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Consumption of a high-fat diet (HFD) can alter mitochondrial bioenergetics within adipose tissue 

(AT) contributing to an increased risk of all-cause-mortality. However, AT also presents with the 

ability to induce mitochondrial uncoupling, an anti-obesogenic response. The ability of AT to 

induce uncoupling/browning is not uniform across AT depots, and little is known about pericardial 

AT (pWAT), the depot in direct contact with the heart. Therefore, this thesis aims to characterize 

mitochondrial bioenergetics in pWAT, and the response to HFD and obesity. Relative to 

epididymal AT, pWAT displayed increased uncoupling protein-1 content, mitochondrial electron 

transport chain abundance, leak respiration, and morphological characteristics of brown AT. When 

challenged with a HFD, and in a hyperphagic model of obesity, pWAT increased in abundance but 

retained markers of uncoupling. Altogether, these data highlight the brown characteristics of 

pWAT, and suggests it has a possible protective role in oxidizing/limiting excessive lipid delivery 

to the heart. 
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Chapter 1     Review of Literature 

1.1 Introduction 

Over a quarter of Canadian adults are currently obese, and the incidence continues to rise at 

an alarming rate, placing an unprecedented strain on health care systems (Public Health Agency 

of Canada, 2011; Statistics Canada, 2019). While obesity is not a direct cause of diabetes, heart 

failure (HF), or stroke, these co-morbidities associated with a hyperlipid environment have 

dramatic health consequences that require sustained management from health care professionals 

(Meldrum et al., 2017). For instance, excessive body mass and adiposity have been directly linked 

with impaired adipose tissue metabolism, the induction of insulin resistance and type 2 diabetes 

(T2D) (Goossens, 2008). In addition, the number one cause of mortality in obesity is heart disease, 

as a high lipid environment is a strong risk factor for T2D, hypertension and HF (National Institutes 

of Health, 1998). Moreover, lipid accumulation within cardiomyocytes has been suggested to 

directly impair left ventricle (LV) contractile function, although the mechanisms remain poorly 

defined (Schulze et al., 2016; Szczepaniak et al., 2003). Since heart disease affects over 600,000 

Canadians, a better understanding of the relationship between white adipose tissue (WAT) and the 

LV is necessary (Statistics Canada, 2019).  

While the mechanism(s) resulting in high blood lipids continue to be elucidated, a prominent 

working framework suggests that a high lipid diet rapidly induces insulin resistance within WAT, 

attenuating signaling cascades that usually suppress lipolysis in the post-prandial state (Lyu et al., 

2021). Therefore, understanding and ultimately preventing the induction of insulin resistance 

within WAT may be particularly beneficial in the context of diabetes-related heart disease. 

Additionally, evidence has suggested that WAT is highly malleable to environmental stress, which 

can promote the induction of beiging/browning (Petrovic et al., 2010). This process involves 
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inducing mitochondrial biogenesis and the thermogenic uncoupling of mitochondria, which can 

help promote fatty acid oxidation and increase energy expenditure (Defour et al., 2018; Kiefer, 

2016). The anti-obesogenic effect of browning is a potential mechanism to reduce the pathological 

changes associated with a high lipid diet. However, these responses appear to be depot/region 

specific and are not uniform across all WAT, making it necessary to study diverse and spatially 

distinct WAT depots (Ghorbani & Himms-Hagen, 1997; Ye et al., 2013). Within this context, 

understanding WAT biology in different depots is vital to address the pathology of T2D and HF. 

Therefore, this review will highlight WAT and brown adipose tissue biology, browning, 

pericardial adipose tissue, and the heart in the context of obesity. 

1.2 White Adipose Tissue 

Adipose tissue (AT) is abundant throughout the body and composed of adipocytes, 

endothelial cells, and immune cells  (Wronska & Kmiec, 2012). The primary role of WAT is the 

storage of lipids, since the sufficient transport/clearance of lipids from circulation can prevent toxic 

accumulation in other tissues and allow for later utilization, this implicates WAT function in 

maintaining overall health (Cohen & Spiegelman, 2016). Unlike other organs, WAT does not have 

one distinct anatomical site, instead, there are a variety of WAT depots with variable functions, 

which develop during different developmental windows from unique precursors (Vishvanath et 

al., 2016). The ability of WAT to respond to metabolic demand and store/liberate fats, as well as 

its role as an endocrine organ, makes it vital for whole-body regulation and metabolism (Luo & 

Liu, 2016). 
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1.2.1 Lipogenesis 

The storage function of WAT is a highly regulated process that is stimulated post-

prandially with insulin secretion from the pancreas, this induces glucose uptake through the 

translocation of glucose transporter type 4 (GLUT4) (Abel et al., 2001; Blüher et al., 2002). The 

translocation of GLUT4 results in increased intracellular levels of glucose-6-phosphate which 

promotes activation of fatty acid synthase and de novo lipogenesis (Blüher et al., 2002). Glucose 

can be utilized to produce adenosine triphosphate (ATP) through glycolysis, or it can provide 

metabolites for de novo lipogenesis and stimulate acetyl-CoA carboxylase (ACC), the rate-limiting 

enzyme of lipogenesis (Matejkova et al., 2004). De novo lipogenesis involves the transformation 

of glucose into glycerol to be utilized as a backbone for triacylglycerol (TAG) (Hudgins et al., 

1996; Leroyer et al., 2006). Insulin also stimulates the uptake of free fatty acids (FFA) from 

circulation through the activation of lipoprotein lipase (Dijk & Kersten, 2014; Stahl et al., 2002). 

Once in the cell, a CoA group is added to fatty acids to create a fatty acyl-CoA that is esterified by 

glycerol-3-phosphate acyltransferase, creating an ester bond between glycerol-3-phosphate and 

the fatty acid CoA to produce diacylglycerol (DAG) (Cadoudal et al., 2008; Franckhauser et al., 

2002; Reshef et al., 1970). DAG can act as a signaling molecule and messenger within the cell, 

such as by activating protein kinase C, or the esterification of DAG can continue with the addition 

of two more fatty acyl CoA molecules, with the final step being completed by DAG 

acyltransferase, producing a TAG molecule that can be incorporated into a lipid droplet for storage 

(Griffin et al., 1999; Harris et al., 2011). In addition to providing the necessary substrates for TAG 

synthesis, insulin also induces a signaling cascade that results in a decreased rate of lipolysis, 

further promoting storage within WAT (Fain et al., 1966). Specifically, insulin binding induces 

the phosphorylation of insulin receptor substrates (IRS) which activates phosphatidylinositol 3-

kinase (PI3K), this leads to the phosphorylation of protein kinase B (Akt) that activates 
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phosphodiesterase 3B (PDE3B) which can degrade cyclic adenosine monophosphate (cAMP) 

(DiPilato et al., 2015; Rahn et al., 1994). Insulin can also decrease lipolysis through a PI3K 

dependent pathway, this pathway inhibits lipolysis by reducing phosphorylation of perilipin 

(PLIN), a lipid droplet coating protein, ultimately inhibiting lipolysis and the breakdown of TAG 

stores (Figure 1) (Londos et al., 1985). 

 

 

Figure 1 Insulin mediated inhibition and b-adrenergic stimulation of lipolysis. Insulin can bind to the IR receptor 
activating IRS, the PI3K which can either directly inhibit PLIN or phosphorylate Akt which activates PDE3B to 
convert cAMP to AMP preventing lipolysis. NE binds to b-adrenergic G protein receptor which activates AC to 
convert ATP into cAMP, activating PKA which can phosphorylate HSL which will then move to the lipid droplet, 
and phosphorylate PLIN activating CGI-58 to associate with ATGL which with HSL and MGL convert TG to DG to 
MG and then 3 FFA and a glycerol molecule. b-AR b-adrenergic receptor, AC adenylate cyclase, AMP adenosine 
monophosphate, ATP adenosine triphosphate, ATGL adipose triglyceride lipase, cAMP cyclic adenosine 
monophosphate, CGI-58 comparative gene identification 58, DG diacylglycerol, FFA free fatty acid, HSL hormone 
sensitive lipase, I insulin, IR insulin receptor, IRS insulin receptor substrates, MG monoacylglycerol, MGL 
monoacylglycerol lipase, NE norepinephrine, P phosphate group, PDE3B phosphodiesterase 3B, PI3K 
phosphatidylinositol 3-kinase, PKA protein kinase A, PLIN perilipin, TG triglyceride. Adapted from Nielsen et al., 
2014, Created with BioRender.com 
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In an insulin resistant state there can be simultaneous activation of TAG breakdown and 

synthesis. In addition, high levels of circulating lipids can result in increased lipid transport and 

storage (Randle et al., 1965). This increase in TAG storage is in addition to increased lipolysis as 

insulins ability to decrease the lipolytic rate is attenuated in T2D (Randle et al., 1963). The 

increased release of lipids is thought to result in toxic lipid accumulation and oxidative stress in 

peripheral tissues which impairs whole body glucose metabolism and promotes other pathological 

changes (Figure 2), this relationship indicates that AT dysfunction is a central change in obesity 

(Petrick et al., 2020). In support of this, in obese/insulin resistant rodents the surgical 

transplantation of WAT from lean healthy donors, while resulting in greater adiposity, improves 

overall animal health (Colombo et al., 2002). Adipose is also able to influence whole-body health 

and insulin sensitivity through the secretion of adipokines such as leptin and adiponectin (Skurk 

et al., 2007). Leptin contributes to hunger and satiety signals and is primarily produced in 

adipocytes in response to insulin and glucose post-prandially (Morsy et al., 1998). Leptin can act 

in the central nervous system to decrease appetite and can influence metabolism peripherally by 

inhibiting lipogenesis and b-oxidation (Satoh et al., 1999; William et al., 2002). Adiponectin which 

is produced in adipocytes, acts on peripheral tissues and adipose depots by binding and promoting 

insulin sensitivity and fatty acid oxidation through the activation of adenosine monophosphate 

(AMP)-activated protein kinase (AMPK) (Yamauchi et al., 2002). Adiponectin can improve heart 

health directly, such as after an ischemic-reperfusion injury (Tao et al., 2007) and indirectly by 

reducing serum lipid levels and inflammation (J. Y. Kim et al., 2007; Qiao et al., 2008).  
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Figure 2 Influence of prolonged high levels of circulating lipids on whole body metabolism and function. 
Increased levels can result in liver failure, pancreatic failure, muscle and tissue insulin resistance, atherosclerosis, 
heart disease and adipose tissue dysfunction. Created with BioRender.com 

 

1.2.2 Lipolysis 

During nutrient deprivation, the catabolism of TAG molecules creates free fatty acids that 

are utilized for energy provision, a significant amount of energy is stored in adipose, with a lean 

individual storing an excess of 30,000 kcal in adipose depots (Volek et al., 2015). Lipolysis is 

stimulated during times of energy demand such as fasting or exercise where there is an increase in 

circulating catecholamines, which levels almost double during fasting (Gjedsted et al., 2007). 

Catecholamines act on b-adrenergic receptors, leading to the G-protein stimulation of adenylate 

cyclase (AC), this prompts a rise in cAMP and increases cAMP-dependent protein kinase A (PKA) 

activity (Egan et al., 1992). The result of PKA activation is the phosphorylation of the lipolytic 
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enzyme hormone sensitive lipase (HSL), as well as PLIN which is able to promote the release of 

comparative gene identification-58 (CGI-58) that acts as a co-activator of adipose triglyceride 

lipase (ATGL), which initiates the first step in fatty acid liberation (Figure 1) (Lass et al., 2006). 

This liberation is completed by three sequential lipases; ATGL, HSL, and monoglyceride lipase 

(MGL), ATGL and HSL due to their relationship with PKA can be influenced by insulin and 

catecholamines through regulation of cAMP levels (Figure 1) (Schweiger et al., 2006). Unlike 

HSL and ATGL, MGL does not appear sensitive to catecholamine stimulation, and potential 

hormonal regulation of the enzyme remains unclear (Nielsen et al., 2014; Vaughan et al., 1964). 

When MGL completes the final step of lipolysis it produces a glycerol molecule and non-esterified 

fatty acids, which can be released or re-esterified (Fredrikson et al., 1986). The resulting glycerol 

can then be converted into glycerol-3-phosphate and utilized in lipogenesis within WAT or 

released and utilized by the liver for gluconeogenesis (Leroyer et al., 2006). 

1.2.3 Resident Immune Cells 

The resident immune cells in adipose, specifically macrophages, have an endocrine and 

paracrine role and can secrete the pro-inflammatory cytokines interleukin-6 (IL-6) and tumor-

necrosis factor-a (TNF-a) (Kraakman et al., 2015). Increased circulating levels of IL-6, a cytokine 

released from M1 macrophages, is correlated with obesity and insulin resistance (Rotter et al., 

2003). While IL-6 has been shown to inhibit insulin signaling through upregulation of suppressor 

cytokine signaling 3 (SOCS3); IL-6 deficient mice also develop exacerbated insulin resistance 

(Mauer et al., 2014; Rui et al., 2002). The paradoxical effects of IL-6 may indicate IL-6 expression 

is site and context specific (Kwon & Pessin, 2013; Wan et al., 2012). Released by both adipocytes 

and macrophages, TNF-a levels increase with M1 macrophage infiltration into adipose, this can 

promote inflammation and directly impair insulin signaling (Weisberg et al., 2003). In M1 
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macrophages, TNF-a is released in response to toll-like receptor-4 (TLR-4) binding saturated fatty 

acids, which are released from hypertrophic adipocytes; this can then activate inflammatory 

nuclear factor-kB (NF-kB) pathways (Suganami et al., 2007). Inhibition of insulin signaling by 

NF-kB and c-Jun N-terminal kinase (JNK) pathways contribute to insulin resistance and create a 

continuous cycle that exacerbates inflammation (Cai et al., 2005; Nguyen et al., 2005). 

Additionally, TNF-a can also directly impair insulin signaling by promoting the phosphorylation 

of IRS (de Alvaro et al., 2004). This further contributes to dysfunction by impacting the 

transcription, translation, and action of peroxisome proliferator activated receptor g (PPARg) (B. 

Zhang et al., 1996). While the acute release of these pro-inflammatory cytokines is important for 

cellular crosstalk, prolonged AT inflammation can contribute to the progression and development 

of metabolic syndrome (D. E. Lee et al., 2009). 

1.2.4 Hypertrophy Hypoxia and Extracellular Matrix Dysfunction 

During times of nutrient excess, such as a high fat diet (HFD) or obesity, WAT may be an 

initiating factor in whole-body metabolic perturbations (Hajer et al., 2008). While WAT can adapt 

by taking up excess fatty acids for later utilization, adipocytes typically increase in size 

(hypertrophy) rather than number (hyperplasia) (Goossens, 2017). Initially, adipocytes may meet 

the storage needs, protecting other tissues from ectopic lipid accumulation, but their ability to 

expand can be exceeded with continued demand for lipid storage (Halberg et al., 2009). The 

historical view of this is when WAT’s ability to store excess lipid is exceeded, it promotes 

increased levels of circulating fatty acids leading to ectopic lipid accumulation, which contributes 

to the development of peripheral insulin resistance (Weyer et al., 2000). However, it has since 

become clear that WAT develops insulin resistance prior to hypertrophy (Paglialunga et al., 2015; 

Politis-Barber et al., 2020), as hypertrophy is influenced by the flexibility of the extracellular 



 
 

9 
 

matrix (ECM) and hypoxia (Sun, Tordjman, et al., 2013). During normal AT expansion, the ECM 

provides space and support, however, during obesity and stress, there is an accumulation of 

collagen, resulting in rigidity and limiting WAT’s ability to expand, promoting ectopic lipid 

accumulation (Chun et al., 2006). In a type VI collagen deficient mouse model, adipose can expand 

allowing for increased lipid storage and a reduction in ectopic lipid accumulation (Khan et al., 

2009). This rapid expansion of WAT also leads to other pathological changes, as the rate of 

vascularization and angiogenesis cannot match the rate of expansion, resulting in hypoxia 

(Gealekman et al., 2011). These pathological responses are exacerbated by hypoxia inducible 

factor-1a (HIF-1a), which promotes collagen expression and contributes to M1 macrophage 

recruitment (Halberg et al., 2009). In support of this, mice treated with a pharmacological HIF-1a 

inhibitor had a reduction in fibrosis and local inflammation in WAT when challenged with a HFD 

(Sun, Halberg, et al., 2013). Macrophage recruitment is also stimulated by the expression of 

monocyte chemoattractant protein 1 (MCP-1) from hypertrophic adipocytes (Kanda et al., 2006). 

The expression of MCP-1 is increased in WAT during obesity, as it is highly expressed by 

adipocytes surrounded by pro-inflammatory macrophages in crown like structures (CLS) and 

MCP-1 is also released from M1 macrophages leading to further macrophage recruitment 

(Apovian et al., 2008). In addition to these pathological changes, pro-inflammatory pathways 

within adipose are induced in response to a HFD (M. S. Kim et al., 2011). 

1.2.5 Pro-Inflammatory Pathways 

During obesity there are changes in signaling pathways and stress within adipocytes, these 

pathways can be activated due to changes in oxidative stress, as reactive oxygen species (ROS) 

can promote inflammation through endoplasmic reticulum (ER) stress and the JNK and NF-kB 

pathways (Hirosumi et al., 2002; Jové et al., 2006). The inflammatory NF-kB pathway can be 
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activated in the cytosol resulting in its translocation to the nucleus leading to the transcription of 

genes of inflammatory mediators such as IL-6 and TNF-a (Beg et al., 1993; Jové et al., 2006). The 

NF-kB pathway is linked to the pathological changes with obesity, as it has been shown to 

upregulate HIF-1a (van Uden et al., 2008), while, models of pharmacological and genetic 

inhibition of the NF-kB pathway show improved insulin sensitivity (J. K. Kim et al., 2001; Yuan 

et al., 2001). Additionally, NF-kB activation can occur indirectly, due to altered mitochondrial 

function, as insufficient ATP levels can impair protein folding within the ER (Braakman et al., 

1992). To compensate for this, the unfolded protein response can occur to restore homeostasis, 

however, when the ER is unable to restore its function, it can lead to apoptosis and activation of 

the JNK pathway, which can phosphorylate IRS and directly inhibit insulin signaling (Özcan et 

al., 2004). Ultimately, these pathological changes and stress responses all contribute to the altered 

metabolism and function of WAT during obesity (H. Xu et al., 2003). 

1.2.6 Mitochondrial Dysfunction and Reactive Oxygen Species Production 

In a healthy state, fatty acids are transported into the mitochondria, where they undergo b-

oxidation in the mitochondrial matrix (Brookheart et al., 2009). The electron carriers from b-

oxidation are utilized by the electron transport chain (ETC) for ATP production through oxidative 

phosphorylation (OXPHOS), a process indirectly affecting lipolysis which requires ATP and 

mitochondrial derived glycerol (Mráček et al., 2013; Schultz & Chan, 2001). As a result, 

mitochondrial function has been implicated in WAT health, as inhibiting the ETC prevents 

catecholamine induction of lipolysis (Aon et al., 2014). Moreover, the rate of lipogenesis correlates 

with ATP production (Rognstad & Katz, 1969) and mitochondrial DNA (mtDNA) abundance 

(Kaaman et al., 2007). In 3T3-L1 adipocytes 48 hours of high glucose and/or high free fatty acids 

was able to induce mitochondrial dysfunction, loss of mitochondrial membrane potential, and 
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increased ROS levels (Gao et al., 2010). While ROS production is important for signaling and 

adipocyte differentiation, the excess ROS generation during obesity leads to pathological changes 

and is exacerbated by decreased antioxidant defense and chronic inflammation (Chattopadhyay et 

al., 2015). Mitochondria are a significant source of ROS production, which are generated with 

high levels of fatty acids, as acceleration of b-oxidation increases electron flow and stress on the 

ETC, due to electron leaking at complexes I, II, and III, which ultimately leads to free radical 

formation (Chen et al., 2003; Lenaz, 2001). The impairments in OXPHOS and increased ROS 

generation contribute to inflammation as these changes in ROS production have been found to 

occur before hypertrophy and changes in OXPHOS (Paglialunga et al., 2015; Politis-Barber et al., 

2020). Overexpression of the antioxidant catalase in the mitochondria, has been shown to result in 

a decrease in mitochondrial ROS emission, preserved insulin signaling and no changes in 

inflammation when challenged with a HFD, supporting the role of increased ROS in the 

pathological changes associated with a HFD (Paglialunga et al., 2015). Since adipocytes contain 

high levels of lipids, they are a vulnerable target for lipid peroxidation by free hydroxyl radicals, 

these oxidized lipids can then become reactive lipid aldehydes such as 4-hydroxy nonenal (4-

HNE), the production of which is associated with a plethora of disease states such as diabetes, 

atherosclerosis, and cardiovascular disease (Hauck & Bernlohr, 2016; Long et al., 2013). Lipid 

membranes are vulnerable to this oxidative damage which alters fluidity and permeability and 

effects the function of membrane bound complexes (Richter, 1987). Cardiolipin, a phospholipid 

that is localized to the inner mitochondrial membrane, can be oxidized to produce 4-HNE, and this 

oxidation can alter the structure of mitochondrial cristae and destabilize and decrease activity of 

ETC complexes, leading to decreased mitochondrial respiration (Acehan et al., 2011; Liu et al., 

2011). The oxidation of cardiolipin has been shown to be a required step in mitochondrial induced 
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apoptosis (Kagan et al., 2005). Additionally, ROS can promote oxidative damage to proteins by 

protein carbonylation, the post-translational modification of amino acid residues by lipid 

aldehydes, this can lead to loss of protein function, metabolic impairments, and the build-up of 

damaged proteins contributing to ER stress (Curtis et al., 2010; Haberzettl & Hill, 2013). 

1.2.7 Mitochondrial Biogenesis 

Given the importance of mitochondrial derived ATP and ROS for maintaining cellular 

homeostasis, the induction of mitochondrial biogenesis is thought to be beneficial for adipose 

tissue health. In support of this, genetic models that result in mitochondrial biogenesis within WAT 

protect against diet induced obesity (Kiskinis et al., 2014; Leonardsson et al., 2004; Powelka et 

al., 2006). The induction of this process is associated with the upregulation of transcription and 

translation of mitochondrial proteins (Jornayvaz & Shulman, 2010) including PPARg coactivator 

1a (PGC-1a), which is considered the master regulator of mitochondrial biogenesis (Uldry et al., 

2006; Winder et al., 2000). While PGC-1a cannot bind to DNA, it is able to bind to a variety of 

transcription factors such as nuclear respiratory factor-1,-2 (NRF-1, NRF-2) and estrogen-related 

receptor (ERRa) which are associated with the transcription of mitochondrial proteins (Scarpulla, 

2011). Both NRF-1 and NRF-2 promote the expression of genes linked to the ETC and bind to 

promoters of genes involved in mtDNA (Evans & Scarpulla, 1990). Meanwhile, ERRa can work 

with PGC-1a to promote genes involved in b-oxidation and is believed to be a potential link 

between fatty acid oxidation and the ETC (Schreiber et al., 2004). When activated by PGC-1, 

NRF-1 can regulate the expression of transcription factor A mitochondrial (TFAM), this protein 

is involved in the replication and transcription of mtDNA which encodes the 13 subunits of the 

ETC (Evans & Scarpulla, 1990; Virbasius & Scarpulla, 1994). These pathways allow cells to 

respond to changing energy demands; however, these responses are downregulated in diabetes and 



 
 

13 
 

obesity (Zamora-Mendoza et al., 2018). While the reduction in mitochondrial content and PGC-

1a abundance with obesity and insulin resistance represents an associative observation (Kleiner et 

al., 2012; Rong et al., 2007), WAT-specific PGC-1a knock-out mice display a reduction in 

mitochondrial genes and were insulin resistant when challenged with a HFD (Kleiner et al., 2012). 

In further support of this belief, insulin sensitivity in AT can be recovered following thiazolidines-

induced increases in PGC-1a content (Bogacka et al., 2005; Choo et al., 2006; Rong et al., 2007; 

Wilson-Fritch et al., 2004). These models highlight the importance of changes in mitochondrial 

function in the development of diabetes and insulin resistance. However, mitochondria could also 

provide potential anti-obesogenic and protective effects through futile energy cycling and 

browning of adipose tissue (Omran & Christian, 2020). 

1.3 Brown and Beige Adipose Tissue 

Adipose is not homogenous and can be divided into distinct categories based on both 

anatomical location and function. Specifically, adipose is classified as either WAT, brown AT 

(BAT), or the intermediate beige adipose (Cedikova et al., 2016). While visceral WAT has been 

linked to diabetes related complications, unlike WAT, BATs primary function is energy utilization, 

and appears to be anti-obesogenic. In rodents BAT is present in the interscapular and cervical 

regions, while in humans the scapular depot is only found in infants, and in adults BAT is primarily 

found in the clavicular and vertebral regions (Figure 3) (Virtanen et al., 2009). In addition to these 

changes in location, BAT levels also decrease with age and obesity (Cypess et al., 2009). This is 

unfortunate since BAT content is associated with lower levels of inflammation, decreased visceral 

fat accumulation, and improved overall metabolic health (Wang et al., 2015). What makes BAT 

unique is its uncoupled mitochondria, which oxidize substrates and dissipate energy as heat 

without the production of ATP (Betz & Enerbäck, 2018). This ability of BAT to ‘burn’ energy 
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makes it a potential anti-obesogenic tissue, which is supported in a mouse model where BAT 

transplantation resulted in diet-induced obesity resistant mice (Zhu et al., 2014).  

 

Figure 3 Key BAT and WAT depots. Mouse – interscapular BAT depot, epididymal WAT depot, Inguinal WAT 
depot. Infant – interscapular and perirenal BAT, adult – cervical, supraclavicular, paravertebral, suprarenal BAT. BAT 
brown adipose tissue, WAT white adipose tissue. Created with BioRender.com 

 

1.3.1 Brown Adipose Tissue Function and Uncoupling 

Brown adipocytes can be distinguished by their brown appearance which is a result of its 

increased iron and mitochondrial content, as BAT consist of highly vascularized and multilocular 

lipid-containing adipocytes (Richard et al., 2020). The primary function of BAT is energy 

dissipation through non-shivering thermogenesis, which allows BAT to utilize energy stores and 

release heat as a by-product (Y. H. Lee et al., 2015). The activity of BAT has been suggested to 

play a role in lipid clearance from circulation, influencing whole-body insulin sensitivity, and 

protecting against lipotoxicity (Bartelt et al., 2011; Koskensalo et al., 2017). The ablation of BAT 

has been found to result in obesity in the absence of hyperphagia, as within BAT, b-adrenergic 

signaling can stimulate cAMP, which activates PKA, leading to lipolysis of circulating substrates 

or intracellular lipid stores (Lowell et al., 1993). Fatty acids are then able to activate uncoupling 



 
 

15 
 

protein 1 (UCP1), a protein that is vital for energy dissipation within the inner membrane of BAT 

mitochondria (Bertholet & Kirichok, 2017; Matthias et al., 2000). The content of UCP1 can also 

be upregulated during this process, as b-adrenergic stimulation can increase expression of PGC-

1a mRNA levels, enhancing UCP1 expression (J. Kim et al., 2016; Lowell & Spiegelman, 2000).  

Due to the creation of an alternative pore across the inner mitochondrial membrane that 

results in proton leak, UCP1 can uncouple respiration. Furthermore, UCP1 is a unique 

proton/anion symporter, and can co-transport negatively charged short chain fatty acids and 

protons (Bertholet & Kirichok, 2017). However, the hydrophobic nature of long-chain fatty acids 

prevents them from easily dissociating from UCP1 (Figure 4). This results in long chain fatty acid 

(LCFA) partaking in multiple cycles of proton transport and UCP1 acting like a proton uniporter 

across the inner mitochondrial membrane (Fedorenko et al., 2012). The net proton loss dissipates 

the electrochemical gradient used by OXPHOS, for ATP synthesis (Carpentier et al., 2018). This 

results in elimination of the feedback inhibition mechanisms that regulate OXPHOS, as typically, 

the high levels of ATP produced from fatty acid oxidation would result in the allosteric inhibition 

of complex IV by ATP, inhibiting the ETC (Arnold & Kadenbach, 1997). 
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Figure 4 Oxidative phosphorylation and mitochondrial uncoupling. Reducing equivalents FADH2 and NADH 
donate electrons which are then transported along the electron transport chain until they react to produce H2O. This 
reaction also results in the transport of H+ which is pumped by complexes I, III and IV from the mitochondrial matrix 
to the intermembrane space, resulting in proton motive force. ATP synthase these then utilizes this gradient to produce 
ATP. However, H+ can also be utilized by UCP-1, which can be activated by different fatty acids. SCFA are co-
transported with H+ and a single LCFA can be utilized for multiple cycles of H+ transport. This uncoupling of 
respiration results in H+ leak and produces heat as a by-product. I, II, III, IV complexes I-IV, ADP adenosine 
diphosphate, ATP adenosine triphosphate, CoQ ubiquinone, Cyt C cytochrome c, e- electron, FADH2 flavin adenine 
dinucleotide, H+ proton, LCFA long chain fatty acid, NADH nicotinamide adenine dinucleotide, SCFA short chain 
fatty acid, UCP1 uncoupling protein 1. Created with BioRender.com 

 

1.3.2 Brown Adipose Tissue Regulation 

The content level of BAT is not static and can be upregulated by various interventions such 

as cold exposure, exercise, pharmacological interventions, and diet (Ikeda et al., 2018). Cold 

exposure, which has been found to induce BAT activity in both rodents and humans (Ouellet et 

al., 2012; Masayuki Saito et al., 2009; van Marken Lichtenbelt et al., 2009), and can increase the 

expression of UCP1; this is supported by PGC-1a null mice displaying decreased levels of UCP1 

and reduced cold tolerance (Cypess et al., 2012; Lin et al., 2004; Young et al., 1982). Cold activates 

BAT through the hypothalamus and central nervous system, this results in BAT producing heat, 

referred to as non-shivering thermogenesis, which is believed to be a primary function of BAT 

(Lowell & Spiegelman, 2000). Exercise has also been found to increase the differentiation of 

preadipocytes into brown adipocytes and increase UCP1 expression (X. Xu et al., 2011). 
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Pharmaceutical interventions that increase norepinephrine (NE) levels or b-adrenergic agonists 

can activate BAT due to their ability to stimulate the central nervous system (Baba et al., 2007; 

Mukherjee et al., 2016; Verty et al., 2009). While the potential of pharmacological substances to 

stimulate BAT has been of great therapeutic and clinical interest, the efficacy of different 

pharmacological compounds to stimulate BAT in rodents has not effectively translated to humans 

(Cypess et al., 2012). The idea of diet-induced thermogenesis (DIT) first appeared in 1979, when 

rodents were fed an appetizing and caloric ‘cafeteria’-diet, which led to BAT hyperplasia 

(Rothwell & Stock, 1979). Since then, DIT stimulation of BAT has been implicated in response to 

a variety of different meal compositions in rodents (Feldmann et al., 2009; Perez et al., 2021; von 

Essen et al., 2017; M. Wu et al., 2014; Young et al., 1982). The proposed ability of food to activate 

BAT has been associated with activation of the sympathetic nervous system and b-adrenergic 

stimulation, as DIT is impaired in rats with surgical ablation of the sympathetic innervation of 

BAT (Saito et al., 1989, 2020). This implicates a similar mechanism to that of cold-induced BAT 

activation in rodents. Additionally, DIT is impaired with the ablation of UCP1 implicating BAT 

directly in this process (Feldmann et al., 2009; von Essen et al., 2017). However, DIT in humans 

and the role of BAT remains controversial due to conflicting and inconsistent results (Heenan et 

al., 2020; Kozak, 2010; Raben et al., 2003, 2020; Vosselman et al., 2013; Westerterp et al., 1999, 

2008). 

1.3.3 Beige Adipose Tissue 

The uncoupled respiration and heat production characteristic of BAT is not exclusively 

found in BAT depots, as uncoupling also occurs in depots that are classically considered WAT. 

This alteration in WAT function is attributed to the browning of adipose, resulting in beige adipose 

tissue (Cannon & Nedergaard, 2012). Beige adipocytes are characterized by their uncoupled 
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mitochondria and futile energy cycling, and they develop when PGC-1a induces UCP1 expression 

and mitochondrial biogenesis in WAT depots (Petrovic et al., 2010). The cellular lineage of beige 

adipocytes is distinct from BAT and is instead associated with white adipocyte progenitors, 

indicating that beige adipocytes are more like white adipocytes that have induced expression of 

UCP1 in response to different stimuli (J. Wu et al., 2012). However, whether beige adipocytes 

result from white adipocytes, or their own unique precursors remains unclear (Y. H. Lee et al., 

2015; Rosenwald et al., 2013). Beige adipocytes are of particular interest, as like BAT, they are 

anti-obesogenic and provide potential avenues for reducing adiposity, additionally they have been 

induced in different adipose depots in humans (Bartelt & Heeren, 2014). Browning of WAT is 

induced in response to signals that activate BAT, such as diet, exercise, cold and b-agonists 

(Kuryłowicz & Puzianowska-Kuźnicka, 2020). Unfortunately, the ability of different stimuli such 

as cold and NE to induce browning appear to be blunted in obesity (Qiu et al., 2020).  

1.3.4 Endocrine Induction of Browning 

BAT depots and beige adipocytes within WAT are also influenced by endocrine signaling 

from other tissues. Various cellular signals have been implicated in the upregulation of BAT 

activity, such as natriuretic peptides (NP), fibroblast growth factor-21 (FGF-21), IL-6 and irisin. 

Secreted by the heart and brain, NP induces lipolysis in adipocytes at a similar level to 

catecholamines (Sengenès et al., 2000), as it stimulates cyclic guanine monophospshate (cGMP) 

levels to activate protein kinase G (PKG), which has the same targets as PKA, giving a basis for 

NPs to influence browning (Sengenès et al., 2003). Bordicchia et al. (2012) found that NP levels 

increase with cold exposure, which could induce mitochondrial biogenesis and activate PGC-1a 

and UCP1 expression in human adipocytes. Additionally, FGF-21, which is primarily released 

from the liver, can also be released from BAT during cold exposure or in response to b-adrenergic 
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stimulation in humans and rodents (Fisher et al., 2012; Hondares et al., 2011; P. Lee et al., 2014). 

The ability of FGF-21 to stimulate browning is most likely due to increasing UCP1 expression 

(Fisher et al., 2012). The expression of pro-inflammatory IL-6, which can be secreted from BAT 

as a batokine, also appears to be a stimulus for browning (Omran & Christian, 2020), as blocking 

IL-6 during the differentiation of beige adipocytes resulted in the development of WAT 

characteristics (Kristóf et al., 2019). Given the pro-inflammatory role of IL-6 and its upregulation 

during times of cellular stress, this could implicate browning as an adaptive response to stress 

(Sarvas et al., 2013) . In IL-6 knock out mice, exercise was able to induce browning, while 

browning induced by cold exposure was blunted (Knudsen et al., 2014). Browning has also been 

identified in the subcutaneous depots of burn victims who have high levels of circulating pro-

inflammatory cytokines, and this browning has been shown to be dependent on the expression of 

IL-6 (Abdullahi et al., 2017; Patsouris et al., 2015). Additionally, BAT transplantation from IL-6 

null mice impaired the beneficial effects of transplantation, and blunted FGF-21 levels, indicating 

a role of IL-6 in induction of browning and positive metabolic effects of BAT (Stanford et al., 

2013). Irisin, another cytokine, is released from muscle in response to exercise and cold exposure, 

and like FGF-21 there is some support that irisin can upregulate PGC-1a to induce browning 

(Boström et al., 2012; P. Lee et al., 2014; Moreno-Navarrete et al., 2013; J. Wu et al., 2012). 

However, studies have found conflicting results regarding the relationship between irisin and 

browning in rodents and humans (Boström et al., 2012; Elsen et al., 2014; P. Lee et al., 2014; 

Moreno-Navarrete et al., 2013; Norheim et al., 2014). Presently, the ability of these diverse cellular 

signals to induce browning has yet to be fully elucidated, however these endocrine signals do 

support the importance of tissue crosstalk as a stimulus for browning. 
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While cellular signals have been implicated in the browning of WAT, all WAT depots are 

not equally susceptible. The ability of these signals to induce browning is greater in subcutaneous 

adipose depots rather than visceral, which may help explain the greater induction of inflammation, 

oxidative stress and increased secretion of pro-inflammatory adipokines within the classically 

white epididymal WAT (eWAT) compared to beige inguinal WAT (iWAT) (Villaret et al., 2010). 

While the metabolism and browning of iWAT has begun to be determined, the metabolism and 

the presence of beige adipocytes in other depots remains unknown. 

1.4 Pericardial Adipose Tissue 

The visceral WAT depot pericardial AT (pWAT) is an anatomically distinct adipose depot 

that sits in close anatomical proximity to the heart (Antonopoulos & Antoniades, 2017). Due to 

the heart's reliance on fatty acids for energy and the close association between excess adiposity 

and HF, this depot is situated in a unique location to influence heart health (Gaborit et al., 2015). 

Despite clear clinical implications, pWATs function and relationship to the heart has yet to be fully 

elucidated, as it remains unknown if pWAT serves as a reservoir for fatty acids, or if it serves to 

dissipate energy through mitochondrial uncoupling as a protective mechanism similar to BAT.  

1.4.1 Pericardial Adipose Tissue Anatomy 

The general term for all fat around the heart is pWAT, however, this classification may be 

imprecise as the exact anatomy of adipose around the heart varies between species (Marchington 

et al., 1989). In mice there is only a single depot of adipose around the heart, pWAT, which sits 

externally to the pericardium and attaches at the atrioventricular groove (Yamaguchi et al., 2015). 

Whereas in humans there are two distinct depots around the heart, the epicardial AT (EAT) and 

pWAT, as well as perivascular adipose which surrounds the coronary vessels (Figure 5) (Ouwens 

et al., 2010). Sitting directly on the heart, EAT is located below the visceral pericardium and in 
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the intraventricular and atrioventricular grooves (Noyes, 2014). Due to the close anatomical 

relationship and shared vasculature between EAT and the myocardium, EAT is well positioned to 

influence the heart (Marchington et al., 1989). In mice, pWAT has been utilized to draw 

comparisons and conclusions about EAT in humans (Horckmans et al., 2018; Mikamo et al., 2018; 

Salazar et al., 2016), as despite, the difference in location they do have similar characteristics, as 

they both have UCP1 expression under basal conditions, increased b-adrenergic receptors, and 

markers of visceral adipose tissue (Al-Dibouni et al., 2020; Bale et al., 2018; Chechi et al., 2019; 

Mikamo et al., 2018). 

 

Figure 5 Locations of pericardial adipose tissue. In humans epicardial adipose tissue sits deep to the pericardium 
in the atrioventricular groove and interventricular groove. Paracardial adipose tissue is external to the pericardium and 
perivascular adipose tissue located on the great vessels. Created with BioRender.com 
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1.4.2 Function 

Given the heart's reliance on a constant supply of fatty acids for its rhythmic contractions, 

pWAT is well suited to help regulate and maintain energy balance within the heart (Antonopoulos 

& Antoniades, 2017). The rates of lipogenesis and lipolysis in guinea pig pWAT, measured as 

palmitic acid incorporation, were found to be higher in vitro when compared to other depots 

(Marchington et al., 1989; Marchington & Pond, 1990), suggesting that pWAT could be an 

important source of stored lipids. In contrast to these functional data, the average volume of 

adipocytes in pWAT is lower than that of other visceral depots, indicating that pWAT’s primary 

function may not include lipid storage (Marchington et al., 1989; Rietdorf & MacQueen, 2017). 

Alternatively, instead of being a readily available source of lipids for the heart, pWAT could act 

as a buffer or reservoir by removing excessive free fatty acids from circulation (Burgeiro et al., 

2016; Marchington et al., 1989; Rietdorf & MacQueen, 2017). This proposed function provides a 

potential protective mechanism against excess circulating lipids and could help prevent the 

development of atherosclerosis within coronary vessels and explain why there is a decrease in 

lipolytic enzymes in HF patients (Burgeiro et al., 2016). In support of this, in humans and rodents, 

pWAT has been reported to possess increased mRNA content of PGC-1a and UCP1, unlike 

classical WAT depots, suggesting a biological role focused on energy dissipation as opposed to 

energy storage (Mikamo et al., 2018; Sacks et al., 2009). Altogether these data indicate that pWAT 

may function as more of a brown or beige depot with potential thermogenic capacity and anti-

obesogenic and anti-inflammatory effects (Chechi et al., 2017, 2019; Pérez-Belmonte et al., 2017; 

Rabkin, 2007). 
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1.4.3 Endocrine Function 

Like other adipose depots, pWAT has endocrine functions and its unique secretome can 

directly influence the heart and surrounding arteries (Iacobellis, 2014). Additionally, pWAT is a 

source of omentin, adrenomedullin, and adiponectin, which have antioxidant, anti-inflammatory, 

and insulin-sensitizing properties (Fain et al., 2008; Fang et al., 2010; Shimekake et al., 1995; 

Spiroglou et al., 2010). Adrenomedullin, a G-protein vasodilator, has a variety of downstream 

effects, such as increasing intracellular calcium, which can increase cardiac output, in addition to 

potential antioxidant properties (Ichiki et al., 1994; Shimekake et al., 1995). Omentin, can improve 

insulin sensitivity and reduce inflammation by inhibiting TNF-a and the NF-kB pathway, 

additionally omentin improves endothelial function by increasing nitric oxide production 

(Greulich et al., 2012; Zhong et al., 2012). Like other adipose depots, pWAT has resident immune 

cells such as macrophages which can contribute to promoting an anti-inflammatory environment 

(Fang et al., 2010). Other adipokines have been implicated in heart function such as leptin, whose 

levels have been associated with increased cardiovascular risk due to its association with oxidative 

stress, and endothelial dysfunction (Katsiki et al., 2018). Batokines can also influence the heart, as 

FGF-21 is protective against hypertrophy (Planavila et al., 2013). Interestingly, a whole body UCP 

null mouse model with BAT dysfunction had increased cardiac fibrosis, hypertrophy, and 

decreased survival after the induction of cardiomyopathy, however these changes were prevented 

with the transplantation of functional BAT, indicating a cardioprotective role of BAT (Thoonen et 

al., 2015). 
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1.4.4 Obesity 

While pWAT may have potential thermogenic and anti-inflammatory effects on the heart, 

like other adipose depots, pWATs function is altered in the context of obesity (Rabkin, 2007). The 

expansion of visceral adipose depots such as pWAT can trigger the expression of pro-

inflammatory cytokines and oxidative stress (Patel et al., 2016). In pWAT, adipocytes can become 

hypertrophic, suggesting that UCP1 mediated uncoupling is insufficient to prevent derangements 

in metabolic homeostasis (Fitzgibbons & Czech, 2014). These perturbations can result in the 

expression of pro-inflammatory cytokines, macrophage infiltration, and activation of pro-

inflammatory pathways such as the NF-kB pathway (Elie et al., 2016; Mazurek et al., 2003; Shah 

et al., 2017). High abundance of EAT in humans has been considered a risk factor for 

cardiovascular diseases and could mediate some of the pathological effects of a HFD (Iacobellis 

et al., 2003; Packer, 2018). This may be due to macrophage and immune cell recruitment rather 

than intrinsic function of EAT and pWAT, as while the surgical removal of pWAT in a mouse 

model of myocardial infarction resulted in decreased fibrosis and cardiac decline (Horckmans et 

al., 2018). The same changes were observed by blocking B-cell’s, indicating that these 

pathological effects may be due to immune cell recruitment in pWAT rather than an innate 

characteristic of pWAT (Horckmans et al., 2018). Additionally, changes in recovery have been 

found two weeks and a month after infarction which may support pWAT being susceptible to stress 

and exacerbating rather than initiating these changes (Chang et al., 2018; Horckmans et al., 2018). 

Despite these pathological implications, pWAT collected from individuals undergoing heart 

surgery, has been found to have decreased expression of genes associated with oxidative stress 

relative to subcutaneous depots, which further supports its potential as a beige depot with 

protective effects (Chechi et al., 2017, 2019). Whether pWAT can improve or impair heart function 
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may be context dependent, but despite the clinical relevance of pWAT metabolism its function has 

yet to be characterized. 

1.5 The Heart  

Like adipose, mitochondria are vital to the heart, as the heart must continually produce ATP 

to meet metabolic demand for contractile cycling, and sufficient oxygen delivery (Lopaschuk et 

al., 2010). However, the heart is vulnerable during times of energy excess, such as during a HFD 

(Abel et al., 2008). Given the dynamic role of the heart and its relationship to AT, understanding 

heart metabolism and tissue crosstalk in the context of obesity are of particular clinical importance. 

1.5.1 Cardiac Cycle 

Sufficient relaxation and contraction coupling of the heart allows for proper blood filling 

into the ventricles during relaxation (diastole) to be ejected during contractions (systole). This 

process is tightly regulated and is initiated by depolarization that causes a change to the 

cardiomyocyte's membrane potential, resulting in the influx of calcium ions (Ca2+) from voltage-

gated L-type Ca2+ channels in the plasma membrane (Hess et al., 1986). Ca2+ can bind to and 

activate the ryanodine receptor (Ryr), located on the sarcoplasmic reticulum (SR) (Lachnit et al., 

1994). This binding results in the influx of Ca2+ from the SR into the cytosol, which is termed 

‘calcium-induced calcium release’, and results in a rapid increase in intracellular Ca2+ 

concentration (Bers, 2002). As a result, Ca2+ can bind to troponin, resulting in a conformational 

change and troponin dissociating from actin. The removal of troponin uncovers the myosin-

binding site on actin, and myosin hydrolyzes ATP allowing it to form a cross-bridge and bind to 

actin, pulling the actin filaments and contracting the muscle (Bers, 2008). However, this process 

must be quickly reversed to allow for relaxation (Gustavsson et al., 2013). This requires the rapid 

removal of cytosolic Ca2+, which is primarily completed by the sarcoplasmic-endoplasmic 
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reticulum Ca2+ATPase (SERCA) (Gustavsson et al., 2013). In addition to SERCA, Ca2+ is removed 

from the cytosol by the passive sodium-calcium (NCX) exchanger and other slower mechanisms, 

including uptake by the mitochondria (Kumari et al., 2018). The removal of Ca2+ from the cytosol 

is required for efficient relaxation and heart filling during diastole, directly impacting cardiac 

output (Bassani et al., 1994). Cardiac output (CO) is the net amount of blood pumped from the LV 

per minute and is the product of stroke volume (SV) multiplied by heart rate. Stroke volume is 

dependent on the peak volume during diastole, the end-diastolic volume (EDV), and the peak 

contraction during end-systolic volume (ESV). The heart's contractions can also be evaluated by 

fractional shortening, the percent difference in the LV diameter between diastole and systole. 

Ultimately, this cycle of contraction and relaxation requires the efficient delivery of ATP for 

sufficient SERCA function so myosin can dissociate from actin, without these ATP hydrolysis 

reactions the heart could not relax and fill (Bugger & Abel, 2010).  The coupled ATP production 

within the heart allows for efficient delivery and utilization of energy stores which is needed due 

to the high rate of ATP turnover in the heart, therefore mitochondrial content and function are 

essential for heart contractility. Due to this requirement for sufficient energy stores reductions in 

oxidative metabolism can manifest in HF (Sowton et al., 2019).  

1.5.2 Lipids and the Heart 

The heart can utilize both lipids and carbohydrates for metabolism, however, the hearts 

primary fuel source is lipids which can be accessed from circulation or the myocardial TAG pool 

(Wisneski et al., 1987). During a HFD or diabetes, increased delivery of fatty acids can lead to 

increased uptake, storage, and utilization by the heart, which is associated with the accumulation 

of toxic lipids such as DAGs and ceramides leading to lipotoxicity (How et al., 2007; Lassers et 

al., 1972; Peterson et al., 2012). These changes, by the heart in substrate utilization also decrease 
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efficiency due to lower ATP provision per oxygen (O2) molecule consumed during lipid oxidation 

in addition to impairing mitochondrial energy provision and biogenesis, increasing ROS 

production and altering calcium cycling (Anderson et al., 2009). While increased rates of b-

oxidation can upregulate PGC-1a, even an increased level of PGC-1a such as that seen in the 

hearts of db/db mice does not appear to protect against mitochondrial changes, rather the mice 

have downregulated content of OXPHOS complexes and reduced oxidative capacity (Boudina et 

al., 2007). Like in adipose, mitochondria are a source of ROS in the heart, and increased ROS 

levels promote pro-inflammatory pathways, macrophage infiltration, and expression of pro-

inflammatory cytokines, with decreased antioxidant defense contributing to the development of 

diabetic cardiomyopathy (DCM) (Ramaccini et al., 2021). Increased ROS can also promote ER 

stress, hypertrophy, fibrosis, apoptosis, and impair Ca2+ handling and sensitivity, by damaging 

Ca2+ handling proteins within the LV (Ochoa et al., 2018; M. Zhang et al., 2010). The expression 

of these pro-inflammatory signals in the heart, such as NF-kB, IL-6, and TNF-a have been found 

to occur after changes in systemic inflammation, indicating that systemic inflammation can 

contribute to the development of these pathological cardiac changes (Dinh et al., 2009; Ritchie & 

Abel, 2020). Due to the proximity of pWAT it is in a unique position to potentially further 

exacerbate this stress or protect the heart.  

1.6 Conclusion and Summary 

High levels of circulating lipids can have a plethora of detrimental effects on AT function as 

well as whole-body metabolic alterations. Within WAT, this can result in insulin resistance, 

fibrosis, oxidative stress, and immune cell infiltration. These pathological changes in WAT can 

impair the function of other tissues, such as the heart, which is particularly vulnerable due to its 

high metabolic requirements. In contrast to the storage function of WAT, BAT depots can 
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uncouple respiration through activation of UCP1; this produces heat and has an anti-obesogenic 

effect due to the futile energy cycling. Adipose can therefore induce and prevent these pathological 

changes associated with a high level of circulating lipids, which makes understanding the 

functionality of different depots of particular interest. However, the metabolism and function of 

pWAT is unclear, and it remains unknown if this unique depot protects or impairs heart function 

indirectly. As a result, this thesis seeks clarity by examining mitochondrial respiratory function 

within pWAT in the context of a HFD and obesity.  
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2 Chapter 2     Aims of Thesis  

The mitochondrial bioenergetics of pWAT remains poorly defined. Given that pWAT content has 

been associated with pathological cardiovascular changes and may represent a ‘beige’ energy 

dissipating depot, it is of particular interest to evaluate the mitochondrial bioenergetics within 

pWAT to determine if it is possibly protective, and how it responds to changes in obesity. 

Therefore, the purposes of this thesis were to:  

1) Evaluate the mitochondrial bioenergetics and determine if pWAT is uncoupled relative to 

other WAT depots. 

2) Determine if obesity alters mitochondrial bioenergetics within pWAT. 

It was hypothesized that: 

1) pWAT will express UCP1 and mitochondria will be uncoupled relative to eWAT, 

increasing leak respiration, and decreasing H2O2 emission. 

2) HFD/obesity will not further uncouple mitochondria within pWAT. 

3) HFD/obesity will increase mitochondrial respiratory capacity within pWAT.   
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3 Chapter 3     Manuscript  

3.1 Methods 

3.1.1 Animals 

All mice were bred on site at the University of Guelph and housed in a temperature-

controlled room on 12:12 hour light-dark cycle. First, male C57Bl/6N mice (n=4) were used to 

characterize pWAT and eWAT. Afterwards, two cohorts of mice were used to study the impact of 

HFD and obesity on pWAT. Wild-type C57Bl/6N (WT) mice were utilized to determine the effects 

of chronic high fat consumption. Specifically, male mice were placed on a HFD (n=36) for 8-

weeks, the diet was either 60% or 10% kcal from fat (Research Diets D12492, D12450J). The 

second cohort utilized a recently reported spontaneous obese (SO) mouse strain, where a polygenic 

mutation occurred in our C57BL/6J line, this resulted in a hyperphagic obese animal in the absence 

of changes to dietary composition, as previously characterized (Petrick et al., 2020). The SO mice 

(n=32, male=12 female=20) were utilized to examine possible differences in lean and obese 

littermates, which were co-housed and fed a standard chow diet. At the end of the intervention 

animals underwent echocardiograms as described below, and after a minimum of 48 hours 

recovery, tissue was excised under anesthetic (intraperitoneal injection of sodium pentobarbital 

(60 mg/kg)) and used immediately for mitochondrial bioenergetics or placed in histology buffer 

for histological sectioning. Food and water were provided ad libitum throughout, and all 

experiments were approved by the Animal Care Committee at the University of Guelph. 
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3.1.2 Echocardiography 

Echocardiography was performed on a subset of mice (SO: n= 5 obese, n= 4 lean, 8 Week 

HFD: n=9 HFD, n=7 control) > 48 hours before experiments using the Vevo770 imaging system 

(VisualSonics, Toronto, ON, Canada). The animals were anesthetized using isoflurane/oxygen mix 

(~2%:1 L/min), secured in a supine position to a heated platform and were maintained under 

anesthetic via a nose cone. Body temperature was monitored and maintained between 37.0 –        

38.0 ºC. Once secured on the platform, chest hair was removed utilizing a hair removal cream 

(Nair; Church and Dwight Canada, Mississauga, ON). A transducer (MicroscanTM array, MS-

550D) was used to capture 1-dimensional B-mode images along the parasternal long-axis and 2-

dimensional M-mode images of the LV. The M mode images, a cross section of the widest point 

of the ventricle, were analyzed using the Vevo software package (Vevo 2100 Workstation 

Software package). Heart rate, LV end diastolic dimension, and end systolic dimension were 

measured and then used to estimate cardiac output, stroke volume, end diastolic diameter and 

volume, fractional shortening, and ejection fraction (EF).  

3.1.3 Mitochondrial Respiration 

Mitochondrial respiration analysis in adipose tissue was performed in both eWAT and 

pWAT using high-resolution respirometry (Oroboros Oxygraph-2k, Innsbrunch, Austria) as 

previously reported (Paglialunga et al., 2015; Politis-Barber et al., 2020). The AT was collected 

and immediately transferred to (BIOPS) tissue preservation buffer (50 mM MES, 7.23 mM 

K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM DTT, 20 mM taurine, 5.77 mM ATP, 

15 mM PCr, 6.56 mM MgCl2H2O; pH 7.1) and minced with scissor. Adipose was then transferred 

to 2 mL mitochondrial respiration buffer (MIR05: 0.5 mM EGTA, 3 mM MgCl2.H2O, 60 mM 

lactobionic acid, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 mg/mL fatty acid-free 
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bovine serum albumin (BSA; pH 7.1) and washed for 5 minutes. Afterwards excess buffer was 

removed, the tissue was weighed, (~10 mg eWAT and ~5 mg pWAT) and then added to the 37 ºC 

high resolution respirometry chamber which contained 2 mL of MiR05 and 50 µg/mL saponin, a 

cholesterol-specific detergent which selectively permeabilizes the plasma membrane leaving the 

mitochondrial membrane intact as it contains very low levels of cholesterol (Veksler et al., 1987). 

Thereafter, sequential additions were added of 5mM of pyruvate and 1 mM malate to determine 

basal respiration, 5 mM adenosine diphosphate (ADP) to determine oxidative phosphorylation, 5 

mM of glutamate to ensure complex I was saturated, and 20 mM of succinate to determine maximal 

complex I and II supported respiration. Next 10 µM of cytochrome C (Cyt C) as added to assess 

mitochondrial membrane integrity, and finally 166.7 µM of 2,4-dinitrophenol (DNP) was added 

to examine maximal electron flux in an uncoupled state. Mitochondrial respiration was then 

normalized to wet tissue weight.  

3.1.4 Mitochondrial H2O2 Emissions 

Mitochondrial H2O2 emissions were determined fluorometrically (Lumina, Thermo 

Scientific, Waltham, MA) as previously reported (Paglialunga et al., 2015; Politis-Barber et al., 

2020). Specifically, pWAT and eWAT were minced in BIOPS and then transferred to Buffer Z 

(105 mM K-MES, 30 mM KCl, 1 mM EGTA, 10 mM KH2PO4, 5 mM MgCl2.H2O, 0.005 mM 

glutamate, 0.002 mM malate with 5 mg/ml BSA; pH 7.4) for 5 minutes. After which they were 

weighed (~5 mg pWAT and ~10 mg eWAT) and added to a 37 ºC Peltier controlled constantly 

stirring cuvette and allowed to run for 15 minutes. The cuvette contained Buffer Z supplemented 

with Amplex Red (10 µM, Invitrogen), 10 µg/mL digitonin, 40 U/mL of superoxide dismutase,  5 

U/mL of horseradish peroxidase, and 20 mM of succinate to determine succinate-supported 



 
 

33 
 

mitochondria H2O2 emission. Mitochondrial H2O2 emissions was calculated from the slope 

(fluorescence/minute) using a standard curve and rates were normalized to tissue wet weight.  

3.1.5 Histology 

Adipose tissue samples were fixed in 10% Formalin (VWR, Mississauga, ON, Canada), 

washed in ethanol and embedded in paraffin. Slides were taken at 5 µm and mounted on 1.2 mm 

slides (Fisher Scientific). The sections were stained using hematoxylin and eosin (Fisher 

Scientific). Slides were then imaged using an Olympus FSX light microscope (Tokyo, Japan) at 

×20 and ×40 magnification for adipocyte cross-sectional area (CSA) measurements and CLS count 

by evaluating leukocyte infiltration. The average of 2 fields per animal were then analyzed using 

ImageJ (National Institutes of Health) software for CSA. For CLS the average number were 

counted from four quadrants per image and the average was then expressed as the number of 

CLS/field. 

3.1.6 Western Blotting 

Adipose tissue was homogenized as previously described (Paglialunga et al., 2015). 

Briefly, adipose tissue was homogenized in lysis buffer, diluted to 1 µg/µL, and then 20 µg was 

separated on an SDS-page gel, which was then transferred to a polyvinylidene difluoride 

membrane. Membranes were blocked then incubated with the corresponding primary and 

secondary antibody either UCP1 (1:2000, Cell Signaling Technology, 10983) or mitochondrial 

OXPHOS complexes (OXPHOS; 1:500, Mitosciences, Ab110413). Membrane signals were 

detected using FluorChem HD imaging chemiluminescence (Alpha Innotech, Santa Clara), and 

Ponceau S staining was used to confirm consistent loading.  
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3.1.7 Statistical Analysis 

Statistical analysis was completed using Graphpad Prism 9. Initial analysis of eWAT and 

pWAT, echocardiograms, body weight, and UCP1 Western blot were performed using an unpaired 

two-tailed t-test. All other analyses utilized a two-way ANOVA with an Uncorrected Fisher’s least 

significant difference (LSD) post-hoc analysis when appropriate. Results are expressed as mean ± 

standard error of the mean (SEM), and significance was determined as p<0.05.  

3.2 Results  

3.2.1 Pericardial Adipose Tissue Characterization 

Given the limited understanding of pWAT metabolism, we first aimed to characterize 

respiration, cell size, and ROS emissions in pWAT relative to eWAT. Respirometry experiments 

indicated that pWAT had higher respiration per mg of tissue (Figure 6 A) in the presence of all 

substrates examined, including leak respiration (PM), complex I (PMD, PMDG), maximal 

oxidative phosphorylation (complex I and II: PMDGS) and maximal electron flux (+DNP: 

uncoupler). The increase in leak respiration (PM) and trend for reduction in respiratory control 

ratio (RCR; P=0.087) suggested pWAT is a more metabolically active tissue that is possibly 

‘uncoupled’, like a beige depot rather than a classical white depot. In support of this, mitochondrial 

H2O2 emission was higher and UCP1 was detected in pWAT (Figure 6 C). Additionally, pWAT 

displayed smaller multilocular adipocytes, similar to that of brown and beige adipose depots 

(Figure 6 D, E) (F. Zhang et al., 2018). Altogether, this data suggest pWAT displays many 

phenotypic similarities to classical BAT and suggests a potential protective role for pWAT on the 

heart in times of HFD and obesity.  
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Figure 6 Pericardial adipose tissue has increased respiration and ROS emissions but decreased cross sectional 
area relative to epididymal adipose tissue. Respiration in pWAT is higher relative to that of eWAT (A). Increased 
succinate supported ROS emissions in pWAT (B). Representative Western blot of increased OXPHOS and UCP1 in 
pWAT, with Ponceau as a loading control (C). Representative histology images with hematoxylin and eosin staining 
of pWAT and eWAT imaged at ×20 magnification (E). Relative frequency of adipocyte cross-sectional area (µm2) in 
pWAT and eWAT (F). Data is expressed as mean ± SEM, *P<0.05, n=4. JO2 flux represents mitochondrial O2 flux 
per mg wet weight, state IV (PM, P pyruvate and M malate), state III (PMD, D ADP), maximal complex I state III 
(PMDG, G glutamate), maximal complex I and II linked state III (PMDGS, S succinate), DNP (2,4-dinitrophenol), C 
cytochrome C, RCR (respiratory control ratio). CI-V complexes 1-5, eWAT/e epididymal adipose tissue, pWAT/p 
pericardial adipose tissue, UCP1 uncoupling protein 1. 

 

3.2.2 Pericardial adipose tissue inflammation during a HFD 

We next investigated the effects of a HFD on pWAT morphology and mitochondrial 

bioenergetics. An 8-week HFD increased body weight (Figure 7 A, Table 1), the apparent 

abundance of pWAT content (Figure 7B, C), and increased the CSA in both eWAT (p <0.0001) 

and pWAT (p<0.0001; Figure 8 A, B). While HFD increased the prevalence of CLS within eWAT 

(p<0.0001; Figure 8 C), this response was not apparent in pWAT suggesting the maintenance of 

cellular homeostasis despite the HFD. In further support of this interpretation, despite the increase 

in overall CSA, regions of pWAT retained the appearance of multilocular adipocytes (Figure 8). 
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Given that pWAT was susceptible to hypertrophy after a HFD, we next aimed to determine if this 

resulted in changes in respiration.  

 

Figure 7 Increase in body weight reflects in situ pWAT depots in control and HFD mice. Control mouse with 
limited pWAT content (A). pWAT surrounding the heart in a HFD mouse (B). HFD mice had significantly increased 
body weight (C). Data expressed as mean ± SEM, *P<0.05, n=5/group. pWAT pericardial adipose tissue, HFD high 
fat diet. 

 
Figure 8 HFD increases cross-sectional area in pWAT and eWAT, but only increases crown-like structures in 
eWAT. Representative images of histology with hematoxylin and eosin staining of eWAT (top) and pWAT (bottom) 
from control and HFD groups imaged at ×40 magnification (A). Cross-sectional adipocyte area (µm2) (B). Crown-
like structure count (counts/field) (C). Data is expressed as mean ± SEM, *P<0.05 vs. C-eWAT, #P<0.05 vs. H-
eWAT, d P<0.05 vs. C-pWAT, n=4/group. eWAT epididymal adipose tissue, pWAT pericardial adipose tissue, HFD 
high fat diet. 
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Figure 9 pWAT depots in control and HFD mice are heterogeneous. pWAT has regional differences in adipocyte 
appearance (A, B). Representative images of pWAT with hematoxylin and eosin staining imaged at ×4.2 and ×40 
magnification. pWAT pericardial adipose tissue, HFD high fat diet. 

 

3.2.3 Pericardial Adipose Tissue Mitochondrial Bioenergetics with a HFD 

Similar to figure 6, in control fed mice, pWAT respiration was higher in every experimental 

condition, and the trend previously observed in RCR values (Figure 6 A) reached significance 

(Figure 10 A). While the HFD did not impair eWAT respiration, in stark contrast, within pWAT a 

HFD reduced leak respiration (trend p=0.058), oxidative phosphorylation, and the maximal 

capacity of the ETC. The higher respiration in pWAT coincided with greater protein content of 

select OXPHOS subunits (Figure 10 B, C), and the decreased pWAT respiration following HFD 

corresponded with a decreased abundance of a subunit within complex I (Figure 10 C), although 

UCP1 was not altered in pWAT (Figure 10 D). Western blots have variable n size (n=4-9) due to 

requirement of pooling pWAT samples.  
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Figure 10 pWAT has higher mitochondrial respiration that decreases with a HFD. C-pWAT has higher 
mitochondrial respiration, which is impaired by a HFD (A). pWAT has higher OXPHOS content than eWAT, and CI 
levels but not UCP1 is decreased in pWAT after a HFD (B). Representative Western blot of OXPHOS subunits, UCP1 
and ponceau as loading control (C). Data is expressed as mean ± SEM, *P<0.05 vs. C-eWAT, #P<0.05 vs. H-eWAT, 
d P<0.05 vs. C-pWAT, respiration: n=7-9/group, Western blot: n=4-9/group. control eWAT, n=8 HFD eWAT, n=4 
pWAT control, JO2 flux represents mitochondrial O2 flux per mg wet weight, state IV (PM, P pyruvate and M malate), 
state III (PMD, D ADP), maximal complex I state III (PMDG, G glutamate), maximal complex I and II linked state 
III (PMDGS, S succinate), DNP (2,4-dinitrophenol), C cytochrome C, RCR (respiratory control ratio). C control, CI-
V complexes 1-5, eWAT epididymal adipose tissue, H high fat diet, ND not detectable, pWAT pericardial adipose 
tissue, OXPHOS oxidative phosphorylation, UCP1 uncoupling protein 1.  
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Next, we examined the effects of a HFD on mitochondrial ROS. While succinate supported 

H2O2 emission was higher in pWAT regardless of diet (Figure 11), HFD decreased mitochondrial 

H2O2 emission pWAT (vs. control pWAT p=0.0049).   

 

 
Figure 11 HFD results in depot-specific changes in H2O2 production. Succinate-supported H2O2 emissions per mg 
wet weight increased in pWAT compared to eWAT, but is blunted by a HFD. Data is expressed as mean ± SEM, 
*P<0.05 vs. C-eWAT, #P<0.05 vs. HFD-eWAT, d P<0.05 vs. C-pWAT, n=6-8/group. C control, eWAT epididymal 
adipose tissue, HFD high fat diet, pWAT pericardial adipose tissue.  

  

3.2.4 Pericardial adipose tissue inflammation in obesity 

The above data suggests that the consumption of a HFD reduces pWAT respiration, 

OXPHOS protein content and H2O2 emission. The next aim was to evaluate if these changes were 

specific to a HFD or if they occur with other models of obesity. To characterize this, a 

spontaneously obese mouse model was utilized, which like their HFD counterparts have increased 

adiposity, and altered cardiac contractility as determined by echocardiography. Specifically, in SO 

mice EDV and SV are reduced, (Figure 12, Table 1) despite consuming a standard chow diet. 
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Figure 12 Cardiac hypertrophy occurs in HFD and obese animals. HFD animals have reduced EDV, CO and SV 
with preserved ESV and EF (A-E). Echocardiogram representative image of control and HFD animal (F). Obese 
animals have reduced EDV, SV, but preserved ESV, CO, and EF (G-K). Data is expressed as mean ± SEM, *P<0.05 
vs control/lean, spontaneously obese: obese n= 7 (3 female, 4 male), lean n=4 (3 female, 1 male), HFD n=7-9/group. 
CO cardiac output, EDV end diastolic volume, EF ejection fraction, ESV end systolic volume, SV stroke volume. 
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Table 1 Characterization of echocardiography and body weight of HFD and obese animals. 

Data expressed as mean ± SEM, *P<0.05. Echocardiogram: obese n=7 (3 female, 4 male), lean n=4 (3 female, 1 
male), HFD n=7-9, body weight n=5/group (obese: female 3, male 2, lean: female 3, male 2). BPM beats per 
minute.  

 
 

The significant differences in body weight between obese and lean mice translated to visual 

differences in pWAT depot size (Figure 13) and increased CSA relative to their respective lean 

depots (pWAT p=0.0001, eWAT p<0.0001; Figure 14 A, B) without altering CLS within pWAT 

(Figure 14 C). Additionally, obese pWAT retained the appearance of clusters of small adipocytes 

with beige-like appearance (Figure 14 A, Figure 15), suggesting a phenotype similar to HFD 

responses within pWAT. 

 

 
Figure 13 Increase in body weight reflects in situ pWAT depots in lean and obese mice. Obese mouse had 
significantly increased body weight (A). Lean mouse with limited pWAT content (B). pWAT surrounding the heart 
in an obese mouse (C). Data expressed as mean ± SEM, *P<0.05, n=5/group (obese: female 3, male 2, lean: female 
3, male 2). pWAT pericardial adipose tissue. 
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Figure 14 Obesity increases cross-sectional area in pWAT and eWAT, but only increases crown-like structures 
in eWAT. Representative images of histology with hematoxylin and eosin staining of eWAT (top) and pWAT 
(bottom) from lean and obese groups imaged at ×40 magnification (A). Cross-sectional adipocyte area (µm2) (B). 
Crown-like structure count (counts/field) (C). Data is expressed as mean ± SEM, *P<0.05 vs. L-eWAT, #P<0.05 vs. 
O-eWAT, d P<0.05 vs. L-pWAT, n=6/group (obese: female 4, male 2, lean: female 4, male 2). eWAT epididymal 
adipose tissue, pWAT pericardial adipose tissue, O obese, L lean. 

 
 

 
 

Figure 15 pWAT depots in lean and obese mice are heterogeneous. pWAT has regional differences in adipocyte 
appearance in lean and obese mice (A, B). Representative images of pWAT with hematoxylin and eosin staining 
imaged at ×4.2 and ×40 magnification. pWAT pericardial adipose tissue. 
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3.2.5 Pericardial adipose tissue mitochondrial bioenergetics in spontaneously obese mice 

  While eWAT respiration within obese mice was not altered (Figure 16 A), supporting 

previous research (Petrick et al., 2020), in contrast to HFD animals, pWAT respiration was not 

reduced in obese mice, and leak respiration (PM) was increased (Figure 16 A), resulting in a 

reduced RCR. This data suggests mitochondrial uncoupling of pWAT of obese mice, a finding 

supported by increased UCP1 content (p=0.009) and increased content of complexes I, III, IV, in 

addition to the trend for a decrease in CV ATP synthase (p=0.1; Figure 16 B). Western blots have 

variable n size (n=5-7) due to requirement of pooling pWAT samples.  
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Figure 16 pWAT has higher mitochondrial respiration, that is unchanged with obesity. L-pWAT has higher 
mitochondrial respiration, and neither pWAT or eWAT mitochondrial respiration was impaired by obesity (A). 
Obesity increased OXPHOS content in pWAT but was not significantly reduced in eWAT. Representative Western 
blot of OXPHOS, UCP1, with Ponceau as loading control (C). Data is expressed as mean ± SEM, *P<0.05 vs. L-
eWAT, #P<0.05 vs. O-eWAT, d P<0.05 vs. L-pWAT, respiration obese n= 6 (4 female, 2 male), lean n=7 (5 females, 
2 males), Western blot obese n=5-7 (female 3-5, male 2), lean n=5 (female 4, male 1). JO2 flux represents 
mitochondrial O2 flux per mg wet weight, state IV (PM, P pyruvate and M malate), state III (PMD, D ADP), maximal 
complex I state III (PMDG, G glutamate), maximal complex I and II linked state III (PMDGS, S succinate), DNP 
(2,4-dinitrophenol), C cytochrome C, RCR (respiratory control ratio). eWAT epididymal adipose tissue, pWAT 
pericardial adipose tissue, L lean, ND not detected, O obese, OXPHOS oxidative phosphorylation, UCP1 uncoupling 
protein 1.  
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Given the apparent uncoupling of pWAT in obese mice we next examined mitochondrial 

H2O2 emission. While H2O2 emission was not altered in eWAT with obesity, ROS emission 

(p=0.0004, Figure 17 A), and the electron leak (H2O2/JO2) in pWAT was reduced with obesity 

(p=0.0043; Figure 17 B), further suggesting uncoupling in pWAT with obesity. 

 

 
Figure 17 Obese pWAT has decreased H2O2 production and electron leak. Succinate-supported H2O2 emissions 
per mg wet weight increased in pWAT (A). H2O2/JO2 ratio was decreased in O-pWAT (B). Data is expressed as mean 
± SEM, *P<0.05 vs. L-eWAT, #P<0.05 vs. O-eWAT, d P<0.05 vs. L-pWAT, n=6/group (obese: 4 female, 2 male, 
lean: 5 females, 2 males). eWAT epididymal adipose tissue, pWAT pericardial adipose tissue. 
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4 Chapter 4     Discussion 

In the current thesis, pWAT was found to have higher leak respiration, OXPHOS capacity, 

and ETC content, in addition to morphological characteristics that all support the notion that 

pWAT is a beige depot. Additionally, challenging animals with a HFD or a hyperphagic model of 

obesity resulted in increased pWAT abundance and CSA in the absence of increased CLS, while 

obesity was associated with increased leak respiration, UCP1 content and decreased H2O2 emission 

within pWAT. Altogether these data suggest pWAT is an energy dissipating tissue that is likely 

protective for the heart. Since pWAT displays a marked capacity to expand and store lipids, its 

multi-tiered mechanisms may protect the heart from the detrimental effects of a high lipid 

environment.  

The high level of uncoupling within pWAT relative to other adipose depots could occur for a 

variety of reasons, biologically, having thermogenic adipose tissue close to the heart could be 

protective against arrhythmias arising due to cold exposure (Sacks et al., 2009). The beige nature 

of pWAT could also be due to the increased blood flow received by the depot, given that the heart 

and pWAT share vasculature (Marchington et al., 1989). The high rate of blood flow through 

coronary arteries, is required for sufficient oxygen delivery and metabolism in the heart (Goodwill 

et al., 2017), this could mean that pWAT has significantly higher blood flow than other adipose 

depots. Increased perfusion to BAT can cause its activation (Ernande et al., 2016), therefore 

increased blood flow to pWAT could be associated with its uncoupled respiration. Alternatively, 

since contractility in the heart can be regulated through NE stimulation of b-adrenergic receptors 

(Gauthier et al., 1996), it could be reasoned that the b-adrenergic stimulation of the heart also 

stimulates pWAT enabling it to act as a lipid depot or buffer for the heart, ensuring quick access 

to lipids and preventing lipotoxicity. This may relate to the finding that pWAT has higher levels 
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of b-adrenergic receptors and lower levels of inhibitory a-adrenergic receptors relative to other 

adipose depots (Chechi et al., 2017; Mikamo et al., 2018). However, while acute increases in 

b-adrenergic stimulation can increase contractility, chronically increased levels, which may occur 

in HF can contribute to cardiac hypertrophy (Engelhardt et al., 1999). This hyperactivation and 

high levels of catecholamines could therefore lead to myocardial impairments while also 

stimulating pWAT, a potential mechanism for increased pWAT activity despite decreased diastolic 

volume, such as those seen in the obese mouse model.  

While both HFD and obese models had similarities such as an increase in pWAT mass and 

CSA, there were also many differences, specifically, the opposing changes in respiration. The 

apparent increase in respiration and uncoupling in obese pWAT, could be due to increased b-

adrenergic activation, or other endocrine stimulation, potentially by the heart which can release 

NP, a browning stimulus (Bordicchia et al., 2012). The increase could also be due to other 

compensatory mechanisms and crosstalk between the heart and pWAT which have yet to be 

determined. The difference in respiration between pWAT in a HFD and obese animals could occur 

for a plethora of reasons, potentially, a HFD results in a more ‘extreme’ environment due to 

increases in levels of circulating lipids. Lipids can activate ER stress and pro-inflammatory 

pathways such as JNK (Özcan et al., 2004), as well as lead to lipid peroxidation and protein 

carbonylation; processes that can damage the ETC and impair respiration (Grimsrud et al., 2007). 

This suggests that high-level of circulating lipids are responsible for the metabolic perturbations 

in pWAT rather than increased adiposity. The notion that respiratory dysfunction is a consequence 

of a HFD rather than obesity, has been proposed before, as a previous characterization of 

spontaneously obese mice found oxidative stress and inflammation occurred without 

mitochondrial dysfunction (Petrick et al., 2020).  
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It is difficult to compare AT depots with dramatically different cell sizes, as larger AT cells 

essentially ‘dilutes’ mitochondria. In this respect, the increase in respiration observed in pWAT 

may reflect a greater number of AT cells that exists per gram of tissue because of the dramatically 

smaller adipocyte size. In support of this, when estimating adipose tissue cell number based on 

CSA as previously reported (Politis-Barber et al., 2020), results in lower respiration in pWAT 

(Figure 18). 

 

Figure 18 Mitochondrial respiration relative to cell volume in eWAT and pWAT. Adipocyte cell volume (A). 
Mitochondrial respiration is lower per cell in pWAT than in eWAT (B). Data is expressed as mean ± SEM, *P<0.05, 
n=6. JO2 flux represents mitochondrial O2 flux per mg wet weight, state IV (PM, P pyruvate and M malate), state III 
(PMD, D ADP), maximal complex I state III (PMDG, G glutamate), maximal complex I and II linked state III 
(PMDGS, S succinate), eWAT epididymal adipose tissue, pWAT pericardial adipose tissue. 

 

Similarly, the decrease in both respiration and OXPHOS content in pWAT following a 

HFD may support the conclusion that decreased respiration contributes to metabolic abnormalities. 

Alternatively, hypertrophy could cofound apparent changes in respiration and OXPHOS content, 
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essentially diluting mitochondrial content. However, in the present study despite the increase in 

AT volume following a HFD, respiration remained lower when normalized to estimated cell CSA 

(Figure 19), suggesting the reduction in respiration was not dependent on hypertrophy-induced 

mitochondrial dilution. 

 

Figure 19 Mitochondrial respiration relative to cell volume in pWAT is decrease with a HFD. Adipocyte cell 
volume (A). Mitochondrial respiration is lower per cell with a HFD in pWAT (B). Data is expressed as mean ± SEM, 
*P<0.05, n=6-7/group. JO2 flux represents mitochondrial O2 flux per mg wet weight, state IV (PM, P pyruvate and M 
malate), state III (PMD, D ADP), maximal complex I state III (PMDG, G glutamate), maximal complex I and II linked 
state III (PMDGS, S succinate), pWAT pericardial adipose tissue. 

 
In this thesis, H2O2 emission was unchanged in eWAT in both obese and HFD animals. A 

previous study utilizing the spontaneously obese strain found increased ROS emission in eWAT, 

however, these differences in the spontaneously obese animals could be explained by 

methodological differences, as previous works determined lipid-supported ROS emissions (Petrick 

et al., 2020), compared to maximal succinate supported ROS emissions which were used in this 

thesis. Succinate supported ROS, was utilized because it has been shown to increase in eWAT 
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after 8-weeks, while that finding was also not detected in these experiments it may be due to 

differences within eWAT respiration when evaluated per tissue wet weight, and if H2O2 emissions 

were evaluated per adipocyte, it may change the present interpretation in eWAT (Politis-Barber et 

al., 2020). However, the robust differences with succinate supported ROS between eWAT and 

pWAT support the hypothesis of uncoupling within pWAT. This increase in ROS in pWAT, does 

not necessarily indicate increased stress, rather, it could be a result of the extremely high rate of 

uncoupled respiration. This conclusion is supported by the ratio of H2O2/JO2 which was lower in 

a majority of pWAT groups. Additionally, while H2O2 emissions is lower in HFD pWAT, when 

normalizing to respiration rate the ROS emissions are increased relative to oxygen flux, which 

therefore might not be indicative of an actual decrease in ROS emissions with a HFD but an artifact 

of decreased respiration.   

While the respiration and ROS emission of pWAT were impacted differently by obesity and 

a HFD, these differences may contribute to separating the pathological effects associated with a 

HFD from that of adiposity and obesity. In both models the relationship of pWAT to the heart 

remains unclear, as obese and HFD animals both displayed hypertrophy that resulted in a reduction 

in diastolic volume and stroke volume as evaluated by echocardiography. Changes in diastole have 

been directly linked to impaired mitochondrial function (Riehle & Bauersachs, 2019), yet the left 

ventricles of spontaneously obese mice were found to have preserved mitochondrial respiration 

(Petrick et al., 2020). This may indicate that diastolic impairments are not only induced as a result 

of mitochondrial impairments or by increased circulating lipids but rather these changes may result 

from hypertrophy and increased pressure and stress upon the heart. Additionally, these data suggest 

that uncoupling within pWAT is not sufficient to counteract these pathological changes, this is 

supported by the suggestion that the pathological effects of systemic obesity may outweigh the 
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local effects of pWAT (Fox et al., 2009). Together these data may explain the correlation between 

pWAT mass and cardiovascular risk that has been repeatedly established (Christensen et al., 2020; 

Iacobellis et al., 2003; Mahabadi et al., 2013), and indicate that while increased pWAT itself may 

not be inherently detrimental for heart health, but rather an indication of overall increases in 

adiposity. 

4.1 Limitations  

4.1.1 Spontaneously Obese Mice  

Due to limitations in colony breeding capacity, there was a range of ages and sexes of obese 

mice utilized.  It has been established that browning and cardiac impairments are both influenced 

by age and sex  (Himms-Hagen, 1969; Moreira-Pais et al., 2020; Ouellet et al., 2012; Pfannenberg 

et al., 2010; Richard et al., 2020; Shufelt et al., 2018; Tong et al., 2019), it may therefore be 

advantageous in future research to evaluate these changes within a less variable sample, which will 

allow for the exploration of the trends found in Western blots within this thesis. Further 

experiments that separate ages and sexes could provide robust findings and help determine 

differences attributable to both age and sex. Future research should also consider evaluating both 

between and within sexes, in addition to changes with aging, as the present study was 

underpowered to examine these possibilities.  

4.1.2 pWAT Tissue Limits  

While pWAT depot size was drastically increased during interventions, the amount of 

tissue in lean and control animals limited the number of experimental protocols for respiration and 

ROS emissions that could be performed per animal. It resulted in the utilization of different animals 

for respiration, histology, and Western blotting, where tissue had to be pooled from different 

animals. Additionally, the heterogenous nature of pWAT visualized in histological sectioning 
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presents a limitation as the small sample weights combined with heterogenous nature led to great 

variability between samples, limiting comparison between animals and reduced overall sample 

size. This small sample size reduced our statistical power; as a larger sample size would have 

enabled greater differences and trends to be determined between groups. 

4.1.3 Thermoneutrality 

A limitation of the present study is that animals were not housed in their true 

thermoneutrality. Activation of BAT is consistently linked to cold-exposure, and differences in 

BAT activity and browning between studies has been associated with discrepancies in ambient 

housing temperature.  It has been found that when animals are housed at thermoneutrality, BAT 

activation in response to exercise is decreased (Mckie et al., 2019). Since rodents are commonly 

housed below thermoneutrality, including in this study, it could present confounding variables for 

the interpretations of baseline browning and BAT activity, as well as the comparison to human 

studies. However, pWAT is a visceral depot unlike subcutaneous beige depots such as iWAT, and 

due to its anatomical location iWAT may be more susceptible to changes associated in housing 

temperature.   

4.2 Future Direction 

While the mechanisms behind DCM and HF are still being elucidated, research should begin 

to also consider pWAT for its potential protective effects on the heart in different disease states. 

A first step utilizing the models present in this thesis is to evaluate pWAT in spontaneously obese 

mice on a HFD, if increases in respiration and UCP are ameliorated by a HFD this could to confirm 

that the differences between models are due to HFD and exclude other potential differences 

between the interventions and strains. 
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4.2.1 Induction of Browning 

While pWAT has been established as a beige depot, the impact of different browning 

agents on pWAT remains unknown. Since these present findings indicate that pWAT, a beige 

depot, can be influenced by diet and obesity, a logical next step would be to evaluate the ability of 

different browning agents to influence pWAT. Since other beige depots such as iWAT responds 

to exercise, cold and b-agonists such as CL-316,243 (Danysz et al., 2018; Knudsen et al., 2014), 

it should be evaluated if pWAT can similarly be influenced. Changes could be evaluated by 

determining mitochondrial bioenergetics, UCP1 and PGC-1a expression. Upon the confirmation 

of the ability of these stimulants to influence pWAT, animals could then be challenged with a HFD 

prior to or after browning is stimulated. These studies could provide insight regarding the influence 

of different stimuli on pWAT and could be extended to evaluate the influence of increased 

browning upon changes in the myocardium. Altogether, this could provide a foundation of 

exploring pWAT as a treatment for DCM and other morbidities.   

4.2.2 Surgical Models 

This thesis establishes the different activity between eWAT and pWAT, however, it is 

unclear if this is an innate difference between the tissues or rather are due to the local influences 

of the heart. Previously, surgical transplantation of iWAT and eWAT into visceral adipose depots 

has been found to reduced metabolic perturbations, which are worsened with depot removal 

(Foster et al., 2013). Therefore, transplantation of different adipose depots to the heart such as 

eWAT and iWAT, could be performed. These depots could then be evaluated to determine if the 

localization of pWAT next to the heart induces browning, or if it is perhaps innate to pWAT. 

Afterwards animals could be challenged with a HFD to evaluate if changes to the heart are 

exacerbated or improved with the presence of other depots. Furthermore, the surgical ablation of 
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pWAT, could be performed to better determine the buffering and/or protective capacity of pWAT, 

because if its removal results in the exacerbation of HFD and obesity induced cardiac impairments, 

it would provide strong support for the protective role of pWAT.  

4.2.3 Endocrine Signaling 

pWAT, like other adipose depots has an endocrine function, that is altered during obesity. 

However, whether pWAT or the heart initiates these changes remains unclear as adipokines from 

pWAT has been associated with the development of fibrosis and dysfunction in the myocardium 

(Greulich et al., 2012; Li et al., 2019; Venteclef et al., 2015). In contrast, the changes in adipokine 

secretion have been suggested to be mediated by the heart rather than pWAT (Elie et al., 2016). 

While not determined in the present study, future work should utilize methods such as tissue 

cultures to determine the products secreted from pWAT under different circumstances, while a 

limitation of this is that tissue cultures are not necessarily reflective of true physiology, information 

gathered from these studies could be utilized to find appropriate inhibitory or knock-out models 

that can be challenged with obesity to better determine how changes in cross-talk influence the 

heart and pWAT.  

4.3 Conclusion  

In conclusion this thesis establishes that pWAT has uncoupled mitochondria, increased 

UCP1 content and multilocular adipocytes indicative of beige AT. Additionally, pWAT is 

malleable in response to obesity and a HFD, as while both models decreased mitochondrial H2O2 

emission, obesity increased leak respiration. Combined these data suggest that pWAT may be 

important in the regulation and protection of the heart during obesity. However, further research 

is needed to better understand the signals required for the induction of browning in this AT depot 

as well as the physiological implications of pWAT on heart health. Despite these limitations, the 
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present study highlights that pWAT should be considered a dynamic metabolic organ with clinical 

and health implications.  
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