tissue sources of the GTT and ITT effects, perform hyper insulinemic—
euglycemic clamps with radiolabeled 2-deoxyglucose to quantify glucose uptake in BAT,
skeletal muscle, and WAT and to assess suppression of hepatic glucose production, and
pair this with ~18F-FDG PET/CT at room temperature vs mild cold to visualize depot-
specific BAT uptake and compare Phb1-KiC69A vs Phbl-KiY114F across sex and *
gonadectomy.

3. Add context-challenge arms, thermoneutral housing and high-fat diet, to unmask latent
phenotypes, and include aging cohorts to test the durability of female protection.

4. To establish hormone—mechanism causality, perform replacement studies (OVX + graded
estradiol; ORX = testosterone or an androgen-receptor antagonist) with GTT and ITT,
hyper insulinemic-euglycemic clamps, and acute signaling readouts, and pair them with
receptor genetics, BAT specific ERa or AR deletion on Phb1-KiC69A or Phbl-KiY114F

backgrounds, to test necessity and sufficiency.
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Chapter IV: Conclusion

This study explored the importance of conserved PTMs sites at Cys69 and Tyr114 residues in
PHB1 may influence BAT morphology, mitochondrial structure, and metabolic parameters in male
and female mice. Overall, while several genotype- and sex-related trends were observed, most of
the measured differences were not statistically significant, and therefore should be interpreted
cautiously as preliminary observations rather than definitive effects. Body weight analysis
indicated that female Phb1-KiC69A mice tended to weigh more than wild-type females, whereas
Phb1-KiY114F females showed a smaller, non-significant increase. In males, no clear genotype-
related differences were detected. These results suggest possible sex-linked variation in the
influence of PHB1 PTMs on body weight, but the lack of statistical significance limits firm
conclusions. Quantitative histological assessment revealed that male Phb1-KiC69A mice showed
a larger average brown adipocyte area compared with wild-type males, whereas female Phbl-
KiC69A and Phbl-KiY114F mice displayed modest increases that did not reach significance.
Adipocyte number per field was generally similar among genotypes, although female knock-in
mice showed a trend toward higher cell counts compared with males. These observations suggest
that the Phb1-KiC69A mutation may be associated with adipocyte hypertrophy, while the Phbl-
KiY114F variant might influence cell number; however, these trends remain tentative. Electron
microscopy provided qualitative evidence of altered mitochondrial appearance in BAT,
particularly in Phb1l-KiC69A males, where cristae appeared reduced and mitochondrial shape
more elongated compared with wild-type. In contrast, Phbl-KiY114F females exhibited
mitochondria that appeared similar to controls. As these findings were based on limited biological
replicates (n = 1 mice), they should be viewed as descriptive observations that require validation
in larger cohorts. Following gonadectomy, no statistically significant changes were detected in
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body weight, BAT mass, or glucose and insulin tolerance across genotypes and sexes. Some non-
significant trends were noted: orchiectomy in Phb1-KiC69A males was associated with slightly
higher body weight and improved insulin sensitivity, whereas ovariectomy tended to worsen
glucose tolerance in both wild-type and knock-in females. These patterns suggest potential
hormone-related modulation of PHB1-linked pathways but remain speculative given the small
sample sizes. Nonetheless, several sex-dependent tendencies were observed that may reflect subtle
effects of these PTMSs on adipose tissue characteristics and metabolic regulation. These exploratory
findings form a useful basis for future studies with increased sample sizes and mechanistic assays
to better define the contribution of PHB1 modifications to mitochondrial function and metabolic

homeostasis.
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