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ABSTRACT

Roles of lipid metabolites and reactive oxygen species

in the regulation of adipocyte function

Jee Hyung Sohn

Adipocytes are specialized cells to regulate lipid metabolism, a 

process that is closely linked to systemic energy homeostasis. In mammals, 

white adipocytes are responsible for lipid storage and breakdown in response 

to energy status, whereas brown adipocytes participate in heat production and 

energy expenditure through fatty acid (FA) oxidation in response to cold. In 

adipocytes, dysregulation of lipid metabolism is closely associated with

metabolic disorders including dyslipidemia, type 2 diabetes, hepatic steatosis, 

and various inflammatory diseases. Although precise control of lipid 

metabolism in adipocytes is crucial for systemic energy homeostasis, the 

patho-physiological roles of each mediator produced during metabolic 

processes are largely unknown. Emerging evidence suggests that lipid 

metabolites and reactive oxygen species (ROS), which are products and/or 

byproducts of lipid metabolism, could act as signaling molecules. For 

example, lipid metabolites, such as saturated FA and leukotriene B4, activate 
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inflammatory responses in white adipose tissue (WAT), resulting in systemic 

insulin resistance. Further, it has been recently reported that cellular ROS in 

brown adipocytes has opposite effects on thermogenic activity. While 

mitochondrial ROS mediates heat production in brown adipocytes upon cold

exposure, excessive ROS disrupts the thermogenic action of brown 

adipocytes. However, the underlying mechanisms by which lipid metabolites

and ROS could modulate adipocyte function and whole-body energy 

metabolism have not been thoroughly understood yet.

In chapter one, I have demonstrated that aberrant lipolysis in white 

adipocytes induced adipose tissue inflammation and systemic insulin 

resistance through the secretion of pro-inflammatory lipid metabolites.

Increased basal lipolysis in adipocytes by perilipin 1 (PLIN1) deficiency 

promoted adipose tissue macrophage (ATM) accumulation through elevated

prostaglandins, leading to systemic insulin resistance. Thus, it is feasible to 

speculate that dysregulation of lipolysis in white adipocytes could impair the 

immune balance in adipose tissue and whole-body energy homeostasis by 

unnecessary secretion of lipid metabolites.

In chapter two, the regulatory mechanisms of thermogenic activity 

through ROS clearance in brown adipocytes have been investigated. I 

observed that redox regulation and the anti-oxidative pathway were more 

active in brown adipose tissue (BAT) than in WAT. It is of interest to note that 

glucose-6-phosphate dehydrogenase (G6PD), a nicotinamide adenine 
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dinucleotide phosphate (NADPH)-producing enzyme, contributed to 

different roles in BAT and WAT. In brown adipocytes, G6PD defect enhanced 

cytosolic ROS-induced ERK activation, leading to dysfunction of 

thermogenesis. Together, these data propose that cellular ROS scavenging by 

G6PD in brown adipocytes would support heat production upon cold 

stimulation.

In this thesis study, I suggest that proper regulation of lipid 

metabolites and cellular ROS in adipocytes is crucial for maintaining 

adipocyte functions which contribute to systemic energy homeostasis.

Keywords: white adipocyte, brown adipocyte, lipolysis, lipid metabolites, 

pro-inflammatory responses, insulin resistance, thermogenesis, oxidative 

stress

Student number: 2012-20314
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BACKGROUNDS

1. Adipocytes

1) White adipocytes

In mammals, adipose tissue is composed of adipocytes and stromal 

vascular cells (SVCs). Among them, adipocytes are specialized in storing

extra energy sources as lipid metabolites in the form of lipid droplets (LDs) 

and are an essential cell type in the control of whole-body energy homeostasis.

For long times, adipocytes have been largely divided into white and brown 

subtypes (Park et al., 2014). The characteristics of white and brown 

adipocytes are summarized in Table 1. 

The main function of white adipocytes is storage of excess energy as 

lipid metabolites. White adipocytes anatomically constitute two depots of 

subcutaneous white adipose tissue (WAT) and visceral WAT. White 

adipocytes are spherical cells whose variable size depends on the size of the 

unilocular LDs. In mature white adipocytes, the LDs accounts for the majority 

of cell volume (Cinti, 2009). Recent studies have demonstrated that white 

adipocytes release various hormones and metabolites, such as leptin, 

adiponectin, cytokines, and, fatty acids (FAs) (Scherer et al., 1995; Yore et al., 

2014; Zhang et al., 1994). In response to metabolic stimuli, white adipocytes 

perform paracrine and endocrine functions and regulate adipose tissue and 

systemic energy metabolism through the secretion of diverse hormones and 
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Table 1. Characteristics of white and brown adipocytes

White adipocytes Brown adipocytes

Location Subcutaneous, visceral Interscapular

Development
From Myf5-

progenitor cells
From Myf5+

progenitor cells

Function
Energy storage,

endocrine function
Energy expenditure,

heat production

LD morphology Large, unilocular Small, multilocular

Mitochondria content Low High

UCP1 expression Low High

Lipid metabolism Lipid storage, lipolysis Fatty acid oxidation
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metabolites.

2) Brown adipocytes

Compared to white adipocytes, the most distinct features of brown 

adipocytes are LD morphology and mitochondrial content. Brown adipocytes 

contain LDs that are small and multilocular, while their mitochondria are 

numerous, large, and spherical (Cinti, 2009). Uncoupling protein 1 (UCP1) is 

located in the inner membrane of mitochondria (IMM) in brown adipocytes. 

UCP1 induces proton conductance through the IMM to dissipate the proton 

gradient and convert chemical energy into heat, rather than producing ATP 

(Nicholls and Locke, 1984). During cold exposure, the sympathetic nervous

system is activated, and released norepinephrine stimulates brown adipocytes. 

In response to catecholamines, activated b3-adrenergic receptors in brown 

adipocytes turn on the expression of thermogenic genes, including 

peroxisome proliferator-activated receptor g coactivator 1-alpha (PGC1a), 

iodothyronine deiodinase 2 (DIO2), and UCP1. Also, b3-adrenergic 

stimulation in brown adipocytes promotes mitochondrial biogenesis as well 

as the uptake of glucose and lipids (Cannon and Nedergaard, 2004). Thus, 

brown adipocytes play a key role in the regulation of thermogenesis and 

energy expenditure through fuel oxidation. Although brown adipocytes have 

been intensively studied in rodents, it has been considered that brown 
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adipocytes in humans appeared to be limited to infants. However, it has been 

recently reported that brown adipocytes contained in brown adipose tissue 

(BAT) are present and functional in adult humans (Cypess et al., 2009; 

Virtanen et al., 2009). For instance, metabolically functional brown 

adipocytes are formed in the cervical, supraclavicular, mediastinal, 

paravertebral, and suprarenal regions in adult humans (Cedikova et al., 2016).

3) Beige adipocytes

Most recently, beige adipocytes, inducible brown-like adipocytes in 

WAT, are identified. At room temperature or thermoneutrality, beige 

adipocytes resemble white adipocytes which do not express UCP1. However, 

upon cold or b-adrenergic stimulation, beige adipocytes have small and 

multilocular LDs and mitochondria that express UCP1 (Sidossis and 

Kajimura, 2015). Thus, similar to brown adipocytes, beige adipocytes have a 

thermogenic activity. However, it is still unclear whether beige adipocytes 

arise through de novo differentiation of precursor cells or through the 

transition from white adipocytes.

2. Lipid metabolism in adipocytes

1) Regulation of lipid metabolism in adipocytes

Adipocytes are specialized for lipid metabolism including uptake, 
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storage, lipogenesis, and lipolysis. LD is a pivotal subcellular organelle in the 

regulation of lipid metabolism in adipocytes. LD is consist of neutral lipids 

such as triglycerides (TGs) and cholesteryl esters surrounded by a 

phospholipid monolayer (Carman, 2012; Kimmel and Sztalryd, 2016). 

Various proteins associated with the regulation of lipid metabolism are 

present on the surface of LD. An energy surplus leads adipocytes to store extra 

glucose and FAs in the form of LD, whereas TGs stored in the LD are

hydrolyzed and released upon energy deprivation. 

In the postprandial state, insulin stimulates both lipids uptake from the

blood and de novo lipogenesis, while it represses lipid breakdown. Circulating 

TGs packed with lipoproteins are hydrolyzed by lipoprotein lipase and 

absorbed by adipocytes (Merkel et al., 2002). Also, free FAs (FFAs) enter 

adipocytes through transporters such as CD36 and fatty acid transport protein-

1 (Endemann et al., 1993; Wu et al., 2006). In addition, insulin promotes 

glucose uptake, which drives de novo lipogenesis through sterol regulatory 

element-binding protein and carbohydrate response element-binding protein 

(Song et al., 2018). Upon fasting or starvation, glucagon and catecholamines 

stimulate the mobilization of accumulated lipids through lipolysis in 

adipocytes to meet the energy demand of other organs. Lipolysis is defined as 

a catabolic process leading to TG hydrolysis into FFAs and glycerol through 

interactions between lipases, including adipose triglyceride lipase (ATGL)

and hormone-sensitive lipase (HSL), and LD-associated proteins, including 
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Perilipin 1 (PLIN1) and comparative gene identification (CGI)-58 (Tansey et 

al., 2001) (Brasaemle et al., 2000; Miyoshi et al., 2006) (Granneman et al., 

2009) (Figure 1). In adipocytes, lipid storage and hydrolysis are highly 

regulated processes upon various physiological conditions (Saponaro et al., 

2015). Thus, dysregulation of lipid metabolism is closely linked to 

pathological conditions such as obesity, lipodystrophy, insulin resistance, and 

inflammatory diseases. 

2) Lipid dysregulation and metabolic diseases

Impaired lipid metabolism in adipocytes is correlated with metabolic 

disorders. In adipocytes, extra energy intake without enough energy 

expenditure causes excessive lipid accumulation, leading to obesity. 

Moreover, chronic overnutrition which exceeds the maximal capacity of lipid 

storage results in obesity-related metabolic disorders such as insulin 

resistance, dyslipidemia, and cardiovascular disease. In particular, enlarged 

adipocytes often fail to absorb excess lipids in the blood and/or frequently 

show increased lipolysis, resulting in ectopic fat accumulation. Aberrantly 

increased lipid accumulation in liver and skeletal muscle impairs insulin 

sensitivity (Samuel and Shulman, 2012). Further, diacylglycerol suppresses 

the insulin signaling pathway through activation of protein kinase C (Shulman, 

2014). It has also been reported that lipid metabolites trigger immune 
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Figure 1. Schematic model of lipolysis upon fasting. In adipocytes, PLIN1 
surrounds LDs and inhibits lipolysis during feeding condition. On the other 
hand, fasting signal induces phosphorylation of PLIN1, thereby regulating the 
interactions between LD proteins and lipases. Thus, these interactions 
promote lipolysis.  
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responses. In immune cells, saturated FAs and ceramides promote 

inflammatory responses and insulin resistance (Lackey and Olefsky, 2016; 

Shi et al., 2006) (Chaurasia and Summers, 2015). Lipodystrophy is a 

pathological state of adipose tissue deficiency that can be acquired or 

genetically inherited (Garg, 2004). In addition to obesity, dysfunction 

adipocytes which fail to efficiently store lipids cause lipodystrophy. In 

lipodystrophy, mature adipocyte numbers are reduced, leading to a reduction 

of storage capacity in adipose tissue associated with ectopic fat accumulation 

in liver and skeletal muscle. The consequences of this disorder include 

abnormalities in insulin sensitivity and serum lipid levels (Huang-Doran et 

al., 2010; Savage, 2009). 

Even though lipodystrophy and obesity show opposite phenomena in the 

aspect of adipose tissue mass, both pathological conditions are accompanied 

by similar metabolic complications (Huang-Doran et al., 2010; Kahn and 

Flier, 2000; Savage, 2009). Obesity-induced chronic low-grade inflammation 

is one of the major factors in the pathogenesis of insulin resistance (Donath 

and Shoelson, 2011; Olefsky and Glass, 2010). Obese adipocytes are

characterized by increased expression of inflammatory genes, such as tumor 

necrosis factor (TNF) α, interleukin (IL)-6, and monocyte chemoattractant 

protein (MCP)-1, and also by promoted infiltration of immune cells, 

particularly macrophages (Hotamisligil et al., 1993; Weisberg et al., 2003; Xu 

et al., 2003). However, the underlying mechanisms by which factors directly 
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induce systemic insulin resistance in patients with lipodystrophy have not

been largely understood. 

3) Lipid metabolites and inflammatory responses

Lipid metabolites are associated with numerous human diseases, 

including atherosclerosis, rheumatoid arthritis, and other inflammation-

linked metabolic diseases (Shimizu, 2009). Historically, lipid metabolites

have been considered as energy sources. However, the importance of lipid 

metabolites as signaling molecules in immune responses has also been 

recognized (Funk, 2001; Shimizu and Wolfe, 1990). Eicosanoids, certain FAs, 

and FA derivatives can act as signaling lipid metabolites (Shimizu, 2009).

Accumulating evidence suggests that lipid metabolites involved in the 

regulation of inflammatory responses are produced from w-6 (n-6) and w-3 

(n-3) long-chain polyunsaturated fatty acids. For instance, arachidonic acid 

(20:4, w-6) is subjected to oxidation by the cyclooxygenase, lipoxygenase, 

and cytochrome P450 enzymes, resulting in production of eicosanoids. 

Among these eicosanoids, prostaglandin (PG) E2 has pro-inflammatory roles, 

acting to recruit immune cells, such as macrophages, neutrophils, and mast 

cells, to the sites of infection or injury (Wallace, 2001). PGE2 binds to E 

prostanoid (EP) receptors in plasma membrane and stimulates the production 

of pro-inflammatory cytokines (Zoccal et al., 2016). In contrast to PGE2, 
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PGD2 and PGJ2 suppress cytokine secretion and immune cell activation,

acting on macrophages, lymphocytes, and dendritic cells (Faveeuw et al., 

2003; Pereira et al., 2018). Leukotriene also acts as a chemoattractant that

stimulates immune cell recruitment and promotes inflammatory responses 

(Scott and Peters-Golden, 2013). In addition, treatment with 12-

hydroperoxyeicosatetraenoic acid (HPETE) and 12- hydroxyeicosatetraenoic 

acid (HETE) upregulates pro-inflammatory genes such as TNFα, IL-6, and 

MCP-1 in 3T3-L1 adipocytes (Chakrabarti et al., 2009). Although it has been 

recognized that lipid metabolites could modulate immune responses, it 

remains elusive how lipid metabolites involved in inflammation would be

regulated under physiological or pathological conditions.

3. Reactive oxygen species (ROS) in adipocytes

1) Regulation of ROS homeostasis

ROS are radical and non-radical oxygen species produced by partial 

reduction of oxygen and include hydroxyl radicals (OH-), superoxide radicals

(O2
-), singlet oxygen (1O2), and hydrogen peroxide (H2O2). For long time, 

ROS have been considered a mere byproduct of metabolism. However, 

accumulating evidence suggests that ROS supports cellular functions by

acting as signaling molecules or damaging cues by inducing oxidative stress. 

In this regard, production and scavenging of cellular ROS seem to be crucial 
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for cellular homeostasis. 

ROS are primarily produced from mitochondria by respiratory complex 

I and complex III during oxidative phosphorylation (Rigoulet et al., 2011). 

Superoxide is either rapidly converted to hydrogen peroxide by superoxide 

dismutase 2 (SOD2) or passes through the mitochondrial membrane via a

voltage-dependent anion channel (VDAC) (Bolisetty and Jaimes, 2013; Han 

et al., 2003). Hydrogen peroxide also easily diffuses to the cytosol through 

aquaporin (Chauvigné et al., 2015). In addition, cytosolic ROS is generated 

by enzymatic reactions such as nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (NOX), inducible nitric oxide synthase (iNOS), 

cyclooxygenase 2 and 5-lipoxygenase (Gorrini et al., 2013). Among pro-

oxidative enzymes, NOX generates superoxides by transferring one electron 

to oxygen from NADPH. 

Cells have antioxidant systems to prevent excessive ROS accumulation 

and oxidative stress. Antioxidant systems consist of enzymatic and non-

enzymatic pathways. Enzymatic antioxidant system includes SOD, catalase, 

glutathione peroxidases, and thioredoxin. In the non-enzymatic pathway, 

antioxidants such as vitamins and glutathione (GSH) reduce the oxidative 

state. In particular, GSH, the major soluble antioxidant in cells, detoxifies 

hydrogen peroxides and lipid peroxides via glutathione peroxidases.

Glutathione reductase reduces oxidized glutathione (GSSG) to GSH by using 

NAD(P)H as the electron donor. Since both pro-oxidative and anti-oxidative 
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enzymes use NADPH, it is likely that NADPH would be crucial for the 

regulation of ROS homeostasis as a cofactor and electron donor.

2) Physiological role of ROS on adipocyte function 

Emerging evidence suggests that adipocytes use ROS as second 

messengers. It has been reported that hydrogen peroxide has similar effects 

to insulin in adipocytes. For example, it induces glucose uptake and lipid 

synthesis and reduces lipid breakdown (Kono et al., 1982; Little and de Haën, 

1980; May and de Haën, 1979). Hydrogen peroxide also stimulates adipocyte 

differentiation through upregulated peroxisome proliferator-activated 

receptor gamma (PPARg) expression and mitochondrial ROS-specific 

scavengers impair adipogenesis (Lee et al., 2009; Tormos et al., 2011). 

Recently, it has been reported that mitochondrial ROS supports thermogenic 

function in brown adipocytes. Administration of mitochondria-specific 

antioxidant disrupts cold-induced thermogenesis and systemic energy 

expenditure in mice (Chouchani et al., 2016). It has been reported that genetic

ablation of mitochondrial anti-oxidative genes such as Sestrin2 and SOD2 

results in increased UCP1 expression in adipose tissue (Han et al., 2016; Ro 

et al., 2014). Thus, ROS would play essential roles in the regulation of various 

adipocyte functions.
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3) Oxidative stress and adipocyte dysfunction

Despite the necessity of ROS for adipocyte function, prolonged and 

excessive ROS accumulation is associated with adipocyte dysfunction. In 

obesity, cellular ROS levels are increased in WAT (Furukawa et al., 2004). It 

has been proposed that increased ROS accumulation associated with obesity 

can impair adipocyte function, including adipogenesis, insulin signaling, and 

expression of adipokines and thermogenic genes (Carrière et al., 2003; 

Shimizu et al., 2014; Wang et al., 2013). For instance, the activity of NOX4, 

the major isoform in adipocytes, is enhanced by high concentrations of 

glucose and palmitate (Han et al., 2012). Knockdown of NOX4 reduces high 

glucose- and palmitate-induced cellular ROS levels and MCP-1 expression in 

3T3-L1 adipocytes (Han et al., 2012). In addition, the pentose phosphate 

pathway is involved in redox control and ROS homeostasis through 

production of cytosolic NADPH. Glucose-6-phosphate dehydrogenase 

(G6PD), the rate-limiting enzyme in the pentose phosphate pathway, 

catalyzes the oxidation of glucose-6-phosphate to 6-phosphogluconolactone 

and the reduction of NADP+ to NADPH (Figure 2). In white adipocytes, 

G6PD expression is upregulated in obese mice (Park et al., 2005). 

Overexpression of G6PD in 3T3-L1 adipocytes increases ROS-induced 

inflammatory responses, probably leading to adipose tissue inflammation and 

insulin resistance (Park et al., 2006). Conversely, G6PD inhibition or
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Figure 2. Roles of G6PD in the regulation of diverse cellular metabolisms. 
G6PD produces NADPH and ribulose-5-phosphate, the latter providing 
intermediates used for nucleic acid production. NADPH supports the NOX-
mediated ROS generation. Meanwhile, glutathione reductase also uses 
NADPH to reduce GSSG to GSH for use by glutathione peroxidase that 
reduces H2O2 to H2O (Park et al., 2017).
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knockdown reduces ROS accumulation and pro-inflammatory gene 

expression in 3T3-L1 adipocytes upon high glucose and palmitate treatment 

(Han et al., 2012). In fact, G6PD-deficient mutant (G6PDmut) mice show 

increased adipose tissue inflammation and improved insulin resistance upon 

high fat diet (HFD) feeding compared with wild type (WT) mice (Ham et al., 

2016). Although it is likely that adipocyte function requires the balance 

between generation and clearance of ROS, it has not been fully elucidated 

how cellular ROS in adipocytes are regulated to normal physiological levels 

without oxidative stress.
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4. Purpose of this study

Adipocyte dysfunction is one of the causal factors in the pathogenesis of 

metabolic disorders. It has been reported that lipid dysregulation in white 

adipocytes, which specialize for lipid metabolism causes obesity-associated

insulin resistance, ectopic fat accumulation, and various inflammatory 

diseases. Although lipid metabolism has been implicated in the regulation of 

adipocyte functions and whole-body energy homeostasis, how the 

dysregulation of lipid metabolism in adipocytes could mediate and/or cause 

metabolic dysregulation has not been fully elucidated. To elucidate regulatory

mechanisms of adipocyte functions depending on lipid metabolism, I have 

focused on the roles of products and/or byproducts during processes of lipid 

metabolism. 

In this study, I have investigated the contribution of lipid metabolites and 

cellular ROS in the regulation of adipocyte functions. In the first chapter, I 

have demonstrated that increased lipolysis in adipocytes stimulated the

release of pro-inflammatory lipid metabolites from adipocytes and elevated

migration of monocytes/macrophages into adipose tissue, which leads to 

systemic insulin resistance. In the second chapter, I have revealed that

elevated cytosolic ROS in brown adipocytes damaged thermogenic activity

and mitochondrial oxygen consumption under cold or b-adrenergic 

stimulation. Collectively, I suggest that proper regulation of lipid metabolites
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and ROS is critical for adipocyte function upon various metabolic stimuli. 
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CHAPTER ONE:

PLIN1 deficiency promotes inflammatory 

responses in lean adipose tissue through 

lipid dysregulation
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1. Abstract

Lipid droplets are specialized cellular organelles that contain neutral 

lipid metabolites and play dynamic roles in energy homeostasis. Perilipin 1 

(PLIN1), one of the major lipid droplet-binding proteins, is highly expressed 

in adipocytes. In mice, Plin1 deficiency impairs peripheral insulin sensitivity, 

accompanied with reduced fat mass. However, the mechanisms underlying 

insulin resistance in lean Plin1 knockout (Plin1–/–) mice are still elusive. Here, 

I demonstrate that PLIN1 deficiency promotes inflammatory responses and 

lipolysis in adipose tissue, resulting in insulin resistance. M1-type adipose 

tissue macrophages (ATMs) were higher in Plin1–/– than in Plin1+/+ mice on 

normal chow diet (NCD). Moreover, Plin1–/– adipocytes promoted secretion 

of pro-inflammatory lipid metabolites such as prostaglandins, which 

potentiated monocyte migration. In lean Plin1–/– mice, insulin resistance was 

relieved by macrophage depletion with clodronate, implying that elevated 

pro-inflammatory ATMs might be attributable for insulin resistance under 

Plin1 deficiency. Together, these data suggest that Plin1 is required to restrain 

fat loss and pro-inflammatory responses in adipose tissue by reducing futile 

lipolysis to maintain metabolic homeostasis.
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2. Introduction

Chronic, low-grade inflammation is a major factor in the 

pathogenesis of insulin resistance (Kwon and Pessin, 2013; Olefsky and Glass, 

2010). Macrophages play an important role in the modulation of 

inflammation through their capacity to secrete a variety of chemokines and 

cytokines. Monocyte-originated macrophages polarize to classically activated 

macrophages (M1) or alternatively activated macrophages (M2) in certain 

tissue niches and upon environmental stimuli (Lumeng et al., 2008). In fact, 

alteration of adipose tissue macrophages (ATMs) contributes to elevated 

adipose tissue inflammation in obesity (Weisberg et al., 2003; Xu et al., 2003). 

In obesity, macrophages are recruited into adipose tissue and show pro-

inflammatory properties compared to resident ATMs (Lumeng et al., 2007). 

Thus, M1-type macrophages, which secrete pro-inflammatory cytokines such 

as tumor necrosis factor (TNF) α, interleukin (IL)-6, and monocyte 

chemoattractant protein (MCP)-1, are the predominant ATM population in 

obese adipose tissue (Hotamisligil et al., 1993; Weisberg et al., 2003; Xu et 

al., 2003). Adipose tissue inflammation is also observed in lipodystrophic and 

cachectic subjects, accompanied with fat loss (Batista et al., 2016; de Matos-

Neto et al., 2015; Gandotra et al., 2011; Herrero et al., 2010; Martin et al., 

2012). ATM infiltration has been reported in several lipodystrophic animal 

models and human patients (Gandotra et al., 2011; Herrero et al., 2010; Martin 

et al., 2012). Moreover, cachexia is associated with elevated pro-
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inflammatory gene expression, macrophage infiltration, and fibrosis in 

adipose tissue of cancer patients (Batista et al., 2016; de Matos-Neto et al., 

2015). 

Lipid dysregulation is closely related to various pathophysiologies, 

such as rheumatoid arthritis, multiple sclerosis, and obesity-induced insulin

resistance (Bensinger and Tontonoz, 2008; Shimizu, 2009). While lipid 

metabolites have been considered as simple energy sources, recent findings 

have revealed that lipid metabolites can also act as signaling molecules for 

immune responses (Gartung et al., 2016; Yore et al., 2014). In obesity, 

elevated fatty acids are a potential trigger for macrophage activation 

(Suganami et al., 2007). For instance, saturated fatty acids stimulate toll-like 

receptor (TLR) 4 in ATMs, resulting in the activation of inflammatory 

signaling cascades mediated by nuclear factor-kB (Suganami et al., 2007). 

Also, leukotriene B4 (LTB4) promotes chemotactic activity of macrophages, 

which contribute to whole-body insulin resistance (Li et al., 2015). 

Lipid droplets are metabolically dynamic cellular organelles 

specialized in storing free fatty acids (FFAs) and sterols in the form of 

triglycerides (TG) and cholesterol esters, respectively (Carman, 2012; 

Kimmel and Sztalryd, 2016). This sequestration of lipid metabolites into lipid 

droplets contributes to relieve from toxic effects of excess FFAs or sterols that 

can lead to insulin resistance and inflammation (Hoo et al., 2017; Iyer et al., 

2010). Perilipin 1 (PLIN1), the most abundant lipid droplet coat protein in 



22

adipocytes, is required for optimal lipid homeostasis (Greenberg et al., 1991). 

In basal state, PLIN1 encloses lipid droplets and inhibits lipolysis in 

adipocytes (Tansey et al., 2001). On the contrary, catecholamine promotes 

lipolysis by inducing the translocation of hormone-sensitive lipase (HSL) 

onto lipid droplets (Brasaemle et al., 2000; Miyoshi et al., 2006). While 

PLIN1 binds to comparative gene identification-58 (CGI-58), a coactivator of 

adipose triglyceride lipase (ATGL) in the basal state, PLIN1 liberates CGI-58 

to induce lipolysis upon protein kinase A (PKA) activation during the 

stimulated state (Granneman et al., 2009). It has been reported that Plin1–/–

mice are lean and exhibit glucose intolerance and insulin resistance in the 

absence of any metabolic stress (Tansey et al., 2001). However, the molecular 

mechanisms of insulin resistance in normal chow diet (NCD)-fed lean Plin1–

/– mice have not been fully elucidated.

In this study, I investigated NCD-fed lean Plin1–/– mice to understand 

the molecular mechanisms underlying insulin resistance under Plin1

deficiency. I demonstrate that Plin1 deficiency stimulates pro-inflammatory 

responses in adipose tissue by secreting pro-inflammatory lipid metabolites, 

which exacerbate adipose tissue inflammation. Using lipidomics analysis, I

found that elevated prostaglandins (PGs) from Plin1–/– adipocytes potentiated 

monocyte migration. In addition, depletion of ATMs with clodronate 

alleviated insulin resistance in Plin1-deficient mice, implying that an increase 

in pro-inflammatory ATMs is one of the major inducers for insulin resistance 
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in Plin1–/– mice. Together, these data suggest that Plin1 is an important 

protective regulator against adipose tissue inflammation and insulin 

resistance by restricting futile lipolysis.
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3. Materials and Methods

Animals and treatments

The animal study and experimental procedures were approved by the 

Seoul National University Institutional Animal Care and Use Committee. 

Plin1–/– mice in a pure C57BL/6 background were obtained from Alan R. 

Kimmel (US National Institute of Health). Mice were housed under a 12-h 

light/12-h dark cycle. Heterozygous mice were bred to generate Plin1+/+ and 

Plin1–/– littermates. Plin1+/+ and Plin1–/– mice were maintained on NCD. 

Nine- to 12-week-old male mice were used for experiments, except where 

indicated. At 9-11 weeks of age, Plin1+/+ and Plin1–/– mice were 

intraperitoneally injected with vehicle (1% DMSO in PBS), NS398 (10 mg/kg 

body weight, Cayman chemical) or orlistat (50 mg/kg body weight, Sigma-

Aldrich) daily for 8 or 9 days, respectively. For intraperitoneal GTT, 17-week-

old mice were fasted overnight and then administered glucose (1 g/kg body 

weight). For ITT, mice were intraperitoneally injected with insulin (0.75 

unit/kg body weight). To test insulin signaling in vivo, mice were fasted 

overnight and killed 15 min after injection of PBS or insulin (0.75 unit/kg 

body weight). Adipose tissue, skeletal muscle, and liver were isolated and 

quickly frozen for western blot analysis. For macrophage depletion, 

clodronate liposomes (FormuMax Scientific) were intraperitoneally injected 

once. 
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Serum profiling

Serum FFA, TG, and cholesterol levels were assessed using FFA 

(Roche), TG (Thermo Fischer Scientific), and cholesterol (Thermo Fischer 

Scientific) quantification kit. Serum insulin, MCP-1, and TNFa levels were 

measured using insulin (Morinaga Institute of Biological Science Inc.), MCP-

1 (Invitrogen), TNFa (Invitrogen) ELISA kit.

Adipose tissue fractionation

eWAT was dissected out, chopped, incubated in collagenase buffer 

(0.1 M HEPES, 0.125 M NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM glucose, 

1.5% (w/v) glucose, and 0.1% (w/v) collagenase I) for 20 min at 37°C with 

shaking, and centrifuged. Supernatants containing adipocytes were used for 

primary cell culture. Pelleted SVC fractions were used for flow cytometry 

and SVC-derived adipocyte differentiation.

Flow cytometry

Flow cytometric analysis was performed as described previously 

(Huh et al., 2017). SVC fractions were separated from red blood cells by 

adding lysis buffer (155 mM NH4Cl/0.1 M Tris-HCl (pH 7.65) (9:1)). SVCs 

were stained with monoclonal antibodies against CD11b (BD Biosciences), 

F4/80, CD11c, and CD206 (eBioscience) for macrophage analysis using a 

FACS Canto II (BD Biosciences).
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SVC-derived adipocyte differentiation

Pre-adipocytes were grown to confluence (day 0) in induction 

medium consisting of Dulbecco’s modified Eagle’s medium (DMEM), 10% 

fetal bovine serum (FBS), 167 nM insulin, 1 mM 3,3′,5-triiodo-L-thyronine 

(T3), 2 mM rosiglitazone, 52 mM isobutylmethylxanthine, and 1 mM 

dexamethasone. After 2 day incubation in induction medium, the cells were 

transferred to differentiation medium (DMEM, 10% FBS, 167 nM insulin, 1 

mM T3, and 2 mM rosiglitazone), which was changed every other day. For 

siRNA transfection, differentiated adipocytes were transfected by 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.

Isolation of peritoneal macrophages

Mice were intraperitoneally injected with sterile thioglycollate 

solution (3 ml/mouse). After 3 days, peritoneal cells were harvested by 

washing the peritoneal cavity with PBS. Primary peritoneal macrophages 

were cultured in DMEM containing 10% FBS to allow the cells to adhere. 

Nonadherent cells were removed by washing.

Co-culture and CM preparation

Co-culture experiments were conducted as described previously 
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(Choe et al., 2014). For indirect co-culture experiments, chopped eWAT or 

primary adipocytes were placed in the lower chambers of Transwell plates 

(0.4 mm pore size) and co-cultured with peritoneal macrophages in the upper 

chambers. After 48 h incubation, the macrophages were used for RNA 

extraction. For CM preparation, chopped eWAT or primary adipocytes were 

incubated in serum-free DMEM for 48 h and CM was collected. To test THP-

1 or peritoneal macrophage migration, Transwell inserts (8 mm pore size) 

were used. THP-1 monocytes or macrophages were loaded in the upper 

chambers and CM was placed in the lower chambers. After 6 h, the degree of 

cell migration was determined as the number of cells in the lower chambers.

Global metabolome profiling

Lipids were extracted from CM using conventional procedures 

(Folch et al., 1957). A liquid chromatography-mass spectrometry system 

equipped with Ultimate3000 (Dionex), Orbitrap XL (Thermo Fischer 

Scientific), and reverse phase column (Pursuit 5 200 × 2.0 mm) was used. 

Mobile phase A was 0.1 % formic acid in H2O, and mobile phase B was 0.1 % 

formic acid in methanol. The flow rate was 400 µl/min and the column 

temperature was 25°C. Data were analyzed using Seive 2 and MetaboAnalyst. 

Metabolite features containing m/z and retention time were extracted using 

Seive 2.2. Data were statistically analyzed using MetaboAnalyst. Metabolite 

features were identified using METLIN DB with mass accuracy of 10 ppm. 
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Eicosanoid analysis

Eicosanoids were extracted from CM, cells, and eWAT using solid-

phase extraction (SPE), as described (Yang et al., 2009). A liquid 

chromatography-tandem mass spectrometry system equipped with 1290 

HPLC (Agilent), Qtrap 5500 (ABSciex) and reverse phase column (Pursuit 5 

200 × 2.0 mm) was used. Mobile phase A was 0.1 % acetic acid in H2O and 

mobile phase B was 0.1 % acetic acid in ACN/MeOH (84/16, v/v). The flow 

rate was 250 µl/min and the column temperature was 25°C. The multiple 

reaction monitoring (MRM) mode was used in negative ion mode, and the 

extracted ion chromatogram corresponding to the specific transition of each 

analyte was used for quantification. The calibration range for each analyte 

was 0.1–1000 nM (r2 ≥ 0.99).

COX activity assay and PGE2 measurement

The COX activity was assayed using a colorimetric assay kit 

(Cayman Chemical) according to the manufacturer’s guidelines. PGE2, 

selective COX2 inhibitor NS398, and PGE2 ELISA kit were purchased from 

Cayman Chemical. 

Quantitative reverse transcription (qRT)-PCR

Total RNA was isolated from eWAT, macrophages, and SVC-derived 
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adipocytes. cDNA was synthesized using a reverse transcriptase kit (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. Primers used 

for qRT-PCR were obtained from Bioneer (South Korea).

Western blot analysis

eWAT, skeletal muscle, liver, and SVC-derived adipocytes were 

lysed with TGN lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% Tween-

20, 0.2% NP-40, 1 mM PMSF, 1 mM NaF, 1 mM Na3VO4 and protease 

inhibitor mixture from GenDEPOT). Proteins in the lysates were separated 

by SDS-PAGE and transferred to polyvinylidene fluoride membranes 

(Millipore). The blots were blocked with 5% nonfat milk and probed with 

anti-pAKT (S473; Cell Signaling Technology), anti-AKT (BD Bioscience), 

or anti-PLIN1 (Greenberg et al., 1991).

Statistical analysis

All data were analyzed using Student’s t-test or analysis of variance 

(ANOVA) in Excel (Microsoft) or GraphPad Prism; p values of <0.05 were 

considered significant.
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4. Results

CD11b-positive cells are increased in adipose tissue of Plin1–/– mice

PLIN1 expression is decreased in adipose tissue from insulin 

resistant animals (Gaidhu et al., 2010). Consistent with this finding, the levels 

of Plin1 mRNA and protein were lower in adipocytes from db/db mice and 

adipose tissue from high fat diet (HFD)-fed mice than in those from db/+

mice and NCD-fed mice (Figure 3). Nonetheless, it remained unclear how 

Plin1 deficiency could influence whole-body energy homeostasis. To address 

this, I investigated various physiological parameters in Plin1–/– mice in 

C57BL/6J background (Tansey et al., 2001) in comparison with littermate 

wild-type mice (Plin1+/+). Under NCD-fed condition, body weights were not 

significantly different between Plin1+/+ and Plin1–/– mice (Figure 4A). 

However, inguinal WAT (iWAT) and epididymal WAT (eWAT) weights, but 

neither liver nor BAT weights, were lower in Plin1–/– than in Plin1+/+ mice 

(Figure 4B). In addition, serum TG and FFAs, but not cholesterol, were 

slightly higher in Plin1–/– than in Plin1+/+ mice (Figure 4C–E). Hematoxylin 

and eosin (H&E) staining of eWAT revealed that lipid droplets were smaller 

in size in Plin1–/– than in Plin1+/+ mice (Figure 5A). Interestingly, the intensity

of CD11b staining in eWAT of NCD-fed Plin1–/– mice was markedly 

increased (Figure 5B), suggesting that PLIN1 deficiency might be associated 

with adipose tissue inflammation in lean animals.
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Figure 3. PLIN1 expression level is downregulated in adipose tissue from 
obese mice. (A) Expression levels of Plin1 mRNA in adipocytes (AD) of db/+ 
and db/db mice were determined by qRT-PCR. **P < 0.01 vs. db/+ group by 
Student’s t-test. (B) C57BL/6J mice were fed normal chow diet (NCD) or 
high fat diet (HFD) for 20 weeks. eWATs were obtained and subjected to 
immunoblot analysis using anti-PLIN1 and anti-ACTIN antibodies. Data 
represent the mean ± standard error of the mean (SEM).
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Figure 4. WAT mass is specifically decreased in Plin1–/– mice. Body weight 
(A), the weights of various tissues (B), and the levels of serum TG (C), serum 
free fatty acids FFAs (D), and serum cholesterol (E) from NCD-fed Plin1+/+ 
and Plin1–/– mice were measured. Data represent the mean ± SEM. *P < 0.05, 
**P < 0.01 vs. Plin1+/+ group by Student’s t-test.
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Figure 5. Plin1–/– mice show hypotrophy of adipose tissue with elevated 
macrophages. (A) Adipocyte morphology of eWAT from NCD-fed Plin1–/– 
and Plin1+/+ mice was assessed by hematoxylin and eosin (H&E) staining. 
Scale bars, 50 mm. (B) Myeloid cells were detected in eWAT from Plin1+/+ 
and Plin1–/– mice by DAB staining with an anti-mouse CD11b antibody. 100× 
magnification. Data represent the mean ± SEM.
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PLIN1 deficiency induces macrophage accumulation and adipose tissue 

inflammation

In adipose tissue, macrophages are one of the abundant cell types and 

determine the degree of adipose tissue inflammation (Weisberg et al., 2003; 

Xu et al., 2003). To investigate whether PLIN1 deficiency might be related 

with adipose tissue inflammation, I examined inflammatory gene expression 

and macrophage accumulation in eWAT from NCD-fed Plin1+/+ and Plin1–/–

mice. As shown in Figure 6, PLIN1-deficient eWAT had markedly increased 

mRNA levels of the pro-inflammatory cytokine genes including Mcp-1 and 

Tnfa as well as of the macrophage marker genes such as F4/80 and Cd11c. In 

addition, serum levels of pro-inflammatory cytokines such as MCP-1 and 

TNFa were induced in Plin1–/– mice (Figure 7). In eWAT of Plin1–/– mice, 

CD11b+ and CD11c+ cells were increased (Figure 8). Also, PLIN1 deficiency 

elevated the percentages of F4/80+CD11b+ (macrophages) and 

F4/80+CD11b+CD11c+ cells (M1-type macrophages) among stromal vascular 

cells (SVCs) from eWAT (Figure 9A and B). Total numbers of F4/80+CD11b+

and F4/80+CD11b+CD11c+ cells (Figure 9C and D) were higher in eWAT of 

Plin1–/– than in that of Plin1+/+ mice. Moreover, the percentage of M1-type 

CD11c+ cells in F4/80+CD11b+ macrophages was higher in Plin1–/– than in 

Plin1+/+ mice (Figure 9E), whereas the fraction of M2-type CD206+

macrophages in F4/80+CD11b+ cells was lower in Plin1–/– mice (Figure 9F). 

Collectively, these results suggested that PLIN1 might play certain roles in 
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Figure 6. PLIN1 deficiency induces the mRNA level of pro-inflammatory 
genes in eWAT. Relative mRNA levels of inflammatory cytokine genes 
(Mcp-1 and Tnfa) and macrophage markers (F4/80 and Cd11c) were 
measured in eWAT by qRT-PCR. Data represent the mean ± SEM. All data 
represent the mean ± SEM. *P < 0.05, **P < 0.01 vs. Plin1+/+ group by 
Student’s t-test. qRT-PCR data were normalized to the mRNA level of 
cyclophilin. 
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Figure 7. PLIN1 deficiency increases serum cytokine level. Serum levels of 
MCP-1 and TNFa were assessed by ELISA. All data represent the mean ± SEM. 
*P < 0.05 vs. Plin1+/+ group by Student’s t-test. 
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Figure 8. PLIN1 deficiency augments ATM contents. Macrophage 
accumulation was detected in eWAT from Plin1+/+ and Plin1–/– mice by 
immunohistochemistry analysis of the nuclei (blue), CD11b (red), and CD11c 
(green). Scale bars, 50 mm. 
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Figure 9. Accumulation of M1-type macrophages is enhanced in adipose 
tissue from Plin1–/– mice. Macrophage accumulation was measured in eWAT 
by flow cytometric analysis. The percentages of F4/80+CD11b+ (A) and 
F4/80+CD11b+CD11c+ (B) cells in the SVCs of eWAT are shown in the graphs. 
Total numbers of F4/80+CD11b+ (C) and F4/80+CD11b+CD11c+ (D) cells in 
SVCs per gram of eWAT were determined. Percentages of CD11c+ (E) and 
CD206+ (F) cells in the F4/80+CD11b+ cells were measured. All data 
represent the mean ± SEM. *P < 0.05, **P < 0.01 vs. Plin1+/+ group by 
Student’s t-test. 
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the regulation of adipose tissue inflammation as well as ATM recruitment.

PLIN1-deficient adipocytes stimulate monocyte migration and pro-

inflammatory cytokine expression in macrophages

In adipose tissue, infiltration of immune cells including monocytes 

or macrophages and increased pro-inflammatory responses in macrophages 

are prominent in insulin resistant animals (Fujisaka et al., 2009; Oh et al., 

2012). To determine whether PLIN1 deficiency might be involved in the 

regulation of monocyte/macrophage migration, conditioned media (CM) 

obtained from ex vivo cultured eWAT of Plin1–/– and Plin1+/+ mice were 

incubated with THP-1 monocytes or peritoneal macrophages (Figure 10A). 

As shown in Figure 10B and 10C, the degrees of THP-1 and macrophage 

migration were higher in CM from Plin1–/– eWAT than in CM from Plin1+/+

eWAT. Similarly, stimulatory effects were observed when CM were collected 

from primary Plin1–/– adipocytes in monocyte migration assays (Figure 10D). 

Next, I used a Transwell co-culture system to test whether macrophage gene 

expression might be affected by Plin1 deficiency in eWAT or adipocytes 

(Figure 11A). Relative mRNA levels of the pro-inflammatory response genes 

including Il-6, iNOS, and Il-1b were stimulated in macrophages when they 

were indirectly co-cultured with eWAT from Plin1–/– mice (Figure 11B). 

Primary adipocytes from Plin1–/– mice also promoted the mRNA levels of 

these factors in macrophages (Figure 11C). However, Plin1–/– macrophages 
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Figure 10. Plin1–/– adipocytes enhance monocyte migration. (A) eWAT or 
primary adipocytes from Plin1+/+ and Plin1–/– mice were incubated with 
culture medium for 48 h. Collected CM was tested for Transwell culture. 
THP-1 monocytes were prestained with CellTracker (red), and incubated for 
6 h in Transwell plates (8 mm pore size) with CM. Peritoneal macrophages 
were incubated with CM for 6 h, and stained with Hoechst (blue). (B and C) 
Migrated monocytes (B) or macrophages (C) upon incubation with eWAT CM 
were assessed by confocal microscope. Scale bars, 100 mm. (D) The number 
of migrated cells upon incubation with primary adipocytes CM was measured. 
All data represent the mean ± SEM. *P < 0.05, **P < 0.01 vs. Plin1+/+ group 
by Student’s t-test. AD., adipocytes.
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Figure 11. Plin1–/– adipocytes potentiate macrophage activation. (A) 
Peritoneal macrophages were co-cultured with chopped eWAT or primary 
adipocytes of Plin1+/+ and Plin1–/– mice in Transwell plates (0.4 mm pore) for 
48 h. (B and C) Total RNA was isolated from peritoneal macrophages co-
cultured with eWAT (B) or primary adipocytes (C) for determining the mRNA 
levels of Il-6, iNOS, and Il-1b. All data represent the mean ± SEM. *P < 0.05, 
**P < 0.01 vs. Plin1+/+ group by Student’s t-test. qRT-PCR data were 
normalized to the mRNA level of cyclophilin. AD., adipocytes.
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and Plin1+/+ macrophages did not show any difference in inflammatory gene 

expression (Figure 12). These results indicated that PLIN1 would act as a 

protective factor against adipose tissue inflammation, at least in part by

inhibiting the secretion of certain signaling molecule(s) that promote the 

expression of pro-inflammatory cytokines and monocyte migration.

In PLIN1-deficient adipocytes, enhanced lipolysis promotes monocyte 

migration

In adipocytes, PLIN1 is a key player to modulate lipolysis 

(Granneman et al., 2009; Tansey et al., 2001). To determine whether the 

inhibitory effect of PLIN1 on lipolysis might be associated with monocyte 

migration, I first examined the effect of PLIN1 deficiency on the release of 

lipolytic metabolites in culture media. As expected, Plin1–/– adipocytes 

secreted higher amounts of glycerol and FFAs than Plin1+/+ adipocytes 

(Figure 13A and 13B). On the other hand, PLIN1-deficient adipocytes 

showed little or no effect on MCP-1 secretion (Figure 13C). Moreover, to 

examine whether increased monocyte migration upon PLIN1 deficiency 

depends on secretory proteins from adipocytes, CM from SVC-derived 

adipocytes was subjected to heat inactivation (Ayache et al., 2006). Heat-

inactivated CM from Plin1–/– adipocytes did not significantly alter the degree 

of monocyte migration compared with CM from Plin1–/– adipocytes (Figure

13D). These data imply that increased monocyte migration upon PLIN1
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Figure 12. Intrinsic characteristics are not different between Plin1+/+ and 
Plin1–/– macrophages. Peritoneal macrophages were treated 17 h with LPS 
(5 ng/ml) and interferon (IFN) g (100 units/ml) and subjected to qRT-PCR to 
determine the expression of the indicated inflammatory genes. All data 
represent the mean ± SEM. qRT-PCR data were normalized to the mRNA 
level of cyclophilin. 
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Figure 13. Plin1–/– adipocytes induce secretion of lipid metabolites, not 
chemokines. (A-C) The levels of glycerol (A), FFAs (B), and MCP-1 (C) 
released from Plin1+/+ or Plin1–/– primary adipocytes for 48 h were measured. 
**P < 0.01 vs. Plin1+/+ group by Student’s t-test. (D) CM were collected from 
SVC-derived adipocytes for 48 h and subjected to heat inactivation (70°C, 10 
min). The number of migrated cells upon incubation with each CM was 
measured. *P < 0.05, **P < 0.01 vs. Plin1+/+, CTL group by two-way ANOVA 
followed by Bonferroni’s post-hoc test. All data represent the mean ± SEM. 
AD., adipocytes.
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deficiency might not be associated with secreted chemokines from adipocytes. 

To investigate whether enhanced lipolysis in PLIN1-deficient 

adipocytes might be attributable to monocyte migration, two key lipases, Atgl

and Hsl, were knocked down via siRNA in SVC-derived adipocytes (Figure

14A and 14B). Basal lipolysis was markedly higher in Plin1–/– SVC-derived 

adipocytes than in Plin1+/+ SVC-derived adipocytes (Figure 14C). In Plin1–/–

SVC-derived adipocytes, knockdown of Atgl and Hsl attenuated basal 

lipolysis (Figure 14C). Intriguingly, the degree of monocyte migration was 

lower upon suppression of these lipases (Figure 14D). In addition, to verify 

lipolysis could be responsible for adipose tissue inflammation in Plin1–/– mice, 

Plin1–/– mice were administered with orlistat, a lipase inhibitor (50 mg/kg 

body weight). Serum levels of FFAs and glycerol were decreased in orlistat-

treated Plin1–/– mice compared to vehicle-treated Plin1–/– mice (Figure 15A

and 15B). As shown in Figure 15C, orlistat treatment also alleviated mRNA 

levels of macrophage marker genes and pro-inflammatory cytokines in eWAT 

of Plin1–/– mice. Together, these results suggested that adipocyte PLIN1

would suppress adipose tissue inflammation through repressing basal 

lipolysis.

Elevated prostaglandins secreted from Plin1–/– adipocytes potentiate 

monocyte migration

Certain lipid metabolites, including LTB4 and PGD2 promote 



46

Figure 14. Suppression of enhanced lipolysis in Plin1–/– adipocytes 
alleviates monocyte migration. SVC-derived adipocytes were transfected 
with control siRNA (siCtl) or Atgl-specific siRNA (siAtgl) and Hsl-specific 
siRNA (siHsl). After 48 h, total RNA or protein was extracted and conditioned 
medium (CM) was collected from siRNA-transfected SVC-derived 
adipocytes. The mRNA levels of Atgl and Hsl were analyzed by qRT-PCR (A) 
and protein levels of ATGL and HSL were analyzed by western blot (B). The 
released glycerol (C) was measured. The number of migrated cells upon 
incubation with each CM was measured (D). *P < 0.05, **P < 0.01, ***P < 
0.001 vs. Plin1+/+, siCtl group; #P < 0.05, ##P < 0.01 vs. Plin1–/–, siCtl group 
by one-way ANOVA followed by Tukey’s post-hoc test. All data represent the 
mean ± SEM. qRT-PCR data were normalized to the mRNA level of 
cyclophilin. AD., adipocytes.
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Figure 15. Suppression of enhanced lipolysis in Plin1–/– mice attenuates 
adipose tissue inflammation. Plin1+/+ or Plin1–/– mice were intraperitoneally 
administered daily with orlistat (50 mg/kg body weight) for 9 days. (A) Serum 
FFAs and (B) serum glycerol were measured. (C) Relative mRNA levels of 
pro-inflammatory genes were determined in eWAT by qRT-PCR. **P < 0.01, 
***P < 0.001 vs. Plin1+/+, vehicle group; #P < 0.05, ##P < 0.01, ###P < 0.001 
vs. Plin1–/–, vehicle group by one-way ANOVA followed by Tukey’s post-hoc 
test. All data represent the mean ± SEM. qRT-PCR data were normalized to 
the mRNA level of cyclophilin. Veh., vehicle. 



48

monocyte/macrophage migration (Hu et al., 2016; Li et al., 2015). To identify 

potential secreted mediator(s) that can potentiate monocyte migration in 

adipose tissue of Plin1–/– mice, CM of adipocytes was subjected to lipidomic 

analysis by non-targeted LC-MS/MS (Table 2). The level of eicosanoids 

appeared to be higher in CM of Plin1–/– adipocytes than in that of Plin1+/+

adipocytes. I took a targeted lipidomics approach to determine the relative 

quantity of eicosanoids secreted from adipocytes (Figure 16A). The level of 

PGE2 was higher in CM of Plin1–/– adipocytes than in that of Plin1+/+

adipocytes (Figure 16B). 

Since cyclooxygenase (COX) isoenzymes produce PGs from 

arachidonic acid (AA) (Figure 17A), intracellular AA was examined in 

adipocytes. As indicated in Figure 17B, the level of AA appeared to be higher 

in Plin1–/– than in Plin1+/+ adipocytes. Eukaryotic COX has two isoforms, 

COX1 and COX2. While COX1 is constitutively expressed and is involved 

in cellular homeostasis, COX2 is inducible and produces numerous PGs 

under pathophysiological conditions (Vane et al., 1998). To investigate 

whether PLIN1 deficiency might affect COX2 activity, I measured the 

enzymatic activity of COX from SVC-derived adipocytes. While total COX 

activity was higher in Plin1–/– than in Plin1+/+ adipocytes (Figure 17D), 

suppression of COX2 via siRNA (Figure 17C) downregulated total COX 

activity in Plin1–/– adipocytes and suppressed the degree of monocyte 

migration (Figure 17D and 17E).
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Table 2. Fold changes of lipid metabolites released from SVC-derived 
adipocytes. 

Metabolites were identified by matching accurate mass (MW) data to 
METLIN database. Only data with p value less than 0.05 were represented. P 
value was calculated by Mann-Whitney U test (n=3 per group). rt., retention 
time.
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Figure 16. Secretion level of prostaglandins from Plin1–/– adipocytes is 
enhanced. (A) CM of SVC-derived adipocytes was collected and analyzed 
by LC-MS/MS lipidomic methods. Eicosanoids profiles were displayed as a 
heat map. (B) The contents of PGD2 and PGE2 in the CM were assessed. All 
data represent the mean ± SEM. **P < 0.01 vs. Plin1+/+ group by Student’s t-test. 
AD., adipocytes.
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Figure 17. PLIN1 deficiency increases COX activity in adipocytes. (A) 
Pathway of prostaglandin synthesis from arachidonic acid (AA), and the 
involvement of COX. (B) The level of intracellular AA in Plin1+/+ or Plin1–/– 
adipocytes was measured by LC-MS/MS. **P < 0.01 vs. Plin1+/+ group by 
Student’s t-test. (C-E) SVC-derived adipocytes were transfected with control 
siRNA (siCtl) or Cox2-specific siRNA (siCox2). After 48 h, total RNA was 
extracted from siRNA-transfected SVC-derived adipocytes. The mRNA level 
of Cox2 was analyzed by qRT-PCR. *P < 0.05 vs. siCtl group by two-way 
ANOVA followed by post hoc Bonferroni test (C). The level of intracellular 
COX activity in Plin1+/+ or Plin1–/– adipocytes was measured (D) and CM 
was collected from siRNA-transfected SVC-derived adipocytes. The number 
of migrated cells upon incubation with each CM was measured (E). *P < 0.05, 
**P < 0.01 vs. Plin1+/+, siCtl group by two-way ANOVA followed by post hoc 
Bonferroni test. All data represent the mean ± SEM. qRT-PCR data were 
normalized to the mRNA level of cyclophilin.
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Next, to examine the effect of elevated PGs on monocyte migration, 

SVC-derived adipocytes were treated with NS398, COX2-selective inhibitor 

(Figure 18A). As indicated in Figure 18B, the degree of monocyte migration 

was mitigated by pharmacological inhibition of COX2 and restored by PGE2

supplementation in CM. To further investigate PGs might contribute to 

adipose tissue inflammation in Plin1–/– mice, I measured intracellular levels 

of PGE2 and AA in eWAT from Plin1+/+ and Plin1–/– mice. While the levels of 

PGE2 and AA in eWAT of Plin1–/– mice were increased (Figure 19A and 19B),

serum PGE2 level was not altered upon PLIN1 deficiency (Figure 19C). 

Moreover, in eWAT of NS398-treated Plin1–/– mice, pro-inflammatory gene 

expression profiles were significantly downregulated compared to vehicle-

treated Plin1–/– mice (Figure 19D). These data proposed that increased PGs 

released from Plin1–/– adipocytes would stimulate monocyte migration.

Plin1–/– mice exhibit impaired insulin sensitivity via lipid dysregulation

To determine whether PLIN1 deficiency might alter systemic glucose 

homeostasis, the serum levels of glucose and insulin were measured. 

Compared to Plin1+/+ mice, Plin1–/– mice exhibited higher fasting glucose and 

ad libitum insulin concentrations (Figure 20A and 20B). To investigate 

whether PLIN1 deficiency would indeed influence whole-body insulin 

sensitivity, I performed glucose tolerance test (GTT) and insulin tolerance test 

(ITT). Plin1–/– mice were more glucose intolerant and insulin insensitive than
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Figure 18. Prostaglandins produced by Plin1–/– adipocytes promote 
monocyte migration. CM was collected from COX2 inhibitor, NS398 (1 
mM), pretreated SVC-derived adipocytes. (A) The level of secreted PGE2 was 
measured by ELISA. ***P < 0.001 vs. Plin1+/+, DMSO; ###P < 0.001 vs. Plin1–

/–, DMSO group by two-way ANOVA followed by Bonferroni’s post-hoc test. 
(B) Migrated cells upon incubation with PGE2 (0.1 mM) supplemented CM 
were assessed. *P < 0.05, ***P < 0.001 vs. Plin1+/+, DMSO group; ###P < 0.001 
vs. Plin1–/–, DMSO group; $$P < 0.001 vs. Plin1–/–, NS398 group by two-way 
ANOVA followed by Bonferroni’s post-hoc test. AD., adipocytes.
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Figure 19. Suppression of prostaglandin production in Plin1–/– mice 
attenuates adipose tissue inflammation. The levels of PGE2 (A) and AA (B) 
in eWAT and serum PGE2 level (C) were measured. *P < 0.05, ***P < 0.001 
vs. Plin1+/+ group by Student’s t-test. (D) Plin1+/+ or Plin1–/– mice were 
intraperitoneally administered daily with NS398 (10 mg/kg body weight) for 
8 days. Relative mRNA levels of pro-inflammatory genes were determined in 
eWAT by qRT-PCR. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Plin1+/+, vehicle 
group; #P < 0.05, ##P < 0.01 vs. Plin1–/–, vehicle group by one-way ANOVA 
followed by Tukey’s post-hoc test. All data represent the mean ± SEM. qRT-
PCR data were normalized to the mRNA level of cyclophilin. Veh., vehicle. 
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than Plin1+/+ mice (Figure 20C and 20D). In accordance with these, the 

homeostatic model assessment-insulin resistance (HOMA-IR) index, a 

quantitative indicator of insulin resistance, was higher in Plin1–/– mice than 

Plin1+/+ mice (Figure 20E). Since orlistat administration reduced basal 

lipolysis and adipose tissue inflammation in Plin1–/– mice (Figure 15), I

further determined whether orlistat might alleviate insulin resistance in Plin1–

/– mice. To address this, ITT was performed with vehicle- or orlistat-treated 

Plin1–/– mice. As indicated in Figure 21A, orlistat improved insulin 

intolerance in Plin1–/– mice during ITT. Next, to investigate decrease of 

adipose tissue inflammation by NS398 might also contribute to insulin 

resistance, I performed ITT. As shown in Figure 21B, NS398-treated Plin1–/–

mice seemed to be less insulin intolerant. These data propose that abnormally 

upregulated lipid metabolism would induce adipose tissue inflammation and 

insulin resistance in Plin1–/– mice.

I also examined whether PLIN1 deficiency might modulate insulin 

signaling cascades in metabolic organs. Insulin-stimulated AKT 

phosphorylation was lower in adipose tissue of Plin1–/– mice as well as in 

skeletal muscle of Plin1–/– mice (Figure 22A and 22B). In contrast, the level 

of AKT phosphorylation in the liver of Plin1–/– mice was not different from 

that in Plin1+/+ mice (Figure 22C). In addition, intracellular levels of TG and 

FFAs appeared to be increased in skeletal muscle of Plin1–/– mice but not in 

liver of Plin1–/– mice compared to Plin1+/+ mice (Figure 23). These results 
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Figure 20. PLIN1 deficiency disrupts systemic insulin sensitivity. (A and 
B) Plin1+/+ and Plin1–/– mice were fasted for 15 h. Fasting serum glucose (A) 
and ad libitum insulin (B) were measured in Plin1+/+ and Plin1–/– mice. *P < 
0.05, **P < 0.01 vs. Plin1+/+ group by Student’s t-test. (C and D) 
Intraperitoneal glucose tolerance test (GTT) (C) and insulin tolerance test 
(ITT) (D) were performed on Plin1+/+ and Plin1–/– mice. *P < 0.05, **P < 0.01 
vs. Plin1+/+ group by repeated-measures ANOVA (RM-ANOVA) followed by 
Bonferroni’s post-hoc test. (E) HOMA-IR was measured in Plin1+/+ and 
Plin1–/– mice. **P < 0.01 vs. Plin1+/+ group by Student t-test.
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Figure 21. Plin1–/– mice show insulin resistance through lipid 
dysregulation. ITT was performed after treatment with orlistat (50 mg/kg 
body weight) (A) or with NS398 (10 mg/kg body weight) for 7 days (B). *P 
< 0.05 vs. Plin1+/+, vehicle group; #P < 0.05 vs. Plin1–/–, vehicle group by 
RM-ANOVA followed by Bonferroni’s post-hoc test.
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Figure 22. PLIN1 deficiency impairs insulin signaling in adipose tissue 
and skeletal muscle. Plin1+/+ and Plin1–/– mice were injected with saline or 
insulin (0.75 units/kg body weight). Insulin signaling in eWAT (A), skeletal 
muscle (B), and liver (C) was assessed by immunoblot analysis using 
antibodies against pAKT (S473), AKT, PLIN1 and GAPDH. 
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Figure 23. Intracellular lipid contents are increased in skeletal muscle of 
Plin1–/– mice. Levels of TG and FFAs in skeletal muscle (A) or in liver (B) 
were measured. p value vs. Plin1+/+ mice by Student’s t-test. All data 
represent the mean ± SEM.
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suggested that PLIN1 would directly or indirectly influence the insulin 

signaling cascades, at least, in adipose tissue and skeletal muscle.

Macrophage depletion improves insulin resistance in Plin1–/– mice 

Given that Plin1 deficiency increased ATM numbers (Figure 9) and induced 

insulin resistance (Figure 20), I asked whether increased ATMs would be 

attributable for reduced insulin sensitivity in Plin1–/– mice. Clodronate 

liposomes successfully deplete phagocytic macrophages in peripheral tissues 

(Choe et al., 2014; Feng et al., 2011). In eWAT from both Plin1+/+ and Plin1–

/– mice, clodronate treatment decreased the mRNA levels of F4/80 and Cd11c, 

while the mRNA level of Plin1 was not altered (Figure 24A). Accordingly, 

microscopic analysis revealed that ATM accumulation was decreased by 

clodronate, and the difference in ATM contents between Plin1+/+ and Plin1–/–

mice was insignificant (Figure 24B). As shown in Figure 24C and 24D, 

clodronate-mediated macrophage depletion improved insulin resistance of 

Plin1–/– mice to levels comparable to those observed in Plin1+/+ mice. 

Together, these data suggested that enhanced macrophage recruitment and 

pro-inflammatory ATMs could mediate impaired insulin sensitivity in Plin1–

/– mice.
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Figure 24. Plin1–/– mice exhibit improved insulin resistance upon 
macrophage depletion. Clodronate (100 ml dose for 20–25 g mouse) was 
intraperitoneally injected to Plin1+/+ or Plin1–/– mice. Gene expression by 
qRT-PCR: macrophage markers (A) and histological analysis (B). Scale bars, 
50 mm. ***P < 0.001 vs. Plin1+/+, vehicle group by two way-ANOVA followed 
by Bonferroni’s post-hoc test. (C and D) Insulin tolerance test (ITT) was 
performed 4 days after the injection of clodronate. *P < 0.05 vs. Plin1+/+, 
vehicle group by RM-ANOVA followed by Bonferroni’s post-hoc test. All 
data represent the mean ± SEM. All qRT-PCR data were normalized to the 
mRNA level of cyclophilin. Veh., vehicle; Clo., clodronate; n.s., not 
significant.



62

5. Discussion

Immune cells are recruited to white adipose tissue (WAT) under 

conditions that stimulate lipolysis. For instance, after overnight fasting, 

macrophage contents in WAT are increased (Kosteli et al., 2010; 

Schoiswohl et al., 2015). Activation of adipocyte lipolysis with b3-

adrenergic agonists increases ATMs (Kosteli et al., 2010; Schoiswohl et 

al., 2015). Inhibition of lipolysis by genetic ablation of Atgl prevents 

recruitment of macrophages to WAT (Kosteli et al., 2010; Schoiswohl et 

al., 2015). However, it is not completely understood how lipolytic 

activation in adipocytes can increase ATMs. In this study, several lines of 

evidence supported that adipocyte Plin1 represses pro-inflammatory 

responses in adipose tissue by restricting lipolysis. Firstly, pro-inflammatory 

cytokine expression was higher in adipose tissues of Plin1–/– than in those of 

Plin1+/+ mice. Secondly, macrophage contents were higher in adipose tissue 

of Plin1–/– mice. Thirdly, Plin1-deficient adipocytes potentiated monocyte 

recruitment and macrophage activation. Lastly, suppression of the key lipases 

Atgl and Hsl in Plin1-deficient adipocytes alleviated monocyte migration, 

accompanied with reduced basal lipolysis.

Upon metabolic states, adipose tissue secretes adipokines, which 

affect functional roles in several metabolic organs such as the liver, 

pancreas, skeletal muscle, brain, and immune system to modulate whole-
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body energy homeostasis. In obese animals, increased chemokines and 

inflammatory cytokines secreted from adipose tissue facilitate the 

recruitment of M1-type macrophages into adipose tissue (Hotamisligil et 

al., 1993). MCP-1 is a crucial chemokine for macrophage infiltration into 

adipose tissue. For example, adipocyte-specific Mcp-1 transgenic mice 

exhibit increased ATMs and whole-body insulin resistance (Kanda et al., 

2006). It has been demonstrated that several lipid metabolites released from 

adipocytes or adipose tissue participate in inflammatory cell activation (Cao 

et al., 2008; Chan et al., 2015; Gartung et al., 2016; Hu et al., 2016; Yore et 

al., 2014). Eicosanoids produced from adipocytes promote recruitment of 

immune cells (Gartung et al., 2016; Hu et al., 2016), whereas palmitoleate 

and palmitic acid-9-hydroxy stearic acid from adipose tissue reduce pro-

inflammatory response in immune cells (Cao et al., 2008; Chan et al., 2015; 

Yore et al., 2014).

By-products of lipolysis, such as FFAs and eicosanoids, can 

induce adipose tissue inflammation. FFAs can activate pro-inflammatory 

responses in adipocytes and myeloid cells (Suganami et al., 2007; Yeop Han 

et al., 2010). FFAs stimulate adipose tissue inflammation through the 

TLR4 signaling pathway, resulting in insulin resistance (Suganami et al., 

2007; Yeop Han et al., 2010). When adipocytes are treated with b3-

adrenergic agonists or forskolin to stimulate lipolysis, lipid metabolites 

generated from COX are elevated (Gartung et al., 2016; Hu et al., 2016). 
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Administration of b3-adrenergic agonist increases macrophage infiltration 

into WAT, which can be abrogated by COX2 inhibitor (Gartung et al., 

2016). Since PLIN1 in adipocytes plays an important role in the regulation 

of basal lipolysis (Tansey et al., 2001), I assessed whether PLIN1

deficiency in adipocytes would change the repertoire of released lipid 

metabolites. The levels of secreted PGs such as PGE2 were higher in 

Plin1-deficient adipocytes. Further, I observed that suppression of PG 

production reduced monocyte migration. These data suggest that lipolytic 

by-products from Plin1–/– adipocytes could induce monocyte recruitment and 

macrophage activation to stimulate adipose tissue inflammation. Given that 

PGs are one of the potential mediators for pro-inflammatory responses in 

Plin1–/– mice, it is plausible to speculate that PLIN1 in adipose tissue could 

play a pivotal role in maintaining immune balance, which might eventually 

contribute to metabolic homeostasis.

It has been suggested that PLIN family could be associated with 

inflammatory responses (Langlois et al., 2011; McManaman et al., 2013; 

Montgomery et al., 2018; Najt et al., 2016; Yamamoto et al., 2018; Zhang et 

al., 2018; Zhou et al., 2017; Zou et al., 2016). For example, PLIN1 ablation 

in Ldlr–/– mice led to an increase in atherosclerotic lesion area when compared 

to Ldlr–/– mice (Langlois et al., 2011). In addition, Zou et al. (Zou et al., 2016)

reported that 20-week-old Plin1–/– mice in 129/SvEv background developed 

spontaneous hypertension with perivascular adipose tissue (PVAT) 
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dysfunction. The anti-contractile effect was impaired in PVAT of Plin1–/–

mice compared to that of Plin1+/+ mice. Moreover, pro-inflammatory gene 

expression and macrophage markers of PVAT were upregulated by Plin1

deletion (Zou et al., 2016). However, it remains unclear which factors could 

regulate the inflammatory response in PVAT of Plin1–/– mice. We found that 

NCD-fed lean Plin1–/– mice showed enhanced adipose tissue inflammation, 

which would reduce whole-body insulin sensitivity. In adipose tissue of 

Plin1–/– mice, total macrophages and the CD11c+ M1-type macrophage 

population were elevated. Moreover, it is very likely that certain lipid 

metabolites secreted from Plin1–/– adipocytes would enhance monocyte 

recruitment and pro-inflammatory responses in macrophages. Furthermore, 

macrophage depletion using clodronate restored insulin sensitivity in Plin1–/–

mice. Collectively, these data suggest that ATM stimulation by PLIN1

deficiency seems to be critical for systemic insulin resistance in Plin1–/– mice

(Figure 25). Nevertheless, I cannot exclude the possibility that Plin1 ablation 

might induce systemic insulin resistance through alternative pathways. For 

instance, COX2 inhibition ameliorated adipose tissue inflammation (Figure 

19) even though COX2 inhibition did not thoroughly improve insulin 

resistance in Plin1–/– mice (Figure 21). Further, elevation of circulating TG 

and FFAs has deleterious effects in non-adipose tissue by inducing 

lipotoxicity. Impaired insulin signaling reportedly is associated with 

increased uptake of FFAs into muscle (Petersen and Shulman, 2002). In this 
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Figure 25. Proposed model of chapter one. In PLIN1-deficient adipose 
tissue, lipolytic by-products such as prostaglandins promote adipose tissue 
inflammation, contributing to whole-body insulin resistance.
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regard, I observed that serum levels of TG and FFAs were elevated in Plin1–

/– mice. Moreover, in skeletal muscle of Plin1–/– mice, intracellular TG and 

FFA levels were slightly higher and insulin signaling pathways were impaired 

(Figure 22 and 23). Thus, it remains to be elucidated whether deteriorated 

insulin sensitivity in Plin1–/– mice might, at least in part result from 

lipotoxicity in peripheral tissues.

Several pathological conditions, such as lipodystrophy and cachexia, 

are closely linked to insulin resistance, lipid dysregulation, and inflammation, 

accompanied with decreased adiposity (Porporato, 2016; Savage, 2009). 

Interestingly, studies on human PLIN1 deficiency have suggested that 

mutations in PLIN1 could be responsible for autosomal dominant partial 

lipodystrophy. Gandotra et al. (Gandotra et al., 2011) identified two 

heterozygous frameshift mutations in PLIN1. Both mutations result in insulin 

resistance, severe dyslipidemia, and partial lipodystrophy (Gandotra et al., 

2011). Compared to healthy subjects, adipocyte size is significantly decreased, 

and macrophage infiltration is elevated in adipose tissues of lipodystrophic 

patients (Gandotra et al., 2011). I found that lean Plin1–/– mice showed 

phenotypes similar to those of PLIN1 mutant patients. In particular, Plin1–/–

mice exhibited decreased fat mass, dyslipidemia, and insulin resistance, 

which are common symptoms of lipodystrophic patients. Cachexia is 

considered a metabolic disorder and is characterized by loss of adipose tissue 

and skeletal muscle. Adipose tissue loss in cancer cachexia might be partly a 
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consequence of increased lipolysis, and this alteration in lipid metabolism is 

closely associated with adipose tissue inflammation (Batista et al., 2012; Das 

et al., 2011; Klein and Wolfe, 1990). These findings raise the possibility that 

dysregulated lipid metabolism of adipose tissue would affect systemic insulin 

resistance in lipodystrophic and cachectic subjects. Moreover, metabolically 

unhealthy lean individuals present impaired insulin sensitivity and exhibit 

higher serum TG, FFA levels than metabolically healthy lean individuals 

(Kim et al., 2013; Succurro et al., 2008). Serum levels of inflammatory 

markers including TNFa, IL-6, and MCP-1 are higher in metabolically 

unhealthy lean subjects than in metabolically healthy lean subjects (De 

Lorenzo et al., 2007; Indulekha et al., 2015). However, it is unclear how 

metabolically unhealthy lean individuals fail to maintain whole-body 

metabolic homeostasis due to the lack of proper animal models. Therefore, 

the present data indicate that Plin1–/– mice could be a suitable model to 

investigate the causality between insulin resistance and adipose tissue 

inflammation as well as lipid dysregulation in metabolically unhealthy lean 

subjects.

In conclusion, I identified novel roles of PLIN1 in adipose tissue 

inflammation and insulin sensitivity in lean animals. My data suggest that 

PLIN1 is a key regulator against adipose tissue inflammation and insulin 

resistance by restricting lipolysis. Taken together, PLIN1-mediated lipid 

metabolism might be a potential target to treat inflammation-linked metabolic 
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diseases as well as lipid dysregulation.
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CHAPTER TWO:

Spatial regulation of reactive oxygen 

species via G6PD in brown adipocytes 

supports thermogenic function
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1. Abstract

In brown adipocytes, reactive oxygen species (ROS) have been 

recently implicated in the regulation of thermogenic activity. Glucose-6-

phosphate dehydrogenase (G6PD), a rate-limiting enzyme in the pentose 

phosphate pathway, plays essential roles in the control of cellular redox 

potential by producing NADPH. Although it has been reported that G6PD 

upregulates cellular ROS levels in white adipocytes, the role of G6PD in 

brown adipocytes is largely unknown. In this study, I found that G6PD defect 

in brown adipocytes impairs thermogenic function through excessive 

cytosolic ROS accumulation, unlike in white adipocytes. Upon cold 

stimulation, G6PD-deficient mutant (G6PDmut) mice showed cold intolerance, 

accompanied by downregulated expression of thermogenic genes in brown 

adipose tissue (BAT). In addition, G6PD-deficient brown adipocytes 

exhibited increased levels of cytosolic ROS, potentially leading to ERK 

activation. In BAT of G6PDmut mice, administration of antioxidant, N-acetyl-

L-cysteine (NAC), restored the levels of thermogenic gene expression and 

attenuated ERK activation. Furthermore, body temperature and thermogenic 

gene expression levels were elevated by ERK inhibition with PD98059 in 

BAT from cold-exposed G6PDmut mice, implying that elevated ERK 

activation would be attributable for cold intolerance in G6PDmut mice. Taken 

together, these data suggest that G6PD in brown adipocytes would relieve 
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cytosolic ROS to potentiate the thermogenic program.
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2. Introduction

Adipose tissue is a key organ in the maintenance of systemic energy 

homeostasis by regulating energy storage and expenditure. Depending on 

morphology and function, mammalian adipose tissues are largely divided into 

white and brown adipose tissue (BAT). While white adipose tissue (WAT) 

plays major roles in energy storage and endocrine function, BAT is a 

specialized organ that converts chemical energy to heat and stimulates energy 

expenditure in response to cold or b-adrenergic stimuli (Cannon and 

Nedergaard, 2004). BAT contains brown adipocytes that have distinct 

intracellular features including composition of subcellular organelles and 

specific gene expression patterns compared to white adipocytes. For instance, 

brown adipocytes have multilocular lipid droplets and abundant mitochondria 

with brown adipocyte-specific protein, uncoupling protein 1 (UCP1). 

Thermogenic function of brown adipocytes primarily depends on UCP1 

which is localized in mitochondrial inner membrane. In brown adipocytes, 

UCP1 mediates proton leaks across the inner membrane and uncouples 

oxidative phosphorylation from ATP synthesis, resulting in oxygen 

consumption and heat production (Klingenberg and Winkler, 1985; Nicholls, 

1977).

Reactive oxygen species (ROS), a normal byproduct of metabolism, 

mediate various physiological processes, whereas excessive ROS 
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accumulation damages intracellular organelles and macromolecules to 

provoke pathological conditions (Schieber and Chandel, 2014). Cellular ROS 

is generated by non-enzymatic and enzymatic reactions in mitochondria, 

peroxisomes, and cytosol (Boveris et al., 1972; Finkel and Holbrook, 2000; 

Sandalio and Romero-Puertas, 2015; Schröder, 2020). Among them, 

mitochondria are a major source of cellular ROS production (Finkel and 

Holbrook, 2000). Since ROS are often produced during mitochondrial 

respiration, mitochondrial oxygen consumption leads to ROS accumulation 

in mitochondria and lysosomes (Ambrosio et al., 1993). Notably, cold 

exposure elevates mitochondrial ROS level with increased mitochondrial 

oxygen consumption in brown adipocytes (Chouchani et al., 2016; Gaikwad 

et al., 1990; Sekhar et al., 1987; Shabalina et al., 2014). In addition, it has 

been reported that the activity of antioxidant enzymes including superoxide 

dismutase, catalase, glutathione peroxidases and glutathione reductase as well

as glutathione (GSH) level is increased (on a per weight basis) in BAT of 

cold-exposed rats (Barja de Quiroga et al., 1991). In this aspect, it is feasible 

to speculate that the balance between production and scavenging of ROS 

would be important for cold-induced BAT activation.

Glucose-6-phosphate dehydrogenase (G6PD), the first and rate-

limiting enzyme of the pentose phosphate pathway, generates cytosolic 

nicotinamide adenine dinucleotide phosphate (NADPH). As a cofactor, 

NADPH mediates opposite roles for both pro-oxidative enzymes such as 
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NADPH oxidase and inducible nitric oxide synthase, and anti-oxidative 

enzymes such as glutathione peroxidase and thioredoxin reductase (Park et 

al., 2017; Spolarics, 1998). Thus, G6PD appears to have dual functions in the 

regulation of cellular oxidative levels, depending on cell and/or tissue types 

(Park et al., 2017). It has been shown that G6PD is highly expressed in WAT, 

and its overexpression in white adipocytes enhances oxidative stress and pro-

inflammatory responses, leading to insulin resistance in obesity (Park et al., 

2006; Park et al., 2005). Although it has been reported that enzymatic activity 

of G6PD in BAT is higher than in WAT and that G6PD activity is elevated in 

BAT upon cold (Carvalho et al., 1993; Swierczyński et al., 1981), the 

physiological roles of G6PD in BAT have not been fully elucidated. 

In this study, I have studied G6PD-deficient mutant (G6PDmut) mouse 

model to understand the roles of G6PD in BAT. Here, I found that G6PD in 

brown adipocytes is required for thermogenic activity by scavenging cellular 

ROS accumulation. Upon cold exposure, G6PDmut mice exhibited cold 

intolerance and downregulated thermogenic gene expression in BAT. 

Moreover, genetic and pharmacological inhibition of G6PD in brown 

adipocytes repressed thermogenic program and oxygen consumption rates in 

the presence of b-adrenergic activation. Mechanistically, G6PD deficiency in 

brown adipocytes elevated the level of cytosolic ROS, which suppressed 

thermogenic gene expression by activating ERK. Together, these data suggest 
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that G6PD play a pivotal role in the thermogenic regulation of brown 

adipocytes by restricting aberrant ROS accumulation and ERK activation.
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3. Materials and Methods

Animals and treatments

The animal study was performed in accordance with the research 

guidelines of the Seoul National University Institutional Animal Care and Use 

Committee. G6PDmut (C57BL/6) mice and their littermates were housed at 

22–24°C in a 12-h light/12-h dark cycle and maintained on normal chow diet 

(Ham et al., 2016). For thermoneutral and cold-exposure experiments, 10–14-

week-old male mice were placed at 30°C or 4–6°C (DBL Co., South Korea). 

For in vivo compound administration, mice were intraperitoneally injected 

with CL-316,243 (indicated dose), NAC (100 mg/kg), PD98059 (10 mg/kg), 

or an equivalent volume of vehicle.  

Reagents and Chemicals

6-aminonicotinamide (6-AN), dehydroepiandrosterone (DHEA) and 

N-acetyl-L-cysteine (NAC) were purchased from Sigma. Chloromethyl-2’, 

7’-dichlorodihydrofluorescein diacetate (H2DCFDA) and mitoSOX were 

purchased from Invitrogen. PD98059 was purchased from Enzo Life Sciences. 

siRNAs were purchased from Bioneer (Daejeon, Korea). 

Cell Culture

BAC was kindly provided by Dr. Kai Ge (NIH). BAC preadipocytes 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
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with 10% fetal bovine serum (FBS). BAC preadipocytes were grown to 

confluence (day 0) in induction medium consisting of DMEM, 10% FBS, 20 

nM insulin, 1 nM 3,3′,5-triiodo-L-thyronine (T3), 125 mM indomethacin, 0.5 

mM isobutylmethylxanthine, and 5.1 mM dexamethasone. After 2 day 

incubation in induction medium, the cells were transferred to differentiation 

medium (DMEM, 10% FBS, 20 nM insulin and 1 nM T3). Then, medium was 

changed with DMEM containing 10% FBS every other day. For siRNAs 

transfection, differentiated BAC were collected and washed with PBS. After 

wash, the cells were mixed with siRNA or plasmids and transfected with a

single pulse of 1100 V for 30 ms using a Microporator MP-100 (Digital Bio, 

Seoul, Korea). For transient transfection of DNA plasmids, differentiated 

BAC were transfected by Lipofectamine 3000 (Thermo Fisher Scientific) 

according to the manufacturer’s protocol. Adenoviral infection was 

performed as described previously (Park et al., 2006).

Thermal Imaging 

The surface temperature of the mice was imaged using an infrared 

camera (CX320 Thermal Imaging Camera; COX Co., Seoul, Korea). 

Whole-mount Immunohistochemistry 

Whole-mounted BATs were incubated with DCFDA (10 mM) or 
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mitoSOX (2.5 mM) for 30 min. After staining, intracellular ROS level in BAT 

was visualized by coherent anti-Stokes Raman scattering (CARS) imaging 

using a model TCS SP8 CARS microscope (Leica Microsystems, Wetzlar, 

Germany). Pump and Stokes lasers were tuned to 14,140 cm–1 (or 707 nm) 

and 11,300 cm–1 (or 885 nm), respectively, to be in resonance with the CH2

symmetric stretch vibration at 2,840 cm–1 (Kim et al., 2019). 

Adipose tissue fractionation

Adipose tissue was fractionated as described previously (Sohn et al., 

2018b). Briefly, BAT was dissected out, chopped, incubated in collagenase 

buffer (0.1 M HEPES, 0.125 M NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM 

glucose, 1.5% (w/v) glucose, and 0.1% (w/v) collagenase I) for 20 min at 

37°C with shaking, and centrifuged. Supernatants containing adipocytes were 

used for primary cell culture or flow cytometry. 

Flow cytometry

Flow cytometric analysis was performed as described previously 

(Boumelhem et al., 2017). For intracellular ROS measurement, adipocytes 

were incubated with H2DCFDA (10 mM) or mitoSOX (2.5 mM) for 30 min. 

After a wash, fluorescent signals were analyzed using a FACS Canto II (BD 

Biosciences).
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Cellular oxygen consumption assay

Cellular OCR of brown adipocytes were analyzed by Seahorse 

XFe24 extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA) 

according to the manufacturer’s instruction. Prior to analysis, adipocytes 

incubated in assay medium (25 mM glucose, 1 mM sodium pyruvate, 2 mM 

L-glutamine, 2% fatty acid-free BSA in Seahorse XF base medium at pH7.4). 

For mitochondrial stress tests, OCR was measured following treatment with 

5 mM oligomycin, 7.5 mM FCCP and 6 mM antimycin A with 3 mM rotenone. 

For b-adrenergic stimulation, OCR was measured following acute treatment 

with 5 μM ISO or brown adipocytes were pretreated with 1 μM ISO for 3 h 

before OCR measurement. Protein concentration was measured using BCA 

assay to normalize OCR. 

G6PD activity assay

In tissue homogenates, G6PD activity was determined by measuring 

NADPH production rate. NADPH level was detected using a fluorometric 

assay kit (Cayman Chemical, no.700300) according to the manufacturer’s 

guidelines. Each enzymatic activity was normalized by tissue weights.

Quantitative reverse transcription (qRT)-PCR

Total RNA was isolated from BAT, iWAT, eWAT, liver, heart, lung, 

spleen, primary brown adipocytes and BAC. Then, qRT-PCR was performed 



81

as described previously (Sohn et al., 2018a). Primers used were obtained from 

Bioneer (South Korea).

Western blot analysis

BAT, iWAT and BAC were lysed with modified RIPA buffer 

containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% (v/v) 

Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 5 mM NaF, 

1 mM Na3VO4, and a protease inhibitor mixture (GenDEPOT). Proteins in 

the lysates were separated by SDS-PAGE and transferred to polyvinylidene 

fluoride membranes (Millipore). The blots were blocked with 3% BSA and 

probed with anti-pERK (T202/Y204; Cell Signaling Technology), anti-pJNK 

(T183/Y185; Cell Signaling Technology), anti-pp38 (T180/Y182; BD

science), anti-ERK1 (Santa Cruz Biotechnology), anti-p38 (Santa Cruz 

Biotechnology), anti-G6PD (Abcam) or anti-UCP1 (Abcam).

Statistical analysis

All data were analyzed using Student’s t-test or analysis of variance 

(ANOVA) in GraphPad Prism 7 software (GraphPad Software, La Jolla, CA);

P values of <0.05 were considered significant. 



82

4. Results

In brown adipocytes, G6PD is elevated by cold exposure

It has been reported that there are intrinsic differences between 

transcriptomes of BAT and WAT (Hepler et al., 2017; Rosell et al., 2014). To 

elucidate distinct molecular features in BAT compared to WAT, we performed 

a large-scale gene function analysis using gene ontology. In BAT, enriched 

genes were associated with redox regulation pathways under both 

thermoneutral (TN, 28°C) and cold (4°C) conditions (Figure 26A and 26B). 

While the expression levels of anti-oxidative enzymes were increased in BAT, 

the expression levels of NADPH oxidase subunits were decreased in BAT 

compared to WAT (Figure 26B). Then, to identify the potential key factor(s) 

involved in the prominent functions of BAT, we analyzed the expression 

profile through KEGG pathway database. This analysis revealed that “pentose 

phosphate pathway” was significantly upregulated in BAT rather than WAT 

from cold-exposed or CL316,243-treated mice compared to each control mice 

(Figure 27). 

Given that G6PD is a key enzyme in redox regulation as well as 

pentose phosphate pathway and is abundantly expressed in adipose tissue 

(Park et al., 2005), I hypothesized that G6PD might be involved in BAT 

function. To investigate whether G6PD expression might be altered in BAT 

upon cold stimuli, I examined the expression levels of BAT G6PD expression 



83

Figure 26. Molecular functions implicated in distinct roles of BAT 
different from WAT. (A) GO molecular function analysis for common 
upregulated genes in BAT compared to WAT under TN and cold conditions.  
(B) A heat map of redox control-related genes in BAT and WAT from TN- or 
cold-exposed mice. Bars represent Enrichr combined score. Data from 
GSE51080.
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Figure 27. Biological pathways implicated in distinct roles of BAT 
different from WAT. (A-B) Biological pathway analysis for upregulated 
genes in BAT from cold-exposed or CL316,243-treated mice compared to 
control mice using KEGG pathways. (C-D) Biological pathway analysis for 
upregulated genes in WAT from cold-exposed or CL316,243-treated mice 
compared to control mice using KEGG pathways. All bars represent Enrichr 
combined score. Data from GSE51080 and GSE98132.
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level under different temperatures such as TN, room temperature (RT, 22°C), 

and cold. As shown in Figure 28A, the level of G6pd mRNA was elevated in 

BAT during cold exposure. The level of Ucp1 mRNA was studied as a positive 

control for cold-induced thermogenesis. Likewise, the level of G6PD protein

in BAT was increased by cold exposure (Figure 28B). Moreover, I found that 

G6PD protein was more abundant in BAT than inguinal WAT (iWAT) (Figure 

28C). Upon cold, the increased pattern of G6PD expression was more 

pronounced in BAT than in other tissues (Figure 28D). To further characterize 

the expression pattern of BAT G6PD, BATs were fractionated into adipocytes 

and stromal vascular cells (SVCs). Unlike in SVCs, the level of G6pd mRNA 

was further elevated in brown adipocytes from cold-exposed mice as 

compared to those from TN-exposed mice (Figure 28E). Although the 

increase in G6PD expression was prominent in chronic cold conditions, 

G6PD activity was increased in BAT, not WAT, even in acute cold conditions 

(Figure 29). In parallel, I examined the level of G6pd mRNA in BAT from 

obese mice where G6pd expression was upregulated in WAT. While the level 

of G6pd mRNA in WAT from HFD-fed or db/db mice was increased 

compared to NCD-fed or db/+ mice, that of G6pd mRNA was decreased in 

BAT from obese mice (Figure 30). Unlike white adipocytes, G6PD 

overexpression in brown adipocytes did not stimulate pro-inflammatory gene 

expression or pro-oxidative pathways (Figure 31). These results suggest that 

G6PD in brown adipocytes is activated in response to cold and might exert 
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Figure 28. G6PD expression in BAT is induced during cold exposure. (A) 
The levels of G6pd mRNA were measured by qRT-PCR in BAT from WT 
mice exposed to room temperature (RT) or cold conditions. *P < 0.05, **P < 
0.01, ***P < 0.001 vs. 0 h group by one-way ANOVA followed by Tukey’s 
post-hoc test. (B) The levels of G6PD protein were determined by western 
blot analysis in BAT from WT mice exposed to thermoneutral (TN) or cold 
conditions. (C) The levels of G6PD protein were compared between BAT and 
iWAT from WT mice exposed to TN or cold conditions. (D) Tissue 
distribution patterns of G6pd mRNA expression were assessed in WT mice 
exposed to RT or 72 h cold condition. *P < 0.05, **P < 0.01, ***P < 0.01 vs. RT 
group by Student’s t-test. (E) Relative mRNA level of G6pd in brown 
adipocytes (AD) and stromal vascular cells (SVC) of BAT from WT mice 
exposed to TN or 72 h cold conditions. *P < 0.05 vs. TN group by two-way 
ANOVA followed by Tukey’s post-hoc test. All data represent the mean ± 
SEM. All qRT-PCR data were normalized to the mRNA level of 36b4.
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Figure 29. G6PD activity in BAT is induced during cold exposure. G6PD 
enzymatic activity in BAT, iWAT, and eWAT from WT mice exposed to RT 
or 6 h cold conditions. **P < 0.01, ***P < 0.001 vs. RT, BAT group by two-way 

ANOVA followed by Tukey’s post-hoc test. All data represent the mean ± SEM.
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Figure 30. The expression levels of G6pd, inflammation- and oxidation-
related genes in eWAT and BAT from obese mice. (A) The mRNA levels 
of G6pd, pro-inflammatory and pro-oxidative genes in eWAT and BAT from 
8w HFD-fed mice compared with NCD-fed mice. (B) The mRNA levels of 
G6pd, pro-inflammatory and pro-oxidative genes in eWAT and BAT from 
db/db mice compared to db/+ mice. All data represent the mean ± SEM. All 
qRT-PCR data were normalized to the mRNA level of cyclophilin. *P < 0.05, 
**P < 0.01 vs. each control group by Student’s t-test.
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Figure 31. The mRNA levels of inflammatory and oxidative genes in 
white and brown adipocytes upon G6PD overexpression. (A-B) The 
mRNA levels of pro-inflammatory genes and NADPH oxidase subunit genes 
in 3T3-L1 adipocytes (A) or immortalized mouse brown adipocytes (BAC) 
(B) after G6PD overexpression using adenovirus. (C-D) Cellular ROS level 
in 3T3-L1 adipocytes (C) or BAC (D) after G6PD overexpression. All data 
represent the mean ± SEM. All qRT-PCR data were normalized to the mRNA 
level of cyclophilin. *P < 0.05, **P < 0.01, ***P < 0.01 vs. Ad-Mock group by 
Student’s t-test.
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distinct roles different from white adipocytes.

G6PDmut mice show cold intolerance 

To investigate the in vivo functions of G6PD in BAT, I examined the 

effects of cold exposure on thermogenic activity in WT and G6PDmut mice. 

Body weight, adipose tissue mass and serum lipid levels were not 

significantly different between two genotypes under RT or cold condition 

(Figure 32). Interestingly, I found that G6PDmut mice were more cold 

intolerant than WT mice (Figure 33A). Also, thermal imaging analysis 

revealed that cold-exposed G6PDmut mice exhibited lower body temperature 

than cold-exposed WT mice (Figure 33B). Although thermogenic gene 

profiles and adipocyte morphology in BAT were not different between WT 

and G6PDmut mice at RT (Figure 34), the mRNA levels of thermogenic marker 

genes including Ucp1, Dio2 and Ppargc1α were decreased in BAT of 

G6PDmut mice upon cold (Figure 34A). Moreover, G6PD-deficient BAT 

showed larger lipid droplets than WT BAT upon cold exposure (Figure 34B). 

Consistent with mRNA profile, the level of UCP1 protein in BAT of G6PDmut

mice was decreased upon cold (Figure 34C and 34D). However, the mRNA 

levels of thermogenic marker genes in iWAT were comparable between WT 

and G6PDmut mice under either RT or cold (Figure 35). Next, I examined the 

metabolic activity of WT and G6PDmut mice upon β-adrenergic activation. 

G6PDmut mice displayed lower oxygen consumption and energy expenditure
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Figure 32. Body weight, tissue weights, and serum lipid profile from WT 
and G6PDmut mice upon cold exposure. (A-B) Body weight (A) and the 
weights of adipose tissue (B) from WT and G6PDmut mice exposed to RT or 
6 h cold condition. (C) Serum lipid profile of WT and G6PDmut mice upon 6 
h cold exposure. All data represent the mean ± SEM. **P < 0.01, ***P < 0.001 
vs. WT, RT group by two-way ANOVA followed by Tukey’s post-hoc test. 
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Figure 33. Cold-induced thermogenesis is attenuated in G6PDmut mice. 
(A) Rectal temperature was measured during cold exposure. The data 
represent the mean ± SEM. **P < 0.01, ***P < 0.001 vs. WT group by repeated-
measures ANOVA (RM-ANOVA) followed by Tukey’s post-hoc test. (B) 
Surface body temperature of WT and G6PDmut mice was assessed by infrared 
camera after 4 h cold exposure. 
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Figure 34. G6PD deficiency alleviates thermogenic action in BAT after 
cold stimulation. (A) Relative mRNA levels of thermogenic genes (Ucp1, 
Dio2 and Ppargc1a) were measured in BAT by qRT-PCR. The data represent 
the mean ± SEM. **P < 0.01, ***P < 0.001 vs. WT, RT group; #P < 0.05, ##P < 
0.01 vs. WT, cold group by two-way ANOVA followed by Tukey’s post-hoc 
test. qRT-PCR data were normalized to the mRNA level of 36b4. (B) 
Adipocyte morphology of BAT from WT and G6PDmut mice exposed to RT 
or 12 h cold condition was assessed by hematoxylin and eosin (H&E) staining. 
Scale bars, 50 mm. Size of 100 lipid droplets were measured in each group. 
***P < 0.001 vs. WT, RT group; ###P < 0.001 vs. WT, cold group by one-way 
ANOVA followed by Tukey’s post-hoc test. (C) UCP1 protein was detected 
in BAT from WT and G6PDmut mice exposed to RT or 12 h cold condition. 
Immunohistochemistry analysis of the nuclei (blue) and UCP1 (red). Scale 
bars, 10 mm. (D) UCP1 protein levels were determined by western blot 
analysis in BAT from WT and G6PDmut mice exposed to RT or 6 h cold 
condition. All data represent the mean ± SEM.
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Figure 35. The expression level of thermogenic genes in iWAT is not 
different between WT and G6PDmut mice upon cold exposure. The mRNA 
levels of thermogenic marker genes in iWAT of WT and G6PDmut mice during 
6 h cold exposure. qRT-PCR data were normalized to the mRNA level of 36b4. 
Data represent the mean ± SEM. **P < 0.01, ***P < 0.001 vs. WT, RT group 
by two-way ANOVA followed by Tukey’s post-hoc test. 
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Figure 36. Systemic oxygen consumption and energy expenditure are 
decreased in G6PDmut mice upon stimulation of b3 adrenergic receptor. 
VO2 (A), energy expenditure (EE) (B) of WT and G6PDmut mice before and 
after CL316,243 (CL, 1 mg/kg) injection were determined. $P < 0.05, $$P < 
0.01 vs. WT group by RM-ANOVA by Sidak’s post-hoc test. *P < 0.05 vs. 
WT, PBS group; #P < 0.05 vs. WT, CL group by two-way ANOVA followed 
by Tukey’s post-hoc test. All data represent the mean ± SEM.
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than WT mice in the presence of CL316,243 (Figure 36). In WT and G6PDmut

mice, respiratory exchange rate (RER), locomotive activity and food intake 

were similarly decreased by CL316,243. However, there was no significant 

difference between two genotypes (Figure 37). Nevertheless, the mRNA 

levels of thermogenic genes were downregulated in BAT of G6PDmut mice 

compared to WT mice with CL316,243 (Figure 38). Collectively, these results 

propose that G6PD in BAT might promote thermogenic action and energy 

expenditure upon cold or β-adrenergic stimulation.

In brown adipocytes, G6PD defect represses thermogenic gene 

expression and oxygen consumption upon β-adrenergic stimulation 

Given that G6PD expression was upregulated in brown adipocytes 

(Figure 28) and G6PD deficiency repressed BAT activation upon cold or β-

adrenergic stimuli (Figure 34 and 38), I asked whether G6PD defect in brown 

adipocytes might suppress thermogenic program in a cell-autonomous 

manner. Primary brown adipocytes isolated from WT and G6PDmut mice were 

ex vivo cultured with isoproterenol (ISO) to stimulate β-adrenergic signaling. 

Compared to WT brown adipocytes, the mRNA levels of thermogenic genes 

were decreased in G6PDmut brown adipocytes upon ISO treatment (Figure 

39A). Moreover, the mRNA levels of thermogenic markers were 

downregulated in brown adipocytes treated with G6PD inhibitors such as 

DHEA and 6-AN in the presence of ISO (Figure 39B and 39C). To affirm 



97

Figure 37. RER, physical activity, and food intake are not different 
between WT and G6PDmut mice upon stimulation of b3 adrenergic 
receptor. Respiratory exchange ratio (RER) (A), physical activity (B) and 
food intake (C) of WT and G6PDmut mice before and after CL316,243 (CL, 1 
mg/kg) injection were determined. *P < 0.05, ***P < 0.001 vs. WT, PBS group 
by two-way ANOVA followed by Tukey’s post-hoc test. All data represent 
the mean ± SEM.
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Figure 38. In BAT, G6PDmut mice attenuate thermogenic program upon 
stimulation of b3 adrenergic receptor. Relative mRNA levels of 
thermogenic genes (Ucp1, Elovl3 and Dio2) were measured in BAT by qRT-
PCR. *P < 0.05 vs. WT, PBS group; #P < 0.05, ##P < 0.01 vs. WT, CL group 
by two-way ANOVA followed by Tukey’s post-hoc test. qRT-PCR data were 
normalized to the mRNA level of 36b4. All data represent the mean ± SEM. 
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Figure 39. G6PD defect in brown adipocytes reduces thermogenic gene 
expression. (A) Relative mRNA levels of thermogenic genes (Ucp1, 
Ppargc1a and Dio2) were measured in primary brown adipocytes before and 
after 10 mM isoproterenol (ISO) treatment for 3 h. ***P < 0.001 vs. WT, CTL 
group; #P < 0.05, ###P < 0.001 vs. WT, ISO group by two-way ANOVA 
followed by Tukey’s post-hoc test. (B-C) Brown adipocyte cell-line (BAC) 
was pretreated with G6PD inhibitors, 100 mM DHEA (B) or 100 mM 6-AN 
(C) for 2 h. Relative mRNA levels of thermogenic genes (Ucp1 and Dio2) 
were measured in BAC before and after 1 mM ISO treatment for 3 h. ***P < 
0.001 vs. DMSO, CTL group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. DMSO, 
ISO group by two-way ANOVA followed by Tukey’s post-hoc test. (D) qRT-
PCR analyses of thermogenic genes in brown adipocytes transfected with 
siNC or siG6pd. All data represent the mean ± SEM. **P < 0.01, ***P < 0.001 
vs. DMSO, CTL group; ##P < 0.01, ###P < 0.001 vs. DMSO, ISO group by 
two-way ANOVA followed by Tukey’s post-hoc test. All qRT-PCR data were 
normalized to the mRNA level of cyclophilin.
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the effects of G6PD on thermogenic gene expression in brown adipocytes, I

suppressed G6PD with siRNA. In brown adipocytes, suppression of G6PD 

via siRNA appeared to decrease the expression of thermogenic markers by 

ISO (Figure 39D). On the contrary, G6PD overexpression in brown 

adipocytes seemed to upregulate thermogenic gene expression with ISO

(Figure 40). Next, to examine the effects of G6PD inhibition in brown 

adipocytes on mitochondrial activity or biogenesis, I analyzed oxygen 

consumption rates (OCRs) and mitochondrial DNA content with or without 

G6PD inhibitors. While G6PD inhibition in brown adipocytes did not alter 

OCRs in the absence of ISO (Figure 41A), G6PD inhibition reduced OCRs 

under basal- and FCCP-treated condition in the presence of ISO (Figure 41B). 

However, mitochondrial DNA/genomic DNA ratio was not significantly 

different by ISO treatment (Figure 41C). Together, these data suggest that 

G6PD in brown adipocytes would be crucial for activation of thermogenic 

gene expression and mitochondrial oxygen consumption upon b-adrenergic 

stimulation. 

In BAT, oxidative stress induced by G6PD defect disrupts thermogenic 

function 

G6PD produces NADPH, which is a critical cofactor in the regulation 

of cellular redox (Park et al., 2017; Spolarics, 1998). To verify whether 



101

Figure 40. G6PD overexpression in brown adipocytes upregulates 
thermogenic gene expression. BAC infected with an adenovirus containing 
GFP (Ad-Mock) or G6PD (Ad-G6PD). Relative mRNA levels of thermogenic 
genes (Ucp1, Ppargc1a and Dio2) were analyzed before and after 1 mM ISO 
treatment for 3 h. *P < 0.05, ***P < 0.001 vs. Ad-Mock, CTL group; #P < 0.05, 
###P < 0.001 vs. Ad-Mock, ISO group by two-way ANOVA followed by 
Tukey’s post-hoc test. All data represent the mean ± SEM. qRT-PCR data 
were normalized to the mRNA level of cyclophilin.
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Figure 41. G6PD defect in brown adipocytes reduces mitochondrial 
oxygen consumption after b-adrenergic stimulation. (A-B) Oxygen 
consumption rate (OCR) was assessed without (A) or with 1 mM ISO (B) in 
BAC pretreated G6PD inhibitors. *P < 0.05, ***P < 0.001 vs. DMSO, ISO 
group by RM-ANOVA followed by Tukey’s post-hoc test. (C) Mitochondrial 
DNA (mtDNA) contents (mtDNA/nuclear DNA ratio) in brown adipocytes 
upon G6PD inhibition followed by ISO treatment. All data represent the mean 
± standard error of the mean (SEM).
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decreased thermogenic programing in brown adipocytes by G6PD defect 

might be associated with ROS, the level of cellular ROS was determined. As 

shown in Figure 42A, the basal level of cellular ROS was elevated by G6PD 

inhibitor, DHEA. Stimulation with ISO further augmented cellular ROS level 

in brown adipocytes treated with DHEA. I also found that cellular ROS

accumulation was higher in primary brown adipocytes from G6PDmut mice 

under either RT or cold condition, despite no difference in eWAT between two 

genotypes (Figure 42B and 42C). In BAT of G6PDmut mice, cellular ROS 

level was further elevated compared with WT mice upon CL316,243 (Figure 

42D). Nonetheless, the levels of mitochondrial superoxide in BAT and brown 

adipocytes from two genotypes were not different under either RT or cold

(Figure 43A and 43B). Also, G6PD deficiency did not affect the expression 

the levels of NADPH oxidase subunits (p47phox, p67phox and Nox2) and 

antioxidative genes (Sod2, Catalase and Gpx1) in BAT (Figure 44). The fact 

that most G6PD is localized in cytosol led me to investigate whether G6PD 

might regulate cytosolic ROS level rather than mitochondrial ROS level in 

brown adipocytes upon b-adrenergic stimulation. To measure the cytosolic 

ROS level in brown adipocytes, I used engineered ascorbate peroxidase 

(APEX)-generated biotin labeling system. Subcellular compartment-

targeting APEX produces biotin-phenoxyl radicals in the presence of 

hydrogen peroxide and then the radicals biotinylate nearby proteins (Lee et 

al., 2016). For quantifying cytosolic ROS or mitochondrial ROS levels, 
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Figure 42. G6PD defect in brown adipocytes induces cellular ROS level. 
(A) Cellular ROS accumulation was measured in BAC by flow cytometric 
analysis. After treatment with DMSO or DHEA, BAC were treated with 1 mM 
ISO for 3 h. The cells were then incubated with the redox-sensitive 
fluorescent dye DCFDA for 30 min. ***P < 0.001 vs. DMSO, CTL group; ##P 
< 0.01 vs. DMSO, ISO group by two-way ANOVA followed by Tukey’s post-
hoc test. (B) Using flow cytometric analysis, cellular ROS level was detected 
in primary brown adipocytes from WT and G6PDmut mice exposed to RT or 
3 h cold condition. *P < 0.05 vs. WT, RT group; ###P < 0.001 vs. WT, Cold 
group by two-way ANOVA followed by Tukey’s post-hoc test. All data 
represent the mean ± SEM. (C) Cellular ROS level in eWAT from WT and 
G6PDmut mice upon cold exposure as measured DCF-DA staining. Scale bars, 
75 mm. (D) Cellular ROS level in BAT from WT and G6PDmut mice before 
and after 4 h CL316,243 (CL, 1 mg/kg) injection detected by whole-mount 
immunofluorescence analysis. Scale bars, 25 mm.
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Figure 43. G6PD defect does not change in mitochondrial superoxide 
levels in brown adipocytes. (A) Using whole-mount immunofluorescence 
analysis, mitochondrial superoxide level in BAT from WT and G6PDmut mice 
exposed to RT or 3 h cold condition was detected by MitoSOX staining. Scale 
bars, 25 mm. Data represent the mean ± SEM. (B) Mitochondrial superoxide 
level was measured in primary brown adipocytes from WT and G6PDmut mice 
exposed to RT or 3 h cold condition by flow cytometric analysis. ***P < 0.001 
vs. WT, RT group by two-way ANOVA followed by Tukey’s post-hoc test.
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Figure 44. Oxidative gene expressions in BAT are not different between 
WT and G6PDmut mice. (A-B) qRT-PCR analyses of NADPH oxidase 
subunits (A) and anti-oxidative genes (B) in BAT of WT and G6PDmut mice 
after 6 h cold exposure. qRT-PCR data were normalized to the mRNA level 
of 36b4. All data represent the mean ± SEM. *P < 0.05 vs. WT, RT group by 
two-way ANOVA followed by Tukey’s post-hoc test.



107

brown adipocytes were transfected with NES-APEX (cytosol) or Matrix-

APEX (mitochondrial matrix) constructs and treated with vehicle or DHEA 

in the absence or presence ISO. As shown in Figure 45, G6PD inhibition in 

brown adipocytes accelerated cytosolic ROS accumulation, whereas it did not 

affect mitochondrial ROS level after b-adrenergic stimulation. These results 

propose that G6PD would modulate cytosolic ROS in brown adipocytes. 

To investigate whether impaired thermogenic regulation in G6PD-

deficient brown adipocytes might be attributable to oxidative stress, brown 

adipocytes were treated with antioxidant N-acetyl cysteine (NAC). NAC 

decreased cellular ROS level in brown adipocytes (Figure 46A). In DHEA-

treated brown adipocytes, NAC increased OCR and thermogenic gene 

expression in the presence of ISO (Figure 46B and 46C). Furthermore, to 

verify whether accumulated cellular ROS could be responsible for BAT 

inactivation in G6PDmut mice, G6PDmut mice were intraperitoneally 

administered with NAC (100 mg/kg body weight), followed by CL316,243 

injection. Cellular ROS levels were decreased in NAC-treated G6PDmut mice 

compared to PBS-treated G6PDmut mice (Figure 47A). In BAT of G6PDmut

mice, NAC treatment stimulated the expression of thermogenic genes such as 

UCP1, PPARGC1A, and CIDEA and promoted small lipid droplet formation 

(Figure 47B and 47C). Furthermore, NAC in G6PDmut mice elevated UCP1 

protein in BAT (Figure 47D). Together, these data indicate that oxidative 

stress mediated by G6PD defect would exacerbate thermogenesis in brown 
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Figure 45. G6PD defect increases cytosolic ROS level in brown 
adipocytes. (A-B) The level of protein biotinylation mediated by APEX were 
analyzed by western blot analysis. After transiently transfected with NES-
APEX (A) or mitochondria matrix-APEX (B), BAC were treated with DHEA, 
followed by ISO treatment for 3 h. 
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Figure 46. Antioxidant restores thermogenic function impaired by G6PD 
defect in brown adipocytes. (A-C) BAC was pretreated with 100 mM DHEA 
and 10 mM N-acetyl cysteine (NAC) for 2 h, followed by 1 mM ISO treatment 
for 3 h. Cellular ROS level (A), OCR (B) and relative mRNA levels of 
thermogenic genes (Ucp1, Cidea and Elovel3) (C) were determined. *P < 0.05, 
**P < 0.001, ***P < 0.001 vs. DMSO, ISO, PBS group; ##P < 0.01 vs. DMSO, 
ISO, NAC group; $$P < 0.01 vs. DMSO, PBS group; %P < 0.05 vs. DMSO, 
NAC group by two-way ANOVA followed by Tukey’s post-hoc test. All data 
represent the mean ± SEM. qRT-PCR data were normalized to the mRNA 
level of cyclophilin.
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Figure 47. Antioxidant restores thermogenic function in BAT from 
G6PDmut mice. (A-D) NAC (100 mg/kg) was intraperitoneally (i.p.) injected 
to WT or G6PDmut mice. After 10 min, CL316,243 (0.5 mg/kg) was i.p. 
administered. Cellular ROS level (A), relative mRNA levels of thermogenic 
genes (Ucp1, Ppargc1a, Acox1, and Dio2) (B) and adipocyte morphology (C) 
in BAT from WT and G6PDmut mice was assessed. Scale bars, 25 mm. **P < 
0.01, ***P < 0.001 vs. WT, CL, PBS group; ##P < 0.01, ###P < 0.001 vs. 
G6PDmut, CL, PBS group by two-way ANOVA followed by Tukey’s post-hoc 
test. (D) UCP1 protein levels were assessed in BAT from WT and G6PDmut 
mice treated with NAC after CL316,243 administration. All data represent the 
mean ± SEM. All qRT-PCR data were normalized to the mRNA level of 
cyclophilin.
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adipocytes.

In G6PD-deficienct brown adipocytes, ERK activation suppresses the 

expression of thermogenic genes.

It has been demonstrated that oxidative stress potentiates the 

signaling cascades of mitogen-activated protein kinases (MAPKs) including 

ERK, p38 MAPK, and JNK to regulate gene expression (Torres and Forman, 

2003; Yang et al., 2003). To decipher the underlying mechanisms by which 

G6PD-deficient brown adipocytes would decrease thermogenic program, I

have focused on MAPK signaling upon cold. As indicated in Figures 48A and 

48B, phosphorylation of ERK, not p38 MAPK and JNK, was enhanced in 

BAT of G6PDmut mice upon cold or CL316,243. In brown adipocytes, 

suppression of G6PD with DHEA upregulated the level of ERK 

phosphorylation in the presence of ISO and such increase was downregulated 

by NAC (Figure 49A and 49B). Similarly, inhibitory effects of NAC on ERK 

activation were observed in BAT of G6PDmut mice (Figure 49C). To clarify 

the involvement of ERK in decreased thermogenic program by G6PD defect, 

G6PD-deficient brown adipocytes were treated with an ERK inhibitor, 

PD98059. ERK inhibition in DHEA-treated brown adipocytes significantly 

upregulated thermogenic gene expression in the presence of ISO (Figure 50). 

Next, to investigate whether ERK activation would be responsible for 

impaired thermogenic activity in G6PDmut mice, mice were treated with 
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Figure 48. G6PDmut mice show increased ERK activation in BAT after 
cold exposure or b-adrenergic stimulation. (A) Phosphorylation of MAPKs, 
i.e., p38 MAPK (T180/Y182), ERK (T202/Y204), and JNK (T183/Y185) was 
measured in BAT from WT or G6PDmut mice upon 6 h cold exposure. (B) 
MAPK activation in BAT from WT and G6PDmut mice after CL316,243 (1 
mg/kg) injection.
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Figure 49. G6PD defect induces ROS-induced ERK activation in brown 
adipocytes. (A) ERK phosphorylation in brown adipocytes upon G6PD 
inhibition followed by ISO treatment. (B) ERK phosphorylation in G6PD-
inhibited brown adipocytes upon NAC treatment in the presence of ISO. (C) 
NAC was administrated to WT and G6PDmut mice and then CL316,243 was 
injected. ERK phosphorylation level was determined in BATs.
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Figure 50. ERK activation by G6PD defect inhibits thermogenic gene 
expression after b-adrenergic stimulation. (A) BAC was pretreated with 
G6PD inhibitors (100 mM) and 50 mM PD98059 for 2 h, followed by 1 mM 
ISO treatment for 3 h. The level of ERK phosphorylation was assessed (B) 
qRT-PCR analyses of thermogenic genes. All data represent the mean ± SEM. 
All qRT-PCR data were normalized to the mRNA level of cyclophilin. 
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PD98059 (10 mg/kg body weight), followed by cold exposure. PD98059 

administration not only inhibited ERK activation in BAT (Figure 51A), but 

also elevated body temperature in G6PDmut mice during cold exposure

(Figure 51B and 51C). In BAT of G6PDmut mice, ERK suppression with 

PD98059 stimulated small lipid droplet formation and expression of 

thermogenic marker genes (Figure 51D and 51E). These data indicate that 

ERK in brown adipocytes would mediate the deleterious effects of G6PD 

defect on thermogenic program.
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Figure 51. ERK activation represses thermogenic function in BAT of 
G6PDmut mice. PD98059 (10 mg/kg) was i.p. injected to WT or G6PDmt 
mice. After 30 min, mice were exposed to cold condition for 4 h. (A) The 
level of ERK phosphorylation in BAT of G6PDmut mice upon PD98059 
treatment. (B-E) Surface body temperature (B), rectal temperature (C), brown 
adipocyte morphology (D) and thermogenic gene profile in BAT (E) were 
assessed. Scale bars, 20 mm. **P < 0.01, ***P < 0.001 vs. WT, cold, Veh group; 
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. G6PDmut, cold, Veh group by two-way 
ANOVA followed by Tukey’s post-hoc test. All data represent the mean ± 
SEM. qRT-PCR data were normalized to the mRNA level of cyclophilin.
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5. Discussion

It has been suggested that cellular ROS is closely associated with 

thermogenic activity in brown adipocytes (Chouchani et al., 2016; Cui et al., 

2019; Lee et al., 2020; Mills et al., 2018; Ro et al., 2014; Shimizu et al., 2014). 

In BAT, increased mitochondrial ROS contributes to thermogenesis 

(Chouchani et al., 2016; Mills et al., 2018; Ro et al., 2014), whereas age- or 

obesity-induced oxidative stress impairs BAT function (Cui et al., 2019; Lee 

et al., 2020; Shimizu et al., 2014). Nevertheless, it remains largely unknown 

by which cellular ROS in brown adipocytes would be maintained without 

oxidative stress. In this study, several lines of evidence supports the idea that 

G6PD in brown adipocytes is critical for thermogenic function by restricting 

cytosolic oxidative stress during cold exposure. First, the level of cytosolic

ROS was boosted in brown adipocytes of G6PDmut mice and was further 

augmented after cold or b-adrenergic stimulation. Second, G6PD defect 

downregulated the expression of thermogenic genes in brown adipocytes 

upon cold or b-adrenergic stimulation. Third, antioxidant treatment in G6PD-

inhibited brown adipocytes upregulated thermogenic gene expression and 

OCRs, accompanied with reduced cellular ROS level. Moreover, I observed 

that antioxidant administration promoted mRNA levels of thermogenic genes 

and small lipid droplet formation in BAT of G6PDmut mice.

It has been demonstrated that G6PD in WAT acts as a pro-oxidative 
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enzyme by generating NADPH, which supports NADPH oxidase-mediated 

ROS production (Ham et al., 2016; Park et al., 2006). In white adipocytes, 

G6PD overexpression stimulates cellular ROS accumulation and promotes 

oxidative stress-induced inflammatory responses (Park et al., 2006). 

Moreover, G6PD defect attenuates chronic inflammation and insulin 

resistance in obese WAT upon HFD (Ham et al., 2016). However, it is well

known that NADPH is a key electron donor for anti-oxidative enzymes such 

as glutathione reductase, leading to ameliorate oxidative stress (Jain et al., 

2003; Leopold et al., 2007; Xu et al., 2010). Thus, it is plausible that the roles 

of G6PD in the regulation of ROS homeostasis might depend on different 

intracellular properties. In this study, I discovered that physiological roles of 

G6PD in the regulation of cellular ROS level would differ in white adipocytes 

and brown adipocytes. Compared to white adipocytes, brown adipocytes 

contain more mitochondria which could make them more susceptible to 

cellular ROS accumulation. Here, bioinformatics analyses suggest that redox 

control system and anti-oxidative pathway might alleviate excessive ROS 

accumulation in brown adipocytes compared to white adipocytes during 

evolution. While the expression levels of electron donor-producing enzymes 

and anti-oxidative enzymes were upregulated in BAT compared to WAT, the 

mRNA levels of NADPH oxidase subunits were higher in WAT than BAT 

(Figure 26). Also, G6PD overexpression in brown adipocytes did not regulate 

the expression levels of pro-oxidative enzymes which were downstream 
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targets of G6PD in white adipocytes and reduced cellular ROS level (Figure 

31). In addition, G6PD defect in brown adipocytes significantly augmented 

cytosolic ROS level which could increase oxidative damage (Figure 45). Thus, 

current findings suggest that G6PD plays pro-oxidative roles in white 

adipocytes, while G6PD has anti-oxidative functions in brown adipocytes,

probably, due to distinct intracellular environments.

Cellular ROS are produced in several subcellular compartments 

(Tafani et al., 2016). For instance, cytosol and mitochondria are major 

compartments producing ROS (Hernández-García et al., 2010). In particular, 

cytosolic ROS are produced by NADPH oxidase and xanthine oxidase 

(Gorrini et al., 2013). Mitochondrial ROS are generated by electron transport 

chain and can diffuse into cytosol through channels such as voltage-

dependent anion channel or aquaporin (Chauvigné et al., 2015; Han et al., 

2003). Recently, it has been reported that subcellular organelle-specific 

spatial regulation of ROS is crucial for physiological processes such as 

lifespan and endothelial function (Aldosari et al., 2018; Schaar et al., 2015; 

Shafique et al., 2017). For example, cytosolic ROS and mitochondrial ROS 

play opposite roles in the aspects of longevity (Schaar et al., 2015). In brown 

adipocytes, mitoSOX level was chronically elevated by b-adrenergic 

stimulation, whereas the extent of total cellular ROS was acutely (10 min) 

increased upon b-adrenergic stimulation (Figure 52). These observations 

imply that brown adipocytes might have spatial regulatory mechanisms of 
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Figure 52. Cellular ROS and mitochondrial ROS level upon duration of 
b-adrenergic stimulation. Cellular ROS and mitochondrial superoxide level 
in BAC upon CL316,243 (2.5 mM), forskolin (10 mM), and ISO (5 mM) 
treatment as measured DCF-DA and mitoSOX staining. All data represent the 
mean ± SEM. **P < 0.01, ***P < 0.001 vs. 0 h group; #P < 0.05, ##P < 0.01 vs. 
each stimuli, 10 min group by one-way ANOVA followed by Tukey’s post-
hoc test
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cellular ROS homeostasis. It led me to investigate whether G6PD would 

regulate thermogenic function in brown adipocytes via spatial regulation of 

cellular ROS. Given that G6PD produces cytosolic NADPH, I speculated that 

G6PD defect in brown adipocytes might affect cytosolic ROS level rather 

than mitochondrial ROS level. Although DCF-DA intensity was enhanced in 

G6PD defective brown adipocytes (Figure 42), mitoSOX intensity was 

indifferent in brown adipocytes of G6PDmut mice when compared with WT 

littermates (Figure 43). Using subcellular compartment-specific APEX 

systems, I found that G6PD inhibition could alter cytosolic ROS rather than 

mitochondrial ROS in brown adipocytes upon ISO (Figure 45). These data 

suggest that G6PD would preferentially decrease cytosolic ROS in brown 

adipocytes, thereby preventing oxidative damages and, probably supporting

thermogenic function in brown adipocytes. To date, it remains unclear 

whether increased cytosolic ROS level due to G6PD defect would be

primarily produced in cytosol or released from mitochondria. Thus, it would 

be important to investigate the roles of subcellular compartment-specific ROS 

generation for thermogenic regulation in brown adipocytes. 

MAPK signaling pathways regulate gene expression through 

phosphorylation of several transcriptional regulators (Whitmarsh, 2007). Pro-

oxidative stimulation activates MAPKs, whereas suppression of cellular ROS 

level with antioxidants attenuates MAPK signaling cascades (Yue et al., 2019; 

Zhang et al., 1998). Thus, it appears that MAPKs are one of the key mediators 
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via ROS for physiological or pathological processes. It has been shown that 

MAPKs could regulate thermogenic marker gene, UCP1 in brown adipocytes 

(Porras et al., 2002; Valladares et al., 2001). Although p38 MAPK is a positive 

regulator of UCP1 expression, ERK inhibits UCP1 expression upon TNFa

treatment in brown adipocytes (Valladares et al., 2001). Meanwhile, PD98059 

upregulates UCP1 expression in TNFa-treated brown adipocytes (Porras et 

al., 2002). In this work, I found that G6PD defect selectively activated ERK 

in brown adipocytes upon cold or b-adrenergic stimulation. In addition, the 

activation of ERK by G6PD defect was mitigated by NAC treatment. 

Furthermore, ERK inhibition with PD98059 elevated thermogenic marker 

expression in G6PD-suppressed brown adipocytes and restored body 

temperature of cold-exposed G6PDmut mice. Collectively, these data suggest 

that ROS-induced ERK activation by G6PD defect would mediate impaired 

thermogenesis in brown adipocytes (Figure 53). Nevertheless, transcription 

factor(s) involved in the suppression of thermogenic genes in brown 

adipocytes upon G6PD defect are still unclear. ERK modulates activation 

of several transcription factors including AP-1, c-MYC, and ELK1 (Chen 

et al., 1993; Marais et al., 1993; Morton et al., 2003; Sears et al., 2000). 

It has been reported that c-JUN in brown adipocytes binds to UCP1 

promoter and suppresses UCP1 gene expression (Yubero et al., 1998). In 

addition, I preliminarily observed that c-MYC overexpression in brown
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Figure 53. Proposed model of chapter two. In G6PD-deficient brown 
adipocytes, cytosolic ROS stimulates ERK activation, contributing to 
impaired cold-induced thermogenesis.
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adipocytes reduced thermogenic gene expression upon b-adrenergic 

stimulation (data not shown). Thus, it is possible to speculate that 

downstream target(s) of ERK might act as a repressor to inhibit 

thermogenic gene expression in G6PD-defective brown adipocytes.

Metabolic roles of ERK in adipocyte biology have been well studied 

(Taniguchi et al., 2006). Recently, Hong et al. reported that WT mice treated

with ERK inhibitor fail to activate cold-induced thermogenesis due to lack of 

lipid availability (Hong et al., 2018). On the contrary, this study revealed that 

increased ERK activation in BAT would mediate impaired thermogenesis in 

cold-exposed G6PDmut mice, while there was no significant change in BAT 

of WT mice upon ERK inhibition. Also, other groups have reported that ERK 

would have detrimental effects on the regulation of thermogenic gene 

expression and thermogenic adipocyte formation (Chung et al., 2017; Ye et 

al., 2012). Although it is unclear whether ERK activation has positive or 

negative roles in thermogenic function, it seems that this discrepancy might 

be resulted from several factors such as different animal models, animal 

facilities, and MEK/ERK inhibitors. 

In conclusion, I identified distinct roles of G6PD in the regulation of 

ROS in brown adipocytes, which might be attributed to its unique properties 

that distinguish it from white adipocytes. In brown adipocytes, G6PD would 

positively contribute to thermogenic activity by preventing oxidative stress-

induced ERK activation upon cold or b-adrenergic stimulation. Collectively, 
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these data suggest that removal of harmful cytosolic ROS by G6PD in brown 

adipocytes could be a key process to maintain thermal homeostasis.
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CONCLUSION 

Adipocytes modulate systemic energy metabolism through diverse 

functions including energy storage, energy expenditure, thermogenesis, 

hormone secretion, and immune response control. Adipocyte dysfunction is

associated with various metabolic disorders. Adipocytes are largely divided

into white and brown subtypes. White and brown adipocytes have distinct 

characteristics in terms of subcellular organelles, gene expression profiles, 

and lipid metabolism. Lipid metabolism in adipocytes is crucial for 

maintaining systemic energy homeostasis. Dysregulation of lipid metabolism 

in white and brown adipocytes is closely related to metabolic disorders.

However, the meditators involved in lipid metabolism that regulate adipocyte 

functions and systemic energy homeostasis are not well understood. In this 

study, I have investigated the underlying mechanisms by which products of 

lipid metabolism such as lipid metabolites and ROS regulate adipocyte 

functions, eventually, affecting whole-body energy homeostasis (Figure 54). 

In the first chapter, I have elucidated novel roles of lipid metabolites such as 

prostaglandins in the regulation of adipose tissue inflammation, resulting in 

whole-body insulin resistance. In the second chapter, I have revealed the roles 

of cytosolic ROS-dependent thermogenic regulation in brown adipocytes.
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Figure 54. Conclusion. Proper regulation of lipid metabolites and cellular 
ROS in adipocytes is crucial for maintaining adipocyte functions which 
contribute to systemic energy homeostasis.
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1. Lipolysis and adipose tissue inflammation

In adipocytes, lipolysis is closely associated with inflammatory 

responses in adipose tissue. Upon fasting or b-adrenergic stimulation, 

lipolysis in adipocytes is enhanced and accumulation of ATMs is increased 

(Kosteli et al., 2010; Schoiswohl et al., 2015). In contrast, suppression of 

lipolysis in ATGL-deficient adipocytes reduces ATM accumulation 

(Schoiswohl et al., 2015). Despite these observations, the molecular 

mechanisms by which lipolysis in adipocytes regulates ATMs have not been 

properly addressed. Here, uncontrolled lipolytic activation in PLIN1-

deficient adipocytes aggravates adipose tissue inflammation, leading to 

systemic insulin resistance. It has been reported that increased lipolysis in 

adipocytes upon b-adrenergic stimuli increases metabolite production 

from cyclooxygenase (COX), lipoxygenases, and epoxygenases (Gartung 

et al., 2016). It appears that pro-inflammatory lipid metabolites might be 

products of futile lipolysis. Therefore, I suggest that precise regulation of 

lipolysis mediated by PLIN1 in adipocytes would help adipose tissue to 

maintain immune balance by restricting the aberrant production of pro-

inflammatory lipid metabolites.
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2. Lipid metabolites and adipose tissue inflammation

Several lipid metabolites are produced by adipocytes or adipose 

tissues during lipid metabolic processes (Cao et al., 2008; Gartung et al., 2016; 

Mazid et al., 2006; Yore et al., 2014). Palmitoleate (C16:1n7), a long-chain 

monounsaturated FA, is produced through de novo lipogenesis in adipose 

tissue (Cao et al., 2008) and downregulates pro-inflammatory gene 

expression in macrophages in vitro (Chan et al., 2015; Cimen et al., 2019; 

Talbot et al., 2014). In addition, palmitic acid esters of hydroxyl stearic acids 

(PAHSAs) synthesized by carbohydrate response element binding protein 

(ChREBP) in adipocytes regulate adipose tissue inflammation. While 

adipocyte-specific ChREBP knockout (ChREBP AKO) mice exhibit 

decreased PAHSA levels and increased ATMs in adipose tissue, PAHSA 

administration ameliorates pro-inflammatory responses in the adipose tissue 

of ChREBP AKO mice (Vijayakumar et al., 2017).  

In addition to de novo lipogenesis, lipid metabolites that regulate 

adipose tissue inflammation can be produced during lipolysis. It has been 

reported that serum palmitoleate levels are reduced in adipose tissue-specific 

ATGL KO mice during exercise (Foryst-Ludwig et al., 2015). In this study, I

have demonstrated that PLIN1 inhibits futile prostaglandin secretion to 

restrict pro-inflammatory responses in adipose tissue. PLIN1 deficiency in 

adipocytes impairs lipid storage into LDs and stimulates lipolysis, 

contributing to fat loss and leakage of pro-inflammatory lipid metabolites. 
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Pro-inflammatory gene expression and M1-type ATM accumulation are 

increased in adipose tissue of PLIN1 KO mice, while the abolishment of 

lipolysis through knockdown of key lipases attenuates the effects of PLIN1-

deficient adipocytes on monocyte migration. Moreover, the increased adipose 

tissue inflammation is mediated by excess PGE2 secreted from PLIN1-

deficient adipocytes, as observed through lipidomic analysis and 

administration of a COX inhibitor. These findings indicate that certain pro-

inflammatory lipid metabolites that can be produced from lipolysis in 

adipocytes could promote adipose tissue inflammation. 

3. ROS and thermogenic function in brown adipocyte

The roles of cellular ROS in thermogenic execution of brown 

adipocytes are somewhat controversial. Mitochondrial ROS generated in 

brown adipocytes under normal physiological conditions, such as cold 

exposure, support thermogenesis (Chouchani et al., 2016; Mills et al., 2018; 

Ro et al., 2014; Schneider et al., 2016). However, paradoxically, increased 

mitochondrial ROS under pathological conditions, such as aging and obesity,

impair thermogenic activity in brown adipocytes (Cui et al., 2019; Lee et al., 

2020; Shimizu et al., 2014). These findings suggest that proper production of 

mitochondrial ROS would be crucial for brown adipocyte function. However,

it is also necessary to remove excess ROS to prevent oxidative stress. Here, I 
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have shown that the anti-oxidative pathway mediated by G6PD in brown 

adipocytes would be required for thermogenic regulation in response to cold 

exposure or b-adrenergic stimulation. In brown adipocytes, anti-oxidative 

reactions regulated by G6PD are specific to cytosol because G6PD is main

source of cytosolic NADPH (Stanton et al., IUBMB life, 2012). Given that 

cytosolic ROS is generated by enzymatic reactions and/or come from 

mitochondria by diffusion, it is not clear whether cellular ROS removed by 

G6PD would be originated from cytosol or mitochondria. Nevertheless, 

current observations suggest that brown adipocytes could regulate and 

scavenge cytosolic ROS to execute thermgenic programing upon cold 

exposure.

In conclusion, I have investigated two novel mechanisms of 

adipocyte biology by dysregulation of lipid metabolites in white adipocytes

and cellular ROS in brown adipocytes. In white adipocytes, PLIN1 plays a 

pivotal role in the control of lipolysis and secretion of futile lipid metabolites, 

which would affect inflammatory responses of WAT. Furthermore, I 

elucidated that G6PD protects thermogenic programs against oxidative stress 

in brown adipocytes. Taken together, this work would provide important clues 

to understand novel regulatory mechanisms of “adipocytes” for whole-body 

energy homeostasis. 
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국문 초록

지방세포 기능 조절에 있어

지방대사물 및 활성산소의 역할 규명

지방세포는 지방 대사에 특화되어 있으며, 이는 전신적 에

너지대사 항상성과 밀접하게 연관되어 있다. 백색지방세포는 체내

에너지 상태를 인지하여 지방대사물의 저장 및 분해를 관장하는

반면, 갈색지방세포는 추위 자극에 반응하여 지방산 산화를 통해

열 생성 및 에너지 소비를 촉진한다. 지방세포에서 지방대사의 조

절 결함은 이상 지질혈증, 제 2 형 당뇨병, 지방간 및 다양한 염

증성 질환을 포함한 에너지대사 이상과 밀접하게 연관되어 있다.

지방세포 내 지방대사의 정밀한 조절이 전신적 에너지대사 항상성

에 중요하다는 것이 잘 알려져 있지만, 지방대사 과정에서 생성되

는 매개물들의 역할에 대해서는 거의 알려진 바 없다. 최근, 지방

대사 과정의 산물 혹은 부산물인 지방대사물과 활성산소가 신호분

자로 작용한다는 것이 제안되고 있다. 포화지방산이나 류코트리엔

(leukotriene)B4와 같은 지방대사물이 백색지방조직에서 염증

반응을 촉진하여 전신적 인슐린 민감도를 손상시킨다. 뿐만 아니
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라, 갈색지방세포 내 활성산소가 열 발생 기능에 반대되는 영향력

을 미칠 수 있다는 것이 보고되었다. 예를 들면, 미토콘드리아 활

성산소는 저온 노출 시 갈색지방세포의 열 생성을 매개하는 반면, 

오히려 과도한 활성산소는 갈색지방세포의 열 생성 작용을 방해한

다. 이러한 보고에도 불구하고, 지방대사물 및 활성산소가 지방세

포의 기능 및 전신적 에너지대사를 조절하는 상세한 기전에 대한

이해가 부족하다.

본 학위논문의 1장에서는 백색지방세포 내 지방대사물의

비정상적인 분해가 염증성 지방대사물의 분비를 촉진시켜 지방조

직 염증반응과 전신적 인슐린 저항성을 유발함을 다루고 있다. 백

색지방세포에서 PLIN1 결손에 의한 지방대사물의 분해 증가는

지방대사물 중 하나인 프로스타글란딘(prostaglandin) 분비를

촉진하며, 이를 통해 지방조직 내 대식세포 축적이 증가함으로써

전신적 인슐린 저항성이 유발되었다. 그러므로, 본 연구는 백색지

방세포에서 지방대사물 분해 제어 결함이 지방대사물의 부적절한

분비를 통해 지방조직의 면역반응 균형과 전신적 에너지대사 항상

성 조절과정을 손상시킬 수 있음을 의미한다.

본 학위논문의 2장에서는 갈색지방세포에서 활성산소를 제

거하는 항산화 과정을 통한 열 발생 조절기전을 연구하였다. 산화
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환원 조절과 항산화 경로가 백색지방조직보다 갈색지방조직에서

더 활발함을 관찰하였다. 또한, NADPH 생산 효소인 G6PD는 갈색

지방조직과 백색지방조직에서 다르게 조절되는 것을 관찰하였다.

갈색지방세포에서 G6PD 결손은 세포질 특이적 활성산소의 과도한

증가에 의해 ERK 활성화를 유도하여 열 발생 과정에서 손상을 야

기하였다. 이상의 결과들은 갈색지방세포에서 G6PD에 의한 세포

질 내 활성산소의 제거가 열 생성을 촉진할 것임을 암시한다.

본 연구를 통하여 지방세포 내 지방대사물 및 활성산소의

조절이 전신적 에너지대사 항상성 유지에 중요한 지방세포의 기능

을 위해 필수적임을 제안한다.

주요어: 백색 지방세포, 갈색 지방세포, 지질 분해, 지방대사물, 염

증반응, 인슐린 저항성, 열 생성, 산화 스트레스

학번: 2012-20314
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