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Abstract 

Thermogenic (brown/beige) adipocytes are essential for maintaining whole-body homeostasis 

by dissipating heat in response to external cues (e.g., cold). Although accumulating evidence indicates 

that lipid metabolism affects thermogenic adipocyte function, the molecular mechanisms underlying it 

have not been fully understood. Therefore, this research aims to elucidate the role of lipid metabolism 

regulators in regulating thermogenic adipocyte function by focusing on 3-hydroxy-3-methylglutaryl-

CoA reductase (HMGCR) and peroxisome proliferator-activated receptor alpha (PPARα), which are 

regulators of the cholesterol biosynthesis pathway and fatty acid oxidation, respectively. In the first part 

of the study, the effects of the cholesterol biosynthesis pathway on brown adipogenesis and the survival 

of mature brown adipocytes were elucidated by inhibiting HMGCR, a rate-limiting enzyme in the 

cholesterol biosynthesis pathway. HMGCR deficiency inhibited brown adipogenesis and mature brown 

adipocyte survival by inducing apoptosis. It was due to the lack of geranylgeranyl pyrophosphate 

(GGPP). Mature brown adipocyte-specific Hmgcr knockout showed brown adipose tissue (BAT) 

atrophy and impaired thermogenic capacity in mice. These findings revealed that the cholesterol 

biosynthesis pathway is important for maintaining BAT mass and its function by producing GGPP. In 

the second part of the study, the effect of Ppara gene expression on thermogenic adipocyte function was 

elucidated under inflammation. Obesity-associated chronic inflammation diminishes catecholamine 

responsiveness, resulting in a reduction in thermogenesis in adipocytes; however, the underlying 

mechanisms remain unclear. It was found that Ppara gene expression was downregulated by obesity-

induced inflammation. Impaired Ppara gene expression suppressed beta adrenergic stimulation-induced 

thermogenic gene expression in adipocytes. It was revealed that inflammation-induced nitric oxide (NO) 

downregulated Ppara gene expression by suppressing its promoter activity via the suppression of 

transcriptional activity of specificity protein 1. The findings in Chapter2 suggested that downregulated 

Ppara gene expression by NO may provide a mechanistic link between inflammation-induced 

catecholamine resistance and a reduction in thermogenesis in adipocytes. Taken together, the present 

study suggests that proper regulation of lipid metabolism by its regulators in thermogenic adipocytes 

plays a crucial role in the maintenance of their thermogenic function.
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1 

 

General Introduction 

 

Obesity, the global epidemic, and its impact on metabolic abnormalities  

 Obesity is still an ongoing epidemic, as its prevalence is continuously and globally increasing. 

According to the World Obesity Atlas 2023, reported by the World Obesity Federation, the portion of 

overweight (>30 kg/m² body mass index (BMI) ≥ 25 kg/m²) and obese people (BMI ≥ 30 kg/m²) aged 

over 5 years is estimated to increase 13% and 10% more from 38% and 14%, respectively, in 2035 than 

in 2020, and approximately one in four men and women is projected to be obese by 2035 [1]. Obesity 

is one of the major risk factors for the development of metabolic disorders, such as insulin resistance, 

hyperglycemia, and dyslipidemia [2]. Individuals with obesity-related metabolic disorder exhibit a 

substantially higher risk of type 2 diabetes (T2D) and cardiovascular disease (CVD) compared to the 

healthy population, which consequently impairs quality of life and even increases mortality [3,4]. 

Therefore, understanding the mechanisms underlying the pathophysiology of obesity is essential for 

prevention and treatment strategies for obesity and obesity-related diseases.  

                Obesity is defined as abnormal (ectopic) or excessive fat accumulation in the body and as 

having body fat greater than 25% for men and more than 30% for women [5]. Obesity often results from 

a long-term positive energy balance due to excessive energy intake (e.g., increased food consumption) 

and reduced energy expenditure (e.g., an increased sedentary lifestyle) [6]. Not simply a state of fat 

accumulation, it increases the probability of having metabolic abnormalities, including dyslipidemia, 

hyperinsulinemia, and higher plasma free fatty acid and glycerol levels [7–9]. To be specific, 

approximately 60–70% of patients with obesity have dyslipidemia characterized by at least one of the 

following: higher total cholesterol (≥ 240 mg/dL), low-density lipoprotein cholesterol (LDL-C; ≥ 160 

mg/dL), or triglycerides (TG; ≥ 200 mg/dL), or lower high-density lipoprotein cholesterol (HDL-C; < 

40 mg/dL) [7]. Basal and glucose-stimulated insulin secretion rates are > 50% greater, and plasma free 

fatty acids and glycerol levels are higher by 26% and 47%, respectively, in obese individuals than in 
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non-obese individuals [8,9]. However, these metabolic disorders can be significantly attenuated by body 

weight loss, as proven by numerous weight loss studies. Weight loss in obese individuals (~20% body 

weight loss and an ~30% decrease in fat mass) decreases basal serum insulin and free fatty acid levels 

by ~35% and ~20%, respectively [8]. Moreover, 5–10% weight loss results in a ~6 mg/dL decrease in 

TG and ~16 mg/dL decrease in LDL-C [10]. Overall, obesity-associated metabolic disorders can be 

significantly improved through weight loss, suggesting that body fat and systemic metabolism are 

closely related. 

 

Distribution and physiological function of adipose tissues 

 In mammals, there are two distinct classes of adipose tissue: brown adipose tissue (BAT) and 

white adipose tissue (WAT). In humans, WAT is dispersed throughout the body, with major intra-

abdominal depots around the omentum, intestines, and perirenal areas (visceral WAT; vWAT), as well 

as subcutaneous depots in the buttocks, thighs, and abdomen (subcutaneous WAT; scWAT) [11]. White 

adipocytes in WAT contain one single lipid droplet and are highly adapted to store energy in the form of 

TGs. White adipocytes also serve as an energy supply by releasing energy substrates through the 

lipolysis of TGs stored in lipid droplets when energy is needed [12]. While BAT, in infants, is mainly 

found in the interscapular area, in adult humans, it is localized in a region extending from the anterior 

neck to the thorax [12]. BAT is mainly composed of brown adipocytes with a high mitochondrial content 

and a high capacity for lipid oxidation [12]. Contrary to white adipocyte function, brown adipocytes 

dissipate energy in the form of heat through a process called non-shivering thermogenesis, via the action 

of uncoupling protein 1 (UCP1), which uncouples mitochondrial respiration from ATP production in the 

mitochondrial inner membrane [12]. This energy-consuming futile cycle for thermogenesis makes BAT 

an attractive target tissue to study obesity and associated metabolic complications [13]. Apart from 

brown adipocytes, adipocytes in WAT can be converted into thermogenic adipocytes capable of 

expressing UCP1 induced by certain environmental (e.g., cold), hormonal (e.g., catecholamines), and 
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pharmacological stimuli (e.g., β-adrenergic receptor agonist), and they are called brown-in-white (beige) 

adipocytes. The process of converting white adipocytes to beige adipocytes is called browning [14,15]. 

Altogether, white adipocytes and brown adipocytes have different physiological functions: white 

adipocytes store energy as triglycerides, while brown adipocytes dissipate energy as heat through non-

shivering thermogenesis, making BAT a valuable focus in obesity research. 

 

Contribution of functional thermogenic adipose tissue to systemic metabolism 

As thermogenic (brown/beige) adipocytes expend energy to produce heat, the existence of 

metabolically active thermogenic adipose tissues affects systemic metabolism, as proven by several 

human studies using 2-deoxy-2-[18F]fluoro-D-glucose (FDG)-positron emission tomography 

(PET)/computed tomography (CT). Since FDG-PET/CT-detected human adipose depot consists of a 

mixture of brown and beige adipocytes, adipose tissue containing these adipocytes is hereinafter referred 

to as thermogenic adipose tissue (AT). Thermogenic AT uptakes circulating glucose at a rate of 90–120 

nmol/g/min during acute cold exposure (placing one foot intermittently (5 min in/5 min out) in water at 

a temperature of 8°C during the PET/CT session) in healthy individuals. The rate is ~8-fold higher than 

that of skeletal muscles, on average, per gram of tissue during mild cold exposure [16]. Thermogenic 

AT also metabolizes ~7 μmol/min of plasma free fatty acid in healthy individuals exposed to cold [17]. 

Intracellular TG in thermogenic AT is hydrolyzed within 1–3 h through sympathetically stimulated 

intracellular lipolysis. Thermogenic AT TG fraction is reduced from 81 to 76% (i.e., from 136 g to 128 

g of TG when assuming a total thermogenic AT mass of 168 g), and ~8 g of TG (~72 kcal) is mobilized 

from thermogenic AT over 2 h of mild cold exposure [16,18]. This reduction in TG content of 

thermogenic AT during acute cold exposure is specific to thermogenic AT and does not occur in WAT or 

in muscles [18]. Moreover, metabolically active thermogenic AT contributes to thermogenesis at 46–

211 kcal per day during mild cold exposure in humans [19]. Altogether, this suggests a physiologically 

significant role of thermogenic AT in regulating whole-body metabolism. 
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Although it is unclear to what extent thermogenic AT is needed to play a role in energy balance 

in adult humans, it has been suggested that the decline in metabolic activities of thermogenic AT is 

associated with body weight gain and reduced metabolic effects in humans [20,21]. Metabolically active 

thermogenic AT is inversely correlated with the BMI and thermogenic AT prevalence is less in 

individuals with excessive accumulation of vWAT, which highly contributes to insulin resistance [20,21]. 

Moreover, the thermogenic AT glucose uptake rate falls to 35 nmol/g/min in obese individuals [16,17]. 

Thermogenic AT in overweight individuals exposed to cold metabolizes only 0.1 μmol/min of plasma 

free fatty acid [17]. Consumption of β-blockers that inhibit the sympathetic nervous system, thereby 

blocking activation of thermogenic adipocytes, reduces the total energy consumption by about 5–10%, 

which corresponds to 100–200 kcal per day. This reduction can explain the 1 to 3.5 kg weight gain 

observed in clinical studies [22]. However, 10 days of cold acclimation (14–15 °C) in patients with T2D 

results in enhanced peripheral insulin sensitivity by ~43% (glucose infusion rate during the 

hyperinsulinemic-euglycemic clamp) [23]. In addition, cold exposure increases glucose uptake and 

improves insulin sensitivity [24]. Therefore, activation of thermogenic adipocytes is promising for the 

improvement of obesity-induced metabolic abnormalities, such as T2D. 

 

Underlying mechanisms of thermogenic adipocyte development and its activation 

The protective role of thermogenic AT, in terms of its metabolic consequences prompted the 

molecular exploration of its activation. For an understanding of thermogenic adipose tissue function, an 

understanding of their development, as well as the factors that influence the activity of thermogenic 

adipocytes, is necessarily of importance. The most relevant molecular factor is UCP1, which exists in 

the inner mitochondrial membrane of thermogenic adipocytes [12]. UCP1 has only been found in 

thermogenic adipocytes and is, therefore, used as a thermogenic adipocyte marker. Mitochondria in 

almost all eukaryotic cells are responsible for ATP synthesis by using glucose and fatty acids as fuel. 

This process is referred to as respiration coupling, where the energy released during the reoxidation of 
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reduced coenzymes and oxygen consumption is in large part used to phosphorylate ADP into ATP. Due 

to the presence of UCP1, mitochondria in thermogenic adipocytes respire to dissipate energy as heat 

without being forced to phosphorylate ADP [12]. 

Under conditions of increased thermogenic demand, the number of thermogenic adipocytes 

increases through the process of adipogenesis to fulfill the demand. Adipogenesis is the process by 

which undifferentiated precursor cells differentiate into adipocytes. Sustained cold or β-adrenergic 

stimulation induces the adipogenesis of brown/beige adipocytes to increase the thermogenic capacity of 

AT [25,26]. The cellular process of adipogenesis involves three well-defined stages, as shown in Figure 

0-1: (1) commitment of multipotent precursor cells to the thermogenic adipocyte lineage; (2) mitotic 

clonal expansion; and (3) terminal differentiation, involving the expression of adipocyte-specific genes 

and transcriptional factors such as the CCAAT/enhancer-binding protein alpha (C/EBPα) and 

peroxisome proliferator-activated receptor gamma (PPARγ) [26,27]. Brown and beige adipocytes arise 

from different precursor cells; most brown adipocytes originate from myogenic factor 5-positive 

(Myf5+) progenitor cells, similar to skeletal myocytes [26]. In contrast, beige adipocytes originate from 

Myf5-negative (Myf5−) progenitor cells, similar to white adipocytes [28,29]. The PRD1-BF1-RIZ1 

homologous domain containing 16 (PRDM16) is a key transcriptional coactivator responsible for 

determining the brown/beige adipocyte lineage from progenitor cells in mice [26]. In culture cells, 

growth-arrested preadipocytes synchronously reenter the cell cycle after hormonal induction of 

differentiation and undergo mitotic clonal expansion (MCE), approximately two rounds of mitosis, 

which is required for terminal differentiation of adipocytes [27]. As the quiescent preadipocytes in 

G0/G1 phase across the G1/S checkpoint, transcription factor CCAAT/enhancer-binding protein beta 

(C/EBPβ) acquires DNA-binding activity, initiating MCE with transcription factor CCAAT/enhancer-

binding protein delta (C/EBPδ) and inducing transcription factors such as CCAAT/enhancer-binding 

protein alpha (C/EBPα) and PPARγ, which are master transcription factors for adipogenesis [27,30,31]. 

C/EBPα can bind to the PPARγ promoter and activate the expression of PPARγ, thereby creating a pro-
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adipogenic feed-forward loop [32]. PPARγ then activates transcription of many adipocyte genes whose 

expression produces thermogenic adipocyte phenotypes, such as Ucp1, adiponectin (Adipoq), and fatty 

acid synthesis-related genes such as fatty acid synthase (Fasn), acetyl-CoA carboxylase (Acc1), sterol 

regulatory element-binding protein 1 (Srebp1), fatty acid binding protein (Fabp4), and lipoprotein lipase 

(Lpl) [33–35]. PPARγ also plays an important role in activating its coactivator, peroxisome proliferator-

activated receptor-gamma coactivator 1 alpha (Ppargc1α), to enhance Ucp1 expression [36].  

 

 

Figure 0-1. The schematic diagram of the process of adipogenesis and related gene expression 

during adipogenesis 

 

External cues such as cold exposure can trigger non-shivering thermogenesis in BAT and 

browning of WAT by activating specific signaling cascades within thermogenic adipocytes to increase 

the rate of heat production [25]. Cold temperatures stimulate the sympathetic nervous system to release 

norepinephrine, which then binds to β-adrenergic receptors in brown/beige adipocytes and increases 

intracellular cyclic adenosine monophosphate (cAMP) levels through the activation of adenylyl cyclase 

[26]. cAMP activates protein kinase A (PKA), and PKA subsequently phosphorylates hormone-sensitive 

lipase (HSL) and perilipin to release fatty acids from TGs that are both the substrate for thermogenesis 
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and the regulators of UCP1 activity [12]. Fatty acids produced by lipolysis can undergo β-oxidation to 

produce reduced electron carriers NADH and FADH, which are then oxidized by the electron transport 

chain, resulting in the formation of a proton-motive force that will be released by UCP1 as heat [12]. 

Fatty acids also directly bind UCP1 to assist proton influx into the mitochondrial matrix [12]. β-

adrenergic signaling increases glucose uptake to compensate for the loss of mitochondrial ATP 

production due to uncoupling as well as induces thermogenic gene transcription through activating 

transcription factor 2/cAMP-responsive element binding protein (ATF2/CREB) transactivation, which 

subsequently promotes thermogenic gene transcription, including Ucp1 [33]. Sympathetic activation 

also results in increased fat mobilization in WAT, and released fatty acids from WAT are used in 

peripheral tissues, such as thermogenic AT [12]. These series of processes of β-adrenergic stimulation 

in response to catecholamines, as recapitulated in Figure 0-2, induce the thermogenesis and browning 

of adipocytes to increase their thermogenic capacity. Impairments in these orchestrated processes can 

affect thermogenic AT function and may lead to metabolic disorders. 

 

 

Figure 0-2. The schematic diagram of the mechanism underlying activation of the 

cold/catecholamine-induced β-adrenergic receptor and its downstream events in thermogenic 

adipocytes 
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Adipocyte metabolic dysregulation in obesity 

Healthy adipocytes exhibit extensive metabolic flexibility, responding to anabolic and 

catabolic signals, such as insulin and catecholamines, respectively, to preserve whole-body energy 

homeostasis. However, in the setting of chronic positive-energy balance, thermogenic adipocytes 

develop metabolic inflexibility, characterized by a diminished response to signals regulating both the 

storage and utilization of energy [37]. Hypertrophied adipocytes due to excessive fat storage are 

accompanied by macrophage recruitment and initiate local inflammation [38,39]. As a result, basal 

lipolysis is elevated in adipocytes, increasing the leakage of free fatty acids, which can promote 

inflammation by activating nuclear factor-kappa B (NF-κB) and c-Jun N-terminal kinase (JNK) 

signaling pathways [40] which has been known to reduce the interaction of insulin receptor substrate 1 

(IRS1) with phosphatidylinositol 3-kinase (PI3K), thereby attenuating the cellular response to insulin 

[41,42]. Activation of NF-κB signaling pathways can also increase the synthesis and secretion of many 

chemokines, such as interleukin 6 (IL6), tumor necrosis factor alpha (TNFα), interferon gamma (IFNγ), 

transforming growth factor beta (TGFβ), and monocyte chemotactic protein 1 (MCP1) in adipocytes, 

resulting in progressive proinflammatory macrophage infiltration [43]. Moreover, the release of fatty 

acids from insulin-resistant adipocytes results in the accumulation of ectopic fat in peripheral tissues 

(e.g., liver, muscle) and contributes to obesity-induced metabolic diseases, including T2D [43]. Likewise, 

failure to proper response to external cues in adipocytes can lead to metabolic dysfunction and 

pathological conditions, such as T2D and its comorbidities.  

Inflammation produces catecholamine resistance in obesity [44]. Catecholamine activates β-

adrenergic receptors on adipocytes to increase intracellular levels of cAMP, which causes a kinase 

cascade resulting in lipolysis and the activation of transcription factors, including ATF2 and ATF4, 

which promote the expression of genes involved in thermogenesis, such as Ucp1 [35]. However, chronic 

inflammation reduces catecholamine responsiveness by attenuating β-adrenergic signaling, which 

results in a reduction in lipolysis and thermogenesis in response to sympathetic activation in adipocytes 
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[44]. Although the mechanism underlying catecholamine resistance in adipocytes remains uncertain, 

several pathways characterized by reduced expression of β-adrenergic receptors, reduced mitochondrial 

biogenesis, and reduced activity of post-receptor pathways have been implicated [44]. The mechanism 

that reduces β-adrenergic signaling after long-term TNFα exposure may be involved. For example, 

TNFα-induced expression of the kinases IκB kinase epsilon (IKKε) and TANK-binding kinase 1 (TBK1) 

attenuates cAMP signaling by phosphorylating and activating the major adipocyte phosphodiesterase 

3B [45]. This reduction in cAMP signaling reduces the expression of several genes involved in lipolysis 

and thermogenesis, such as Hsl and Ucp1, thereby diminishing both lipolysis and thermogenesis [46]. 

Thus, obesity-induced chronic inflammation may contribute to the repression of energy expenditure 

during obesity; however, the underlying mechanism of chronic inflammation-associated catecholamine 

resistance in adipocytes is still not understood.  

 

Regulation of lipid metabolism in thermogenic adipocytes: implications for adipocyte thermogenic 

function 

The dysfunction of thermogenic adipocytes has been implicated in aberrant lipid metabolism 

in thermogenic adipocytes through their regulators. Disruption of adipocyte de novo lipogenesis (DNL) 

by deletion of fatty acid synthase (FAS) in mice induces browning in WAT [47]. Similarly, knockout of 

Acc1, an enzyme catalyzing the carboxylation of acetyl-CoA to malonyl-CoA, induces browning of 

adipocytes while blocking malonyl-CoA and palmitate synthesis [47]. The previous report indicates that 

ACC1 and FAS are strong suppressors of adipocyte thermogenic function through promoting lipid 

synthesis rather than modulating the DNL intermediates, acetyl-CoA or malonyl-CoA [47]. FA activates 

and fuels UCP1-mediated non-shivering thermogenesis in thermogenic AT. The breakdown of 

intracellular TGs into FAs is catalyzed by adipose triglyceride lipase (ATGL) in adipocytes. 

Thermogenic adipocyte-specific loss of ATGL impairs lipolysis in thermogenic adipocytes [48]. 

Although lipolysis within thermogenic AT itself is not required for thermogenesis, a lack of lipolysis in 
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thermogenic adipocytes makes them dependent on blood glucose and circulating free FA released from 

WAT lipolysis for thermogenesis during fasting [48], suggesting that intracellular lipolysis in adipocytes 

is important for the immediate supply of fuel for thermogenesis in adipocytes. Moreover, thermogenic 

adipocyte-specific knockout of carnitine palmitoyltransferase 2 (Cpt2a-/-), an obligate step in 

mitochondrial long-chain fatty acid oxidation, fails to upregulate thermogenic genes in response to β-

adrenergic stimulation, indicating that FA oxidation is required for cold-induced thermogenesis in 

adipocytes [49]. Taken together, these results suggest that proper regulation of lipid metabolism by its 

regulators in thermogenic adipocytes is important for exerting their thermogenic function.   

 

The role of the cholesterol biosynthesis pathway in cellular processes, regulation, and its 

implications in thermogenic adipocyte function 

The cholesterol biosynthesis pathway, as shown in Figure 0-3, plays an important role in 

maintaining multiple cellular processes by producing sterol isoprenoids, such as cholesterol, precursor 

of bile acids, lipoproteins, and steroid hormones, and non-sterol isoprenoids, such as dolichol and heme 

A [50]. The cholesterol biosynthesis pathway is regulated by HMG-CoA reductase (HMGCR), which is 

a rate-limiting enzyme of the pathway [50]. Ohashi K, et al. have demonstrated that homozygous 

knockout of HMGCR causes early embryonic lethality in mice; however, heterozygous knockout 

appears to have no effect on growth and the hepatic cholesterol 

biosynthesis pathway [51], implying that the cholesterol 

biosynthesis pathway is essential for maintaining life in 

mammals and might be robustly regulated. Transcriptional 

regulation of HMGCR is mediated by two members of the 

sterol regulatory element binding proteins (SREBP) family, 

called SREBP1 and SREBP2. In response to intracellular 

sterol levels, SREBPs regulate the cholesterol biosynthesis 

Figure 0-3. Schematic diagram of the 

cholesterol biosynthesis pathway 



11 

 

pathway [52]. Briefly, when the amount of intracellular sterol increases, the inactive form of SREBPs 

at the endoplasmic reticulum (ER) binds with SREBP cleavage-activating protein (SCAP) and the 

insulin-induced gene (INSIG)-1 and -2 [53]. However, in response to sterol deprivation (e.g., when 

HMGCR activity is inhibited), SREBPs no longer bind SCAP, thus producing a conformational change 

that triggers the SCAP-SREBP complex dissociation from the INSIGs and translocates from the ER to 

the Golgi, where SREBPs are cleaved by Golgi-resident proteases [53]. Once released from membranes, 

transcriptionally active fragments of SREBPs migrate to the nucleus and bind to sterol regulatory 

elements (SRE) [53]. This initiates the transcription of target genes related to the biosynthesis of 

cholesterol-derived metabolites and cholesterol uptake to restore intracellular isoprenoid and sterol 

levels [53]. 

Statins, competitive inhibitors of HMGCR, are the most widely prescribed for lowering 

circulating LDL-C levels [53]. Accumulating evidence has indicated that statin has some unexpected 

effects independent of lowering plasma cholesterol, such as an increased risk of diabetes [54]. The 

possible mechanism is linked to the inhibition of glucose uptake in adipocytes due to reduced 

intracellular signaling, which results in insulin resistance in adipocytes [55,56]. Furthermore, adipose-

specific ablation of HMG-CoA reductase significantly impaired glucose and insulin tolerance in mice 

[57], indicating that the adverse effect of statins might be due to inhibition of the cholesterol biosynthesis 

pathway in AT. Besides, it has been demonstrated that the cholesterol biosynthesis pathway is involved 

in the determination of lineage into adipocytes or another cell type in some multi-potential cells, which 

are possibly associated with prenylation [58]. These suggest that metabolites from the cholesterol 

biosynthesis pathway play multiple roles in cell physiology; however, their physiological role in 

thermogenic adipocytes has not been fully understood.  

Farnesyltransferase and geranylgeranyl transferases are two enzymes that carry out the process 

of prenylation in the cell, called farnesylation and geranylgeranylation, respectively [59]. This process 

involves the covalent attachment of hydrophobic molecules (either the C-15 isoprene farnesyl or the C-
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20 isoprene geranylgeranyl groups) to the C-terminal end of certain proteins, including the small GTP-

binding proteins [59]. This posttranslational modification is essential for the proper function of small 

GTP-binding proteins that are involved in protein synthesis, intracellular signaling, gene expression, 

and cell growth [59]. As an example, it has been reported that prenylation of p21ras is important for 

insulin-stimulated adipogenesis in 3T3-L1 adipocytes by activating MAPK and cyclic AMP response 

element-binding protein in response to insulin [60], implying the possible role of prenylation in brown 

adipogenesis. 

The relevance of the cholesterol biosynthesis pathway in BAT function has been implicated in 

several previous reports. SREBPs expression is upregulated in maternally cold-exposed fetal BAT [61]. 

Moreover, BAT-specific depletion of SREBP prevented the maintenance of body temperature under 

chronic cold exposure in mice [62], suggesting that the transcriptional activity of SREBPs in BAT is 

tightly regulated to maintain BAT function. It was found that the cholesterol biosynthesis pathway is 

essential for recruitment of thermogenic adipocyte in mice as well as in humans, as evidenced by the 

fact that inhibition of HMGCR with statins strongly suppresses the browning of human white adipocytes 

in vitro and WAT in mice in vivo [63], implying the importance of the cholesterol biosynthesis pathway 

in the regulation of the thermogenic function of adipocytes. However, the role of the cholesterol 

biosynthesis pathway in thermogenic adipocyte function is not fully understood. Thus, in Chapter 1, the 

role of the cholesterol biosynthesis pathway in brown adipogenesis and the survival of mature brown 

adipocytes, which are essential for maintaining the thermogenic function of brown adipocytes, will be 

investigated.  

 

The role of PPARα, a regulator of fatty acid oxidation, in lipid metabolism and thermogenesis in 

adipocytes 

 The peroxisome proliferator-activated receptor α (PPARα), a member of the nuclear receptor 

subfamily, is a ligand-activated transcription factor that forms obligate heterodimers with the retinoid X 
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receptor (RXR) [64]. Ligand binding results in a conformational change in the receptor, promoting 

dissociation of repressors, recruitment of co-activators, and subsequent activation of target gene 

expression [65]. PPARα is highly expressed in tissues with high FA oxidation rates, such as the liver, 

heart, skeletal muscle, BAT, and kidney [66]. It functions as a nutritional sensor, which allows adaptation 

of the rates of FA catabolism by controlling the expression of genes involved in peroxisomal β-oxidation, 

including acyl-CoA oxidase 1 (Acox1) and mitochondrial carnitine/acyl carnitine shuttle and β-oxidation, 

including carnitine palmitoyltransferase 1 (Cpt1) and Cpt2 [65,67]. PPARα-deficient mice develop fatty 

liver when subjected to a prolonged fast, highlighting the importance of PPARα in managing lipid 

metabolism [68].  

 Endogenous PPARα ligands are free FA derivatives formed during FA catabolism, lipogenesis, 

and lipolysis. Eicosanoid derivatives, including the chemoattractant leukotriene B4 and 

hydroxyeicosatetraenoic acid eicosanoid, the murine arachidonate 8-lipoxygenase product from 

arachidonic acid, are thought to be endogenous PPARα agonists [69]. Substrates of ACOX1 are also 

PPARα agonists, as proven by the disruption of ACOX1 in mice, resulting in elevated PPARα target 

gene expression [70]. In addition, products of FAS, 

an enzyme catalyzing the synthesis of FA, -

dependent DNL function as PPARα activators. 

Liver-specific knockout of FAS results in liver 

steatosis, however, which was reversed by a 

synthetic PPARα agonist. [71]. ATGL-dependent 

hydrolysis of intracellular TG also yields lipid 

PPARα ligands [72]. In line, overexpression of 

hepatic ATGL triggers PPARα-dependent FA 

oxidation gene expression and ameliorates hepatic 

steatosis [72]. Altogether, PPARα plays an important 

Figure 0-4. Schematic representation of the 

regulation of cold-induced target gene 

expressions by PPARα 



14 

 

role in translating products from lipid metabolism into changes in gene expression.  

PPARα is highly expressed in thermogenic AT, and it is actually considered a distinctive 

marker of thermogenic adipocytes [73]. Cold exposure stimulates lipolysis by activation of cyclic AMP-

dependent PKA and induces the expression and nuclear translocation of PPARα in thermogenic 

adipocytes and regulates the gene expression of Ucp1, as shown in Figure 0-4, by regulating the gene 

expression of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) and 

PRDM16, a key protein required for the browning of white adipocytes [73]. PRDM16 co-activates 

PPARα to activate the expression of PGC1α and thermogenic genes in adipocytes by interacting with 

PPARα bound to the PPAR-responsive element (PPRE) [73]. Likewise, PPARα functions as a key 

component of the browning of white adipocytes by regulating thermogenic gene expression in response 

to cold. 

 The activation of PPARα by its synthetic agonist (bezafibrate) markedly reduces adiposity and 

ameliorates insulin resistance in obese mice by stimulating FA oxidation in adipocytes [74]. In line, 

adipocyte-specific PPARα overexpression protects from obesity-induced insulin resistance in mice [75]. 

Moreover, PPARα activation has been reported to increase thermogenic potential in adipocytes [76], 

supporting a role of PPARα in the regulation of adipocyte thermogenic function. Since obesity in mice 

has been linked to reduced Ppara expression levels in WAT as well as reduced thermogenic activity 

[74,77], decreased expression of Ppara may contribute to the reduction in thermogenic capacity in obese 

WAT. However, the regulatory mechanisms underlying the decreased expression of Ppara in obese WAT 

and its effects on adipocyte thermogenic function are poorly understood. 
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Objectives of this study 

  

In this study, the roles of the cholesterol biosynthesis pathway and fatty acid oxidation in 

thermogenic adipocyte function were investigated by focusing on HMGCR and PPARα, a rate-limiting 

enzyme of the cholesterol biosynthesis pathway and a transcription factor of FA oxidation-related 

enzymes, respectively. Although HMGCR inhibition has been implicated in lower BAT prevalence in 

clinical studies, the molecular mechanism underlying it has not been clearly understood. Therefore, 

Chapter 1 of this study focused on the effects of HMGCR inhibition on brown adipogenesis and survival 

of mature brown adipocytes, which are important for the maintenance of BAT mass and its function 

(Figure 0-5; left).  

Obesity-induced inflammation has been linked to catecholamine resistance, characterized by 

the reduction in FA oxidation as well as the thermogenic capacity of adipocytes in WAT; however, the 

mechanistic link between inflammation and catecholamine resistance remains elusive. Chapter 2 of this 

study focused on the effect of PPARα, not only a transcription factor of FA oxidation-related enzymes 

but also an important inducer of thermogenic program in adipocytes, on the browning of adipocytes 

under an inflammatory state (Figure 0-5; right). To elucidate the involvement of PPARα in 

inflammation-induced catecholamine resistance, the effects of inflammation on PPARα expression and 

also the effects of PPARα expressions on β-adrenergic-stimulated thermogenic gene expression in 

adipocytes were investigated. Lastly, the molecular mechanism underlying the downregulation of Ppara gene 

expression by inflammation was investigated. Altogether, the findings of the study may contribute to 

expanding our understanding of the lipid metabolism regulators that control thermogenic adipocyte function, 

which may lead to new approaches to enhancing the thermogenic activity of AT. 
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Figure 0-5. The objective of this study is to investigate the role of lipid metabolism regulators 

HMGCR and PPARα in thermogenic adipocyte function by focusing on: the effect of HMGR 

inhibition on brown adipogenesis and survival of mature brown adipocytes (Chapter 1); and the 

effect of Ppara downregulation by inflammation on thermogenic adipocyte function (Chapter 2) 
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Chapter 1 

 

The effect of HMGCR inhibition on brown adipocyte function1 

 

Introduction 

 Obesity is a major risk factor for T2D [2,78] and is characterized by excessive accumulation 

of adipose tissue, which is composed of WAT and BAT. Unlike WAT, which stores excessive energy in 

the form of triglycerides, BAT oxidizes energy substrates such as fats, carbohydrates, and branched-

chain amino acids to produce heat via mitochondrial UCP1; therefore, BAT is considered a metabolically 

active tissue [79–82]. Notably, rodent and human studies have shown that BAT activity is inversely 

correlated with adiposity and insulin resistance [16,20,80]. Moreover, a previous study indicated that 

individuals with BAT have a significantly lower prevalence of T2D [83]. Thus, increasing the quantity 

or quality of BAT could be a promising therapeutic strategy for obesity and T2D.  

 The cholesterol biosynthesis pathway produces both sterols and non-sterols [50]. Among non-

sterols, isoprenoids, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), 

play pivotal roles in the post-translational modification (prenylation) of Ras and Ras-related small GTP-

binding proteins and in the formation of biologically important molecules, including coenzyme Q, 

thereby regulating several cellular processes [50,59]. Statins, which are inhibitors HMGCR, a rate-

limiting enzyme in the cholesterol biosynthesis pathway, are widely used for the clinical management 

of hypercholesterolemia. Along with the low-density lipoprotein cholesterol-lowering effect, statins can 

exhibit multiple pleiotropic effects that confer protection against cardiovascular diseases [84]. However, 

 
1 The content described in this chapter was originally published in iScience. Kwon J, Yeh YS, Kawarasaki S, 

Minamino H, Fujita Y, Okamatsu-Ogura Y, Takahashi H, Nomura W, Matsumura S, Yu R, Kimura K, Saito 

M, Inagaki N, Inoue K, Kawada T, and Goto T. Mevalonate biosynthesis pathway regulates the development 

and survival of brown adipocytes. iScience. (2023) 26(3):106161. doi: 10.1016/j.isci.2023.106161. 

© 2023 The Authors 
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statins also exhibit several adverse effects, such as rhabdomyolysis, liver damage, and an increased risk 

of T2D, which appear to be primarily mediated by the suppression of isoprenoid biosynthesis [85]. 

Although the mechanisms underlying the adverse effects on skeletal muscle and the liver have been 

gradually clarified by tissue-specific inhibition of the cholesterol biosynthesis pathway in mice [86–88], 

the mechanisms underlying the statin-mediated increased risk of T2D remain unclear. A recent study 

showed an inverse correlation between statin use and active BAT in humans [63]. BAT dysfunction 

owing to inhibition of the cholesterol biosynthesis pathway could be associated with an increased risk 

of T2D following statin use.  

 The number of adipocytes is thought to be defined by the balance between newly differentiated 

adipocytes from preadipocytes and dead adipocytes. Upon hormonal induction of differentiation, 

growth-arrested preadipocytes re-enter the cell cycle and undergo several rounds of mitosis, which is 

referred to as MCE [27,89]. Transcription factors C/EBPβ and C/EBPδ, members of the 

CCAAT/enhancer-binding protein (C/EBP) family, are involved in the initiation of the clonal expansion 

phase [30,91]. C/EBPβ and C/EBPδ interact with C/EBP regulatory elements to activate the transcription 

of adipocyte-specific genes, including peroxisome proliferator-activated receptor gamma (Pparg) and 

Cebpa, which are master transcription factors of adipogenesis [30,31]. Differentiated adipocytes meet 

their fate via apoptosis, where activated caspase 3 induces cell death [92]. Under normal physiological 

conditions, adipocyte number seems constant, and approximately 10% of fat cells undergo annual 

turnover in adults [93]. Conditions such as intake of a high-fat diet and PPARγ agonist treatment, which 

are known to increase adipogenesis, have been found to be associated with increased adipocyte death 

[94,95]. These studies indicate that adipogenesis and adipocyte death are mutually controlled and are 

crucial regulatory events for maintaining adipose tissue mass. Dysregulation of either brown 

adipogenesis or brown adipocyte death can lead to abnormal regulation of BAT mass [96–98]. BAT 

atrophy leads to impaired thermogenesis and glucose intolerance [99,100].  

 These findings indicate that brown adipogenesis and brown adipocyte death play pivotal roles 
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in maintaining BAT mass and function. Although the essential role of the cholesterol biosynthesis 

pathway in adipocyte browning, which is a process converting white adipocytes to thermogenic 

adipocytes, has been reported [63], the detailed physiological roles of the cholesterol biosynthesis 

pathway in brown adipogenesis and brown adipocyte survival and their underlying mechanisms remain 

largely unknown.  

 In Chapter 1, we investigated the role of the cholesterol biosynthesis pathway in the regulation 

of brown adipocyte functions using cell culture and mouse models. The inhibition of HMGCR, the rate-

limiting enzyme in the cholesterol biosynthesis pathway and the molecular target of statins, suppressed 

MCE process and brown adipocyte differentiation via protein geranylgeranylation-mediated suppression 

of the retinoblastoma protein (RB)- C/EBPβ pathway. The development of BAT in neonatal mice 

exposed to an HMGCR inhibitor during the fetal period was severely impaired. Moreover, statin 

treatment-induced GGPP deficiency led to the apoptosis of mature brown adipocytes. Brown adipocyte-

specific Hmgcr knockout mice displayed BAT atrophy and disrupted thermoregulation during cold 

exposure. Importantly, both the induction of Hmgcr knockout and statin treatment in adult mice induced 

morphological changes in BAT via the induction of apoptosis. Together, these findings show that the 

cholesterol biosynthesis pathway-generated GGPP plays an indispensable role in maintaining BAT mass, 

which subsequently impacts BAT function. 

 

Materials and Methods 

 

Mice 

All animal experiments were performed according to protocols approved by the Animal 

Research Committee of Kyoto University, Kyoto, Japan (permission number: R2-50). All mice were 

housed at 24 ± 1°C and maintained under a 12 h light/dark cycle. During all experiments, mice were fed 

a normal chow diet (MF, Oriental Yeast Co., Japan). To achieve LVS-induced pharmacological inhibition 
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of the cholesterol biosynthesis pathway in the fetus, male UCP1-mRFP1 BAC Tg mice [101] were mated 

with C57BL/6N-albino female mice (B6N-Tyrc-Brd/BrdCrCrl, Charles River Laboratories). Female mice 

with confirmed virginal plug the day after mating were subcutaneously administered 10 mg/kg/day of 

lovastatin (LVS; Tokyo Chemical Industry, Cat. No. L0214) from embryonic day 8.5 (E8.5) to 18.5 

(E18.5) (11 days in total). The mRFP1-positive offspring were identified by genotyping and analyzed 

on postnatal day 0.5 (P0.5). BAT-specific Hmgcr KO mice were generated by crossing Hmgcrflox/flox 

mice [57] with Ucp1-Cre mice (B6.FVB-Tg [Ucp1-cre] 1Evdr/J, The Jackson Laboratory) to generate 

Hmgcrflox/+Ucp1-Cre progeny. The progeny was then backcrossed with Hmgcrflox/flox mice, and their 

Hmgcrflox/floxUcp1-Cre progeny were backcrossed with Hmgcrflox/flox mice to yield Hmgcrflox/flox and 

Hmgcrflox/floxUcp1-Cre progeny. Hmgcrflox/flox mice were used as the controls. To generate tamoxifen-

inducible adipocyte-specific Hmgcr knockout (aiKO) mice, Hmgcrflox/flox mice were mated with Adipoq-

CreERT2 mice (C57BL/6-Tg [Adipoq-cre/ERT2] 1Soff/J, The Jackson Laboratory). The progeny of 

Hmgcrflox/floxAdipoq-CreERT2 mice were obtained in the same manner as Hmgcrflox/floxUcp1-Cre mice. 

13-week-old male Hmgcrflox/floxAdipoq-CreERT2 mice were intraperitoneally injected with tamoxifen 

(100 mg/kg/day, Tokyo Chemical Industry, Cat. No. T2510) or corn oil (Nacalai Tesque, Cat. No. 25606-

65) for 5 consecutive days. Twenty days after the tamoxifen injection, the mice were sacrificed with 

isoflurane for further investigation.  

 

HB2 cells 

HB2 preadipocytes from the interscapular fat of p53-KO mice were cultured as described 

previously [102] with some modifications. Briefly, HB2 cells were maintained in Dulbecco’s modified 

Eagle medium (Nacalai Tesque, Cat. No. 08458-16) with 10% fetal bovine serum (Gibco, Cat. No. 

10270106) and 100 U/mL penicillin and 100 μg/mL streptomycin (Nacalai Tesque, Cat. No. 26253-84) 

at 37°C in 5% CO2. Post-confluent HB2 cells were incubated in a differentiation medium containing 1 

μM dexamethasone (DEX; Nacalai Tesque, Cat. No. 11107-64) and 0.5 mM 3-isobutyl-1-



21 

 

methylxanthine (IBMX; Nacalai Tesque, Cat. No. NU03039) in the growth medium. After 48 h, the cell 

culture medium was replaced with a post-differentiation medium containing 10 μg/mL insulin (Wako 

Pure Chemical, Cat. No. 093-06476) and 50 nM 3,3,5-triiodothyronine (T3; Sigma-Aldrich, Cat. No. 

T6397) in the growth medium, and the medium was changed every two days. To determine the effect of 

the cholesterol biosynthesis pathway on brown adipocyte differentiation, post-confluent HB2 brown 

preadipocytes were treated with LVS (Tokyo Chemical Industry, Cat. No. L0214), atorvastatin (ATR; 

Tokyo Chemical Industry, Cat. No. A2476), LVS in combination with metabolites from the cholesterol 

biosynthesis pathway, including mevalonate (MVA; Sigma-Aldrich, Cat. No. 44714), farnesyl 

pyrophosphate (FPP; Sigma-Aldrich, Cat. No. F6892), geranylgeranyl pyrophosphate (GGPP; Sigma-

Aldrich, Cat. No. G6025), and squalene (SQ; Nacalai Tesque, Cat. No. 32115-62), zoledronate (Zol; 

Sigma-Aldrich, Cat. No. SML0223), Zol in combination with GGPP, LVS in combination with 

coenzyme Q10 (Ubiquinone, Tokyo Chemical Industry, Cat. No. C1971; Ubiquinol, Toronto Research 

Chemicals, Cat. No. U700500), GGTI-286 (Cayman Chemical, Cat. No. 22756), or GGTI-286 in 

combination with GGPP until day 2 after the induction of differentiation. On day 4, the HB2 cells were 

harvested for subsequent experiments. For DNA and intracellular lipid staining, brown adipocytes were 

double-stained with 5 μg/mL Nile red (Tokyo Chemical Industry, Cat. No. N0659) and 5 μg/mL Hoechst 

33342 (Nacalai Tesque, Cat. No. 19172-51). The cells treated with Nile red and Hoechst 33342 were 

observed under a fluorescence microscope (Olympus IX83; Olympus), and images were captured with 

a DP71 CCD camera (Olympus). Fluorescence images were collected and merged by using DP-BSW 

software (Olympus). The fluorescence intensities were measured (Nile red, 485 nm/535 nm; Hoechst 

33342, 360 nm/465 nm) by an Infinite® 200 apparatus (Tecan) and analyzed using i-control™ 

Microplate Reader Software (Tecan). For the LVS treatment experiment with mature brown adipocytes, 

differentiation-induced mature HB2 cells were treated with LVS, LVS in combination with metabolites 

from the cholesterol biosynthesis pathway, Zol, Zol in combination with GGPP, coenzyme Q10, or GGTI-

286 from day 4 to day 8. On day 8, the HB2 cells were harvested for subsequent experiments. For the 
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isoproterenol (ISO) treatment experiments, differentiation-induced HB2 cells or immortalized primary 

brown adipocytes were stimulated with 1 μM ISO (Sigma-Aldrich, Cat. No. I6504) for the indicated 

time durations, as described in Figures 1-1F and harvested for further analysis. Apoptotic cells were 

detected by using the Annexin V-FITC Apoptosis Detection Kit (Nacalai Tesque, Cat. No. 15342-54) 

according to the manufacturer’s instructions, and cells stained by both Annexin V-FITC and PI were 

observed under a fluorescence microscope (Olympus IX83, Olympus). Fluorescence images were 

captured, collected, and merged as mentioned above. Cell viability was measured by using CellTiter-

96® Aqueous One Cell Proliferation Assay (MTS assay; Promega, Cat. No. G3581) in accordance with 

the manufacturer’s instructions. 

 

Immortalized brown preadipocytes from interscapular BAT of UCP1-mRFP1 mice 

Immortalized brown preadipocytes from interscapular BAT of UCP1-mRFP1 transgenic mice 

were cultured as described previously [103]. Briefly, post-confluent immortalized primary cells were 

incubated in a differentiation medium containing 0.25 μM DEX (Nacalai Tesque, Cat. No. 11107-64), 

0.5 mM IBMX (Nacalai Tesque, Cat. No. NU03039), 1 nM T3 (Sigma-Aldrich, Cat. No. T6397), 10 

μg/mL insulin (Wako Pure Chemical, Cat. No. 093-06476), 125 μM indomethacin (Wako Pure Chemical, 

Cat. No. 095-02472), and 0.5 μM rosiglitazone (LKT Laboratories, Cat. No. R5773) in the growth 

medium. After 48 h, the cell culture medium was replaced with a post-differentiation medium containing 

5 μg/mL insulin (Wako Pure Chemical), 1 nM T3 (Sigma-Aldrich), and 0.5 μM rosiglitazone (LKT 

Laboratories, Cat. No. R5773) in the growth medium, and the medium was changed every two days. For 

the ISO treatment experiments, differentiation-induced brown adipocytes were stimulated with 1 μM 

ISO (Sigma-Aldrich, Cat. No. I6504) for the indicated time durations, as described in Figure S1-1A 

and S1-1C and harvested for further analysis. 

 

RNA preparation and quantification of gene expression 
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Total RNA was extracted using the QIAzol Lysis reagent (QIAGEN, Cat. No. 79306) or 

Sepasol Super-I (Nacalai Tesque, Cat. No. 09379-84), and 2 μg of total RNA samples was reverse-

transcribed using Moloney murine leukemia virus reverse transcriptase (Promega, Cat. No. M170B), 

according to the manufacturer’s instructions, in a thermal cycler. To quantify mRNA expression levels, 

quantitative reverse transcription-polymerase chain reaction was performed using a Light Cycler 480 II 

System (Roche) with THUNDERBIRD® SYBR® qPCR Mix (Toyobo, Cat. No. QPS-201). All 

measured mRNA expression levels were normalized to ribosomal protein lateral stalk subunit P0 (Rplp0) 

expression levels. The primer sequences are provided in Table S1-2. 

 

Protein extraction 

For whole cell lysates, the cells were washed twice with ice-cold PBS, and lysed in ice-cold 

lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100 [v/v], 0.25% deoxycholate [w/v], 

0.1% sodium dodecyl sulfate [SDS; w/v], and 1 mM EDTA) supplemented with 1% protease inhibitor 

cocktail (Nacalai Tesque, Cat. No. 03969-21) and 1% phosphatase inhibitor cocktail (Nacalai Tesque, 

Cat. No. 07575-51). After centrifugation at 16,700 ×g for 10 min at 4°C, the resulting supernatant was 

quantified using a DC protein assay Kit (Bio-Rad, Cat. No. 5000112) according to the manufacturer’s 

instructions. Samples were denatured by boiling for 5 min in Laemmli sample buffer and used for 

western blotting analysis. For BAT lysates, BAT was homogenized and lysed in ice-cold lysis buffer (78 

mM Tris-HCl pH 6.8, 6.25% sucrose [w/v], and 2% SDS [w/v]) supplemented with 1% protease inhibitor 

cocktail (Nacalai Tesque, Cat. No. 03969-21) and PhosSTOP phosphatase inhibitor cocktail (Roche, Cat. 

No. 4906837001). After centrifugation at 21,500 ×g for 30 min at room temperature, the resulting 

supernatant was quantified and denatured as mentioned above. 

 

Subcellular fractionation 

Cells were washed twice with ice-cold PBS, harvested, and lysed in ice-cold lysis buffer (10 
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mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100 [v/v], 0.1 mM EDTA and 1 mM 

dithiothreitol) supplemented with 1% protease inhibitor cocktail (Nacalai Tesque, Cat. No. 03969-21) 

and PhosSTOP phosphatase inhibitor cocktail (Roche, Cat. No. 4906837001) and incubated on ice for 

15 min. The lysates were centrifuged at 860 ×g for 5 min at 4°C to isolate nuclei. The cytoplasm-

containing supernatants were transferred to new tubes and centrifuged at 13,800 ×g for 1 h at 4°C to 

remove any contaminating nuclei. The supernatants were collected as cytoplasmic fractions. The nuclei 

pellets were resuspended in high salt buffer (20 mM HEPES pH 7.9, 400 mM KCl, 1.5 mM MgCl2, 1% 

nonidet P-40 [v/v], 0.1 mM EDTA, 10% glycerol [v/v] and 1 mM dithiothreitol) supplemented with 

protease inhibitor and phosphatase inhibitor as mentioned above, followed by sonication with a 

Bioruptor UCD-300 (Cosmo Bio). The suspension was centrifuged at 16,200 ×g for 5 min at 4°C and 

supernatants were collected as nuclear fractions. Protein quantification was performed using a DC 

protein assay Kit (Bio-Rad, Cat. No. 5000112) according to the manufacturer’s instructions. Samples 

were denatured by boiling for 5 min in Laemmli sample buffer, and used for western blotting analysis.  

 

Western blotting 

Protein samples were separated by SDS-PAGE and transferred to an Immobilon-P 

polyvinylidene fluoride transfer membrane (Millipore, Cat. No. IPVH00010). After blocking, the 

membrane was incubated with a primary antibody overnight at 4°C, followed by incubation with the 

horseradish peroxidase-conjugated secondary antibody (HRP-conjugated goat anti-mouse IgG, Santa 

Cruz Biotechnology, Cat. No. sc-2005; HRP-conjugated goat anti-rabbit IgG, Novus Biologicals, Cat. 

No. NBP1-75297). Primary antibodies used in this study were anti-UCP1 (an antiserum from a rabbit 

immunized with the rat UCP1 purified from BAT in cold-exposed rats, as described previously [108]), 

anti-β-Actin (Cell Signaling, Cat. No. 4967), anti-HMGCR (Abcam, Cat. No. ab174830), anti-RB 

(Abcam, Cat. No. ab181616), anti-C/EBPβ (Santa Cruz Biotechnology, Cat. No. sc-150), anti-C/EBPδ 

(Santa Cruz Biotechnology, Cat. No. sc-636), anti-α-Tubulin (Cell Signaling, Cat. No. 2144), anti-
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Histone H3 (Cell Signaling, Cat. No. 3638), anti-Caspase 3 (GeneTex, Cat. No. GTX110543), and anti-

Cleaved Caspase 3 (Asp175) (Cell Signaling, Cat. No. 9661). Proteins were visualized by 

chemiluminescence using an Immobilon Western Chemiluminescent HRP Substrate (Millipore, Cat. No. 

WBKLS0500). The chemiluminescent signal was detected using an ImageQuant LAS4000 (GE 

Healthcare) apparatus. The intensity of Western blot bands was quantified with ImageJ software 

(National Institutes of Health). 

 

Thermal imaging and in vivo fluorescence imaging of neonates 

Neonates (P0.5) were removed from the cage and the warmest spot within a defined region in 

the upper dorsal area of each neonatal mouse was identified by infrared thermographic camera (T335; 

Teledyne FLIR) (Figure 1-5G). Fluorescence imaging was performed in the interscapular area using a 

Lumazone in vivo macro imaging system (Roper Technologies). Bright field and fluorescence imaging 

(excitation filter, 530–560 nm; emission filter, 590–650 nm) were performed with 0.3 s exposure time 

(Figure 1-5E). Surface plots of the images were acquired using PMCapture Pro 6.0 software (Roper 

Technologies). The range of the surface plot was 50-180 relative fluorescence units (Figure 1-5F). 

Fluorescence intensity was calculated using the ImageJ software (National Institutes of Health).  

 

Rectal temperature measurement 

For cold exposure experiments shown in Figure 1-1B and 1-1D, 14-week-old male 

C57BL/6N mice were housed individually and exposed to 10°C with ad libitum food and water. The 

mice were anesthetized with isoflurane at the indicated time points and dissected for further analysis. 

For cold exposure experiments shown in Figure 1-8G, 3-h-fasted-11–12-week-old male BAT KO and 

their littermates (Ctrl) were placed individually in cages and exposed to 4°C with free access to water. 

The rectal temperature was measured with a thermometer (BAT7001H; Physitemp Instruments Inc.) 

before exposure to cold and every hour after cold exposure. Infrared thermal images were obtained 
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before and 3 h after cold exposure at 6°C (Figure 1-8H). For the CL316,243 injection experiment 

(Figure 1-8I), 11–12-week-old male BAT KO mice and Ctrl mice were anesthetized with isoflurane at 

concentrations of 1.5%, were placed on a heat block set at 38.5°C. In addition, mice were subcutaneously 

administered saline or CL316,243 (1 mg/kg; Sigma-Aldrich, Cat. No. C5976) after a stable rectal 

temperature was confirmed; then, rectal temperature was monitored every minute using a thermometer 

(BAT7001H; Physitemp Instruments Inc.). 

 

Hematoxylin and eosin staining of tissue sections 

BAT was fixed with Bouin’s solution (saturated picric acid : 37% formaldehyde : glacial acetic 

acid = 15 : 5 : 1) for 3 h, embedded in paraffin, and sectioned at 5 μm thickness using a microtome. The 

sections were transferred onto silane coated slides, deparaffinized with xylene, and rehydrated with 

sequential washes with diluted ethanol (100%, 99%, 90%, and 80%) followed by washing with running 

water. The samples were stained with eosin Y (Nacalai Tesque, Cat. No. 14410-42) and counterstained 

with Gill’s hematoxylin (Merck, Cat. No. 105174). 

 

Immunostaining analysis of BAT 

For immunofluorescence staining with monocarboxylate transporter 1 (MCT1) and platelet-

derived growth factor receptor alpha (PDGFRα), deparaffinized BAT sections were incubated in 0.3% 

Triton-X100 (Nacalai Tesque, Cat. No. 35501-02)/phosphate buffered saline (PBS) for 1 h, blocked with 

Blocking One Histo (Nacalai Tesque, Cat. No. 06349-64) for 10 min, and incubated with the primary 

antibodies diluted with Blocking One Histo (Nacalai Tesque, Cat. No. 06349-64) overnight at 4°C. After 

washing three times with PBS, the sections were incubated with fluorescence-conjugated secondary 

antibodies for 2 h. All sections were mounted with Fluoro-KEEPER Antifade Reagent with DAPI 

(Nacalai Tesque Cat. No. 12745-74) and observed under a confocal microscope (FluoView FV1000 

Olympus IX81; Olympus). Fluorescence images were obtained and merged by using FV10-ASW 
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software (Olympus). Primary antibodies used for immunofluorescence staining included anti-MCT1 

(Sigma-Aldrich, Cat. No. AB1286), anti-PDGFRα (Abcam, Cat. No. ab203491). Secondary antibodies 

used for immunohistochemical staining were as follows: CF488A-labeled goat anti-chicken IgY 

(Biotium, Cat. No. 20020), and CF568-labeled donkey anti-rabbit IgG (Biotium, Cat. No. 20098). 

 

TUNEL staining of BAT section 

TUNEL staining was performed using the in situ Apoptosis Detection Kit (Takara, Cat. No. 

MK500) following the manufacturer’s instructions. Briefly, deparaffinized BAT sections were incubated 

in proteinase K (Nacalai Tesque, Cat. No. 29442-14) containing solution (50 mM Tris-HCl pH 8.0, 1 

mM EDTA, and 20 μg/mL proteinase K) for 10 min, washed with PBS, blocked with Blocking One 

Histo (Nacalai Tesque, Cat. No. 06349-64) for 10 min, and incubated with anti-Perilipin (Novus 

Biologicals, Cat. No. NB100-60554) diluted with Blocking One Histo (Nacalai Tesque, Cat. No. 06349-

64) overnight at 4°C. After washing three times with PBS, the sections were incubated with CF568-

labeled donkey anti-goat IgG (Biotium, Cat. No. 20106) and TUNEL labeling buffer for 90 min at 37°C. 

After washing three times with PBS, all sections were mounted with Fluoro-KEEPER Antifade Reagent 

with DAPI (Nacalai Tesque, Cat. No. 12745-74) and observed under a confocal microscope (FluoView 

FV1000 Olympus IX81; Olympus).  

 

Triglyceride measurement 

HB2 cells were washed twice with ice-cold PBS, lysed in 0.5% Triton X-100 (Nacalai Tesque, 

Cat. No. 35501-02)/PBS, and sonicated by Bioruptor UCD-300 (Cosmo Bio, Japan) at a maximum 

setting for 30 s, performed four times on ice. The sonicated samples were boiled for 10 min and 

centrifugated at 16,200 ×g for 10 min at 4°C. The supernatant was collected, and the triglyceride 

concentration was measured using a Triglyceride E-test Kit (Wako Pure Chemical, Cat. No. 290-63701) 

in accordance with the manufacturer’s instructions. 
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Mouse genotyping 

mRFP1-positive mice and BAT-specific Hmgcr KO mice were identified by genotyping, as 

described previous [57]. Briefly, the tail tissues (2–3 mm) of mice or tissues were incubated with a lysis 

buffer (10 mM Tris-HCl pH 8.0, 25 mM EDTA, 0.5% SDS, and 100 mM NaCl) containing 1 mg/mL 

proteinase K (Nacalai Tesque, Cat. No. 29442-14) at 50°C overnight. After the samples were dissolved, 

200 μL of phenol:chloroform:isoamyl alcohol (25:24:1; Nacalai Tesque, Cat. No. 25970-56) was added, 

and centrifuged at 13,800 ×g for 5 min at 4°C. The supernatant was transferred to a new tube, and 200 

μL of chloroform was added. After centrifugation at 14,000 ×g for 5 min at 4°C, 160 μL of the 

supernatant was transferred to new tube containing 16 μL of 3 M Na-acetate and 400 μL of ethanol and 

centrifuged at 19,000 ×g for 20 min at 4°C. The DNA pellet was dissolved in TE buffer (pH 8.0). 

Genomic DNA was amplified using EmeraldAmp MAX PCR Master Mix (Takara, Cat. No. RR320B) 

in a thermal cycler and confirmed by agarose gel electrophoresis. Primer sequences used are listed in 

Table S1-2. 

 

Transfer C57BL/6N neonates to ICR mice 

On postnatal day 0.5 (P0.5), the neonates from the Veh or LVS (sc., 10 mg/kg/day from 

embryonic day E8.5 to embryonic day E18.5)-treated C57BL/6N mice (SLC, Japan) were removed from 

their dams and transferred to lactating ICR mice (SLC, Japan) within 24 h to be fostered. The number 

of neonates to be fostered per ICR mouse (fostering mouse) was limited to 5–6 to minimize the 

variability in pup weaning weight. ICR mice were used to foster neonates until weaning. The pups were 

weaned from the dam at 21 days of age and fed a normal chow diet (MF; Oriental Yeast Co., Japan) 

throughout the experimental period. Among grown-up mice, 9-weeks-old female mice were used in the 

experiments. 

 

Quantification and statistical analysis 
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Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using unpaired two-tailed Student’s t-test or one-way analysis of variance (ANOVA) 

followed by Tukey’s post hoc test. Correlation was analyzed by Pearson’s correlation. Differences were 

considered statistically significant at P < 0.05. Statistical differences are indicated as * P < 0.05, ** P < 

0.01, *** P < 0.001. Analyses were performed using SPSS Statistics for Windows, Version 17.0 (IBM). 
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Results 

1-1. Hmgcr expression levels are highly correlated with Ucp1 expression levels in BAT and brown 

adipocytes 

To study the role of HMGCR in the regulation of brown adipocyte function, mRNA and protein 

expression levels of HMGCR in BAT was investigated. As shown in Figure 1-1A, mRNA expression 

levels of Hmgcr were found to be high in the testis and brain, which is consistent with a previous study 

[105]. Hmgcr mRNA expression levels in BAT are similar to those in skeletal muscles, in which 

HMGCR has been reported to be functional [88]. Because the thermogenic function of BAT is 

upregulated under cold temperatures, HMGCR expression levels during cold exposure were examined. 

Interestingly, mRNA and protein expression levels of HMGCR were increased by cold exposure (Figure 

1-1B and 1-1D). Although mRNA expression of Hmgcr was immediately induced (~8 h; Figure 1-1C), 

prolonged cold exposure was required to markedly increase its protein levels (~48 h) (Figure 1-1D). 

Both HMGCR mRNA and protein expression patterns were highly correlated with those of UCP1, the 

gene responsible for non-shivering thermogenesis in brown adipocytes (Figure 1-1C and 1-1E). To 

investigate whether cold-induced β-adrenergic stimulation was involved in the upregulation of Hmgcr 

mRNA expression in brown adipocytes, the effect of isoproterenol (ISO), a β-adrenergic receptor agonist, 

on Hmgcr expression in HB2 brown adipocytes was examined. Similar to Ucp1, Hmgcr expression was 

markedly induced by ISO treatment (Figure 1-1F and S1-1A). We confirmed that Hmgcr expression 

was closely associated with the expression of Ucp1 in brown adipocytes during β-adrenergic stimulation 

(Figure 1-1G and S1-1B). Moreover, HMGCR protein exhibited a similar expression pattern as UCP1 

protein, peaking at 12 h in response to ISO stimulation (Figure S1-1C), which showed a strong positive 

correlation (Figure S1-1D). These findings indicate that Hmgcr expression in brown adipocytes is 

highly associated with Ucp1 expression, which raises the possibility that the cholesterol biosynthesis 

pathway plays an important role in regulating BAT function. 
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Figure 1-1. Hmgcr expression levels highly correlate with Ucp1 expression levels in BAT and brown 

adipocytes 

(A) Hmgcr mRNA levels in various tissues from 8-week-old male C57BL/6J mice (n = 2). 

(B) mRNA levels of Ucp1 and Hmgcr in BAT of 14-week-old male C57BL/6N mice exposed to cold at 10℃ for 

an indicated time period (n = 4–8). 

(C) Correlation between Ucp1 and Hmgcr analyzed based on data from (B). 

(D) Representative immunoblots of UCP1 and HMGCR (left) and relative protein abundance (right; n = 4). Each 

protein level was normalized to β-Actin. 

(E) Correlation between UCP1 and HMGCR analyzed based on data from (D). 

(F) mRNA levels of Ucp1 and Hmgcr in HB2 cells after 1 μM isoproterenol (ISO) treatment (n = 3–4). 

(G) Correlation between Ucp1 and Hmgcr analyzed based on data from (F). 

Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired two-tailed Student’s t-

test. Correlation was analyzed by Pearson’s correlation. Black asterisk: vs. initial value of Ucp1; Red asterisk: 

vs. initial value of Hmgcr. 

iWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue. 
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1-2. Inhibition of the cholesterol biosynthesis pathway by statins impairs the differentiation 

capacity of HB2 brown preadipocytes 

 First, the mRNA expression level of Hmgcr in HB2 cells was determined. Hmgcr was highly 

expressed in HB2 brown preadipocytes and gradually decreased in differentiated HB2 cells, in which 

adiponectin (Adipoq) was highly expressed (Figure S1-2). Based on these results, HB2 brown 

preadipocytes were induced to differentiate in the presence of statins to investigate the potential role of 

the cholesterol biosynthesis pathway in brown adipocyte differentiation. Treatment with statins 

(atorvastatin [ATR] and lovastatin [LVS]) in the early stages of brown adipocyte differentiation 

suppressed lipid accumulation in a dose-dependent manner (Figure 1-2A and 1-2B). Moreover, LVS 

treatment suppressed the expression of adipocyte marker genes, including Pparg, fatty acid–binding 

protein 4 (Fabp4), and Adipoq, accompanied by marked suppression of Ucp1 (Figure 1-2C). Notably, 

statin treatment suppressed the adipogenic stimulation-induced increase in DNA content (Figure 1-2A 

and 1-2D), suggesting that HMGCR suppression inhibited MCE during brown adipogenesis. Time-

course experiment showed that differentiation induction of brown preadipocytes increased DNA content 

by almost 2.2 times 48 h after differentiation induction, whereas only 1.6 times increase in DNA content 

was observed in the presence of LVS (Figure 1-2E). These findings indicated that the cholesterol 

biosynthesis pathway is required for adequate MCE during brown adipocyte differentiation. 
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Figure 1-2. Inhibition of the cholesterol biosynthesis pathway by statins impairs the differentiation 

capacity of HB2 brown preadipocytes 

(A) Representative microscopic view of undifferentiated (UD), differentiation-induced (DI), ATR-treated 

(days 0–2), or LVS-treated (days 0–2) HB2 cells after staining with Nile red (left) and Hoechst (middle) on 

day 4, respectively. Scale bars, 300 μm. 

(B) Relative fluorescence intensity of Nile red (n = 5). 

(C) Relative mRNA levels in HB2 cells treated with or without 10μM LVS (days 0–2) on day 4 (n = 3).  

(D) Relative fluorescence intensity of Hoechst staining (n = 5).  

(E) Representative microscopic view of UD, DI, or 10μM LVS-treated HB2 cells after staining with Hoechst 

at indicated time points (left) and relative fluorescence intensity of Hoechst (right; n = 5–6). Scale bars, 200 

μm.  

Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired two-tailed Student’s t-

test for (C). Groups with different letters are significantly different (P < 0.05) as determined by one-way 

ANOVA with Tukey’s post-hoc analysis for (B), (D), and (E).  
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1-3. GGPP recovers the inhibitory effects of lovastatin on HB2 cell differentiation 

To determine the metabolites responsible for the regulation of brown adipogenesis in the 

cholesterol biosynthesis pathway, HB2 cells were treated with LVS in combination with or without 

mevalonate (MVA), farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP), or squalene 

(SQ) (Figure 1-3A). It was found that LVS-induced inhibition of brown adipogenesis was largely 

recovered by MVA or GGPP (Figure 1-3B). Analysis of the fluorescence intensity of Nile red–stained 

cells revealed that the suppressed lipid accumulation by LVS treatment was partially recovered by MVA 

or FPP and completely recovered by GGPP co-treatment (Figure 1-3C). Moreover, LVS-induced 

suppression of differentiation-induction-activated cell proliferation was completely abolished in the 

presence of MVA or GGPP but not by FPP or SQ (Figure 1-3D). Consistent with the phenotypic results, 

LVS-induced suppression of the mRNA expression levels of Ucp1 and adipocyte marker genes, such as 

Fabp4 and Adipoq, was largely recovered by co-treatment with GGPP in HB2 brown adipocytes (Figure 

1-3E). The time-course experiment clearly showed that GGPP co-treatment allowed HB2 cells to 

undergo MCE, as shown by the increase in DNA content to the same extent level as that in 

differentiation-induced (DI) HB2 cells (Figure 1-3F). Because LVS treatment at the concentrations used 

in this study has been reported to suppress cellular GGPP levels [106,107], these findings clearly 

indicated that the cholesterol biosynthesis pathway–mediated GGPP production is essential for MCE 

during brown adipocyte differentiation. To further confirm whether GGPP is the key metabolite for 

brown adipocyte differentiation, HB2 cells were treated with zoledronate (Zol), a nitrogen-containing 

bisphosphonate, to inhibit geranylgeranyl pyrophosphate synthase 1, which is required for GGPP 

biosynthesis [108]. Although Zol treatment at the beginning of brown adipogenesis significantly 

decreased intracellular lipid accumulation (Figure 1-3G and 1-3H) and DNA content (Figure 1-3G 

and 1-3I), these effects were completely reversed by co-treatment with GGPP (Figure 1-3G–1-3I). 

These results indicate that GGPP is required for brown adipogenesis. 
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1-4. Protein geranylgeranylation is required for HB2 cell differentiation 
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Figure 1-3. GGPP recovers the inhibitory effects of lovastatin on HB2 cell differentiation 

(A) Schematic overview of the cholesterol biosynthesis pathway. 

(B) Representative microscopic view of DI or LVS-treated HB2 cells with or without MVA, FPP, GGPP, or 

SQ treatment (days 0–2) after staining with Nile red (top) and Hoechst (middle) on day 4. Scale bars, 200 μm.  

(C and D) Relative fluorescence intensities of Nile red (C) and Hoechst (D) staining (n = 3–4).  

(E) Relative mRNA levels of DI, 10 μM LVS-treated, or 10 μM LVS plus 10 μM GGPP-treated (days 0–2) 

HB2 cells on day 4 (n = 6).  

(F) Representative microscopic view of UD, DI, 10 μM LVS-treated, or 10 μM LVS plus 10 μM GGPP-treated 

HB2 cells after staining with Hoechst at the indicated time points (left) and relative fluorescence intensity of 

Hoechst (right; n = 5–8). Scale bars, 200 μm.  

(G) Representative microscopic view of UD, DI, Zol-treated, or Zol plus GGPP-treated (days 0–2) cells after 

staining with Nile red (top) and Hoechst (middle) on day 4. Scale bars, 200 μm. 

(H and I) Relative fluorescence intensities of Nile red (H) and Hoechst (I) staining (n = 4).  

Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired two-tailed Student’s t-

test for (E). Groups with different letters are significantly different (P < 0.05) as determined by one-way 

ANOVA with Tukey’s post-hoc analysis for (C), (D), (F), (H) and (I).  
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1-4. Protein geranylgeranylation is required for HB2 cell differentiation 

Coenzyme Q10, a product of GGPP, has been shown to be important for BAT function [109]; 

however, co-treatment with coenzyme Q10 (ubiquinol [CoQH2; reduced form] or ubiquinone [CoQ; 

oxidized form]) could not recover either LVS-induced suppression of lipid accumulation (Figure 1-4A, 

1-4B, S1-3A, and S1-3B) or LVS-induced suppression of the increase in DNA content (Figure 1-4C, 

1-4D, S1-3A, and S1-3B), suggesting that LVS-mediated suppression of coenzyme Q10 production is 

not important for the anti-brown adipogenic effects of LVS. The covalent binding of GGPP to a target 

protein, called protein geranylgeranylation, is catalyzed by geranylgeranyltransferase type 1 (GGTase I) 

[110]. To investigate the effect of protein geranylgeranylation, GGTI-286, a GGTase I inhibitor, was 

used at the beginning of brown adipocyte differentiation. Similar to the effects of LVS, treatment with 

more than 10 μM of GGTI-286 significantly suppressed both lipid accumulation and increased DNA 

content (Figure 1-4E and 1-4F). Although co-treatment with GGPP significantly recovered GGTI-286-

induced suppression of lipid accumulation (Figure 1-4G and 1-4H) and cell proliferation (Figure 1-4G 

and 1-4I), these recoveries were very limited. These results indicated that GGPP-mediated protein 

geranylgeranylation is essential for adequate MCE in differentiating brown adipocytes. 
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Figure 1-4. Protein geranylgeranylation is required for HB2 cell differentiation 

(A and B) Relative fluorescence intensity of Nile red staining of DI or LVS-treated HB2 cells with or without 

CoQH2 (A; n = 4) or CoQ (B; n = 4) treatment (days 0– 2) on day 4.  

(C and D) Relative fluorescence intensity of Hoechst staining of DI or LVS-treated HB2 cells with or without 

CoQH2 (C; n = 4) or CoQ (D; n = 4) treatment (days 0–2) on day 4. 

(E and F) Relative fluorescence intensity of Nile red (E) and Hoechst (F) staining of UD, DI, LVS-treated, or 

GGTI-286-treated (days 0–2) HB2 cells on day 4 (n = 4–8).  

(G) Representative microscopic view of DI, LVS-treated, or GGTI-286-treated HB2 cells with or without 

GGPP treatment (days 0–2) after staining with Nile red (top) and Hoechst (middle) on day 4. Scale bars, 200 

μm. 

(H and I) Relative fluorescence intensity of Nile red (H) and Hoechst (I) staining (n = 4).  

Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired two-tailed Student’s t-

test for (E). Groups with different letters are significantly different (P < 0.05) as determined by one-way 

ANOVA with Tukey’s post-hoc analysis for (A–F), (H), and (I). 
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1-5. Neonates exposed to LVS during the BAT developmental period exhibit BAT atrophy and fail 

to maintain body temperature 

Previous reports have shown that BAT develops from embryonic day 10 (E10) to postnatal day 

2 (P2) [111]; thus, pregnant dams were treated with LVS to expose their fetuses to LVS from E8.5 to 

E18.5, as shown in Figure 1-5A. Notably, neonates from the LVS-injected dam showed interscapular 

BAT atrophy (Figure 1-5B and 1-5C). The BAT weight normalized to body weight yielded similar 

results (Figure 1-5D). Experiments using UCP1- monomeric red fluorescent protein 1 (mRFP1) reporter 

mice [101] showed that LVS exposure during the embryonic period significantly reduced mRFP1-

derived fluorescence in the interscapular region, suggesting that UCP1 expression levels in BAT are 

suppressed by LVS (Figure 1-5E and 1-5F). Actually, the surface temperature of neonates exposed to 

LVS was significantly lower than that of Veh-exposed neonates (Figure 1-5G). A histochemical analysis 

showed that LVS-exposed neonatal BAT barely consisted of adipocytes with lipid droplets compared 

with Veh-exposed BAT (Figure 1-5H). Consistent with this, LVS treatment decreased the number of 

monocarboxylate transporter isoform 1 (a marker for mature brown adipocytes [112])-positive cells, 

whereas the number of platelet-derived growth factor alpha (a marker for adipocyte progenitor cells 

[113])-positive cells increased in LVS-exposed BAT in immunofluorescence analysis (Figure 1-5I). 

Furthermore, both thermogenesis-related genes (Ucp1, PPARγ coactivator 1 alpha [Ppargc1a], and PR 

domain containing 16 [Prdm16]) and adipocyte marker genes (Pparg, Fabp4, and Adipoq) in BAT were 

markedly downregulated by LVS treatment (Figure 1-5J). Further investigation was performed to 

determine the effects of fetal LVS exposure on the development of BAT in adult mice, following the 

schedule shown in Figure S1-4A. Fetal LVS exposure did not affect body weight or length, without 

significant changes in food intake (Figure S1-4B–S1-4D). Interestingly, BAT atrophy persisted even 

after the offspring from the LVS-exposed dam became adults, whereas other tissues and organs showed 

no apparent differences in weight compared to those of the offspring from the Veh-exposed dam (Figure 

S1-4E and S1-4F). However, obvious histological changes in BAT were not observed in fetal LVS-
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exposed BAT (Figure S1-4G). Also. There were no significant changes in mRNA expression levels of 

either thermogenesis-related genes (Ucp1 and Ppargc1a) or adipocyte marker genes (Pparg, Fabp4, and 

Adipoq) in BAT from a grown-up offspring of the LVS-exposed dam (Figure S1-4H). Consistently, no 

significant differences in UCP1 protein expression levels in BAT were observed between the Veh and 

LVS groups (Figure S1-4I). Taken together, these findings indicate that the cholesterol biosynthesis 

pathway in the embryonic period not only plays an essential role in the development of BAT in the fetus 

but also affects BAT mass in adult mice. 
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Figure 1-5. Neonates exposed to LVS during the BAT developmental period exhibit BAT atrophy and fail to 

maintain body temperature 

(A) Schematic illustration of the in vivo LVS treatment experiment. 

(B) Representative interscapular region (top) and BAT (bottom) images of neonates (P0.5). Scale bars, 1 cm. 

(C and D) BAT weight (C) and BAT weight normalized to the body weight (D) of neonates (n = 14–16). 

(E) In vivo imaging of prone-positioned UCP1-mRFP1 neonates (P0.5) in bright (left top) and fluorescent fields 

(left bottom) and relative fluorescence intensity around the interscapular area analyzed using ImageJ (right) (n = 

9). 

(F) Fluorescence intensity of the interscapular area of mice. The range of the surface plot represents 50–180 relative 

fluorescence units. 

(G) Representative image of infrared thermography (left) and surface temperature of the interscapular region of 

neonates (P0.5) (right; n = 14–16). 

(H) Representative images of hematoxylin and eosin (H&E)-stained BAT sections from neonates (P0.5). Scale bars, 

50 μm. 

(I) Representative immunofluorescence images of BAT isolated from neonates (P0.5). Scale bars, 40 μm. 

(J) Relative mRNA levels in BAT isolated from neonates (P0.5) (n = 14–16).  

Data are shown as the mean ± SEM. *P < 0.05, ***P < 0.001 by unpaired two-tailed Student’s t-test.  
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1-6. LVS-mediated suppression of retinoblastoma phosphorylation may be associated with the 

functional inactivation of C/EBPβ in HB2 cells 

 C/EBPβ and C/EBPδ are the main MCE regulators [90,91]. Although the mRNA expression 

of both Cebpb and Cebpd was induced soon after the induction of differentiation in HB2 brown 

preadipocytes, LVS treatment did not affect the expression of either gene (Figure 1-6A and 1-6B). 

However, LVS treatment decreased the ratio of nuclear to cytoplasmic C/EBPβ protein levels without 

affecting nuclear C/EBPδ protein levels (Figure S1-5) in differentiating HB2 cells (Figure 1-6C), 

suggesting that LVS treatment decreased the nuclear localization of C/EBPβ protein. Interestingly, total 

C/EBPβ protein levels were also suppressed by LVS treatment (Figure 1-6D), which is consistent with 

a previous report using white adipocytes [114]. A previous study showed that adipocyte differentiation 

stimuli-induced hyperphosphorylation of the retinoblastoma (RB) protein is required for the 

transcriptional activation of C/EBPβ in 3T3-L1 cells [115]. RB phosphorylation was strongly induced 

within a day by the induction of differentiation in HB2 cells, whereas it was barely detectable in the 

presence of LVS (Figure 1-6D). In fact, LVS treatment suppressed C/EBPβ target genes, which are 

known to be important transcription factors for terminal differentiation of brown adipocytes, such as 

Pparg, Cebpa, and sterol regulatory element binding protein 1c (Srebp1c), at 48 h after differentiation 

induction without affecting Cebpb expression levels (Figure 1-6E–1-6H). These findings suggest that 

LVS treatment suppresses RB phosphorylation, which is followed by a change in C/EBPβ nuclear 

localization and suppression of its transcriptional activation. 
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Figure 1-6. LVS-mediated suppression of retinoblastoma phosphorylation may be associated with the 

functional inactivation of C/EBPβ in HB2 cells 

(A and B) Relative mRNA levels of Cebpb (A) and Cebpd (B) in differentiation-induced HB2 cells with or without 

10 μM LVS treatment at the indicated time points (n = 3–8). 

(C) Representative immunoblot of subcellular (Cyt, cytoplasm; Nuc, nucleus) expression of C/EBPβ and C/EBPδ 

in differentiation-induced HB2 cells with or without 10 μM LVS treatment at indicated time points (left). The band 

intensity of C/EBPβ was quantified using the ImageJ software. Nuclear C/EBPβ levels were normalized to 

cytoplasmic C/EBPβ levels (Nuc/Cyt) (right; n = 5–6). α-Tubulin, cytoplasmic fraction marker; Histone H3, nuclear 

fraction marker. 

(D) Representative immunoblot of RB and C/EBPβ in differentiation-induced HB2 cells with or without 10 μM 

LVS treatment at the indicated time points. Phosphorylated RB (pRB) was determined by gel migrational difference 

(left). The band intensities of total C/EBPβ (middle), pRB, and RB (right) were quantified using the ImageJ 

software. C/EBPβ or pRB levels were normalized to β-Actin or total RB levels, respectively. C/EBPβ and pRB/RB 

levels at 0 h were arbitrarily set to 100 (n = 8). 

(E–H) Relative mRNA levels of Cebpb (E), Pparg (F), Cebpa (G), and Srebp1c (H) in HB2 cells with or without 

10 μM LVS treatment at the indicated time points (n = 3–6).  

Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01 by unpaired two-tailed Student’s 

t-test compared to UD or LVS-treated HB2 cells. Black sharp (#): vs. 0 h of DI; red sharp (#): vs. 0 h of LVS.   
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1-7. GGPP recovers LVS-induced cell apoptosis in mature brown adipocytes 

Next, the role of the cholesterol biosynthesis pathway in mature brown adipocytes was 

investigated. Differentiated HB2 brown adipocytes treated with LVS for 96 h showed a decrease in both 

lipid accumulation (Figure 1-7A and 1-7B) and Hoechst-stained nuclei (Figure 1-7A). The 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay 

revealed that LVS treatment reduced the viability of HB2 brown adipocytes (Figure 1-7C), suggesting 

that reduced lipid accumulation and nuclear levels are derived from reduced cell viability. The LVS-

induced reduction in lipid accumulation was almost completely recovered by co-treatment with MVA 

or GGPP (Figure 1-7B). FPP co-treatment also partially recovered lipid accumulation, whereas SQ co-

treatment showed no recovery effect (Figure 1-7B). Consistent with the lipid accumulation levels, co-

treatment with MVA or GGPP completely reversed the LVS-induced decrease in cell viability (Figure 

1-7C). Next, HB2 cells were stained with a fluorescein isothiocyanate (FITC) -conjugated annexin V 

fluorescent probe and propidium iodide (PI), which stain cells in the early and late stages of apoptosis, 

respectively. As shown in Figure 1-7D, LVS treatment increased the number of both annexin V– and 

PI-stained HB2 brown adipocytes. The number of apoptotic cells was largely decreased by co-treatment 

with MVA or GGPP but not by co-treatment with FPP or SQ. Similar results were observed for the 

expression levels of the Bcl-2-associated X protein (Bax) and caspase 3 (Casp3), which are pro-

apoptotic genes (Figure 1-7E). Moreover, cleaved-caspase 3 expression level, which represents the 

active form of caspase 3, was increased by treatment with LVS, whereas MVA or GGPP co-treatment 

almost reduced it in HB2 brown adipocytes (Figure 1-7F). These findings clearly indicate that the 

cholesterol biosynthesis pathway in brown adipocytes plays an essential role in survival of brown 

adipocytes by regulating apoptosis via GGPP production. Moreover, Zol treatment significantly 

decreased cell viability; however, this effect was almost reversed by co-treatment with GGPP (Figure 

1-7G). Consistent with this, the increased Bax and Casp3 expression levels after Zol treatment were 

completely abolished in the presence of GGPP (Figure 1-7H). However, co-treatment with coenzyme 
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Q10 hardly prevented the LVS-induced decrease in viability of HB2 cells (Figure 1-7I and S1-6). 

Although 100 μM CoQH2 treatment partially recovered the viability of LVS-treated HB2 cells (Figure 

1-7I), the expression levels of pro-apoptotic markers remained unchanged (Figure 1-7J). To investigate 

the effect of protein geranylgeranylation, HB2 cells were treated with GGTI-286. It was found that the 

inhibition of protein geranylgeranylation neither affected cell viability nor increased the expression 

levels of pro-apoptotic markers in HB2 cells (Figure 1-7K and 1-7L). These results indicate that GGPP 

plays an important role in the regulation of HB2 brown adipocyte survival through mechanisms other 

than coenzyme Q10 production and protein geranylgeranylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

Bax Casp3
0

100

200

300
R

e
la

ti
v
e
 v

a
lu

e

b
a a

a
a

b

DI
LVS
LVS +
CoQH2

Bax Casp3
0

80

90

100

110

120

130

R
e
la

ti
v
e
 v

a
lu

e

DI
Zol
Zol+GGPP

b

a

b ab
b

a

Bax Casp3
0

40

80

120

160

R
e
la

ti
v
e
 v

a
lu

e

DI
GGTI-286

*

A                                       B                C    
  

D                                     E                        F 

G           H             I                 J             K           L 
      

 

Figure 1-7. GGPP recovers LVS-induced cell apoptosis in mature brown adipocytes. 

(A) Representative microscopic view of DI- or LVS-treated HB2 cells with or without MVA, FPP, GGPP, or SQ 

treatment (days 4–8) after staining with Nile red (top) and Hoechst (middle) on day 8. Scale bars, 200 μm. 

(B and C) Quantitative results of accumulated triglycerides (B; n = 6) and MTS assay (C; n = 5–6) in DI- or LVS-

treated HB2 cells with or without MVA, FPP, GGPP, or SQ treatment (days 4–8) on day 8. 

(D) Representative microscopic view of DI- or LVS-treated HB2 cells with or without MVA, FPP, GGPP, or SQ 

treatment (days 4–8) after staining with Annexin V (top) and propidium iodide (PI; middle) on day 8. Scale bars, 

200 μm. 

(E) Relative mRNA levels in DI- or LVS-treated HB2 cells with or without MVA, FPP, GGPP, or SQ treatment 

(days 4–8) on day 8 (n = 5–6). 

(F) Representative immunoblots of pro-caspase 3 (Pro-Casp3) and cleaved caspase 3 (Cl-Casp3) in DI- or LVS-

treated HB2 cells with or without MVA, FPP, SQ, or GGPP treatment (days 4–8) on day 8. β-Actin was used as a 

loading control. 

(G and H) Results of MTS assay (G; n = 4) and relative mRNA levels (H; n = 4–6) in DI- or Zol-treated HB2 cells 

with or without GGPP (days 4–8) on day 8. 

(I) MTS assay results of DI- or LVS-treated HB2 cells with or without CoQH2 or CoQ treatment (days 4–8) on day 

8 (n = 3–5). 

(J) Relative mRNA levels in DI- or LVS-treated HB2 cells with or without CoQH2 treatment (days 4–8) on day 8 

(n = 5). 

(K and L) Results of MTS assay (K; n = 4) and relative mRNA levels (L; n = 4) in DI- or GGTI-286-treated (days 

4–8) HB2 cells on day 8.  

Data are shown as the mean ± SEM. *P < 0.05, unpaired two-tailed Student’s t-test for (L). Groups with different 

letters are significantly different (P < 0.05) as determined by one-way ANOVA with Tukey’s post-hoc analysis for 

(B), (C), (E), and (G–J). 
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1-8. Brown adipocyte–specific Hmgcr knockout mice exhibit BAT atrophy and impaired 

thermoregulation 

To validate the role of the cholesterol biosynthesis pathway in Ucp1-expressing mature brown 

adipocytes in vivo, Ucp1-Cre-driven Hmgcr knockout (Hmgcrflox/flox; Ucp1-Cre; BAT KO) mice were 

generated. The Hmgcr knockout allele was observed only in the genomic DNA extracted from BAT but 

not in other tissues, including WATs, in BAT KO mice (Figure 1-8A). BAT KO mice grew normally 

until adulthood, and the body weight of BAT KO mice did not differ from that of Hmgcrflox/flox (control; 

Ctrl) mice (Figure 1-8B). However, the weight of interscapular BAT, unlike other tissues in BAT KO 

mice, was much lower than that in Ctrl mice, and its weight was only 28.6% of that of Ctrl mice (Figure 

1-8C and 1-8D; Table S1-1). Histologically, BAT of BAT KO mice exhibited an extensive loss of 

adipocytes and a relative increase in non-lipid-laden cells (Figure 1-8E). It was detected that many cells 

undergoing apoptosis in BAT of BAT KO mice, as determined by an increase in terminal 

deoxynucleotidyl transferase–mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)-

positive cells. (Figure 1-8F). Histological analysis and TUNEL assay indicated that BAT atrophy 

observed in BAT KO mice was associated with the loss of cells by apoptosis. In the cold tolerance test, 

cold exposure at 4℃ decreased the rectal temperature of both genotypes, whereas Ctrl mice maintained 

the rectal temperature even under prolonged cold exposure. The rectal temperature of BAT KO mice 

gradually decreased and showed a significant decrease compared to that of Ctrl mice after 3 h of cold 

exposure (Figure 1-8G). Infrared thermal images showed that dorsal surface temperatures were 

drastically reduced in BAT KO mice after cold exposure (Figure 1-8H). β3-adrenergic receptor agonist 

CL316,243 (CL)-induced BAT thermogenesis was also examined. As shown in Figure 1-8I, 

administration of CL quickly increased the rectal temperature of Ctrl mice but not that of BAT KO mice. 

To investigate the role of the cholesterol biosynthesis pathway in BAT in adult mice, tamoxifen-

inducible adipocyte-specific Hmgcr KO (Hmgcrflox/flox; Adipoq-CreERT2; aiKO) mice were generated. 

Twenty days after KO induction, a loss of lipid-containing adipocytes and the presence of apoptotic cells 
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were observed in the BAT of tamoxifen-treated aiKO mice (Figure 1-8J and 1-8K). These findings 

clearly show that the cholesterol biosynthesis pathway in mature brown adipocytes is indispensable for 

maintaining BAT mass and function. 
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Figure 1-8. Brown adipocyte–specific Hmgcr knockout mice exhibit BAT atrophy and impaired 

thermoregulation 

(A) Representative image from genotyping of BAT KO mice (n = 3). Top row, Hmgcr-floxed alleles (2757 bp); 

bottom row, Hmgcr knockout alleles (519 bp); N.C., negative control; P.C., positive control. 

(B) Body weight of 14- to 15-week-old male Ctrl and BAT KO mice (n = 13). 

(C) Weight of inguinal white adipose tissue (iWAT), epididymal white adipose tissue (eWAT), liver, and skeletal 

muscle (gastrocnemius + soleus) of the aforementioned mice (n = 13). 

(D) Representative images (left) and weight of BAT (right; n = 13) from the aforementioned mice. 

(E and F) Representative images of H&E-stained BAT section (E; Scale bars, 200 μm) and immunofluorescence 

images of BAT (F; Scale bars, 30 μm) isolated from 19-week-old male Ctrl and BAT KO mice. 

(G) Rectal temperature of 11- to 12-week-old male Ctrl and BAT KO mice exposed to cold at 4℃ (n = 10–13). 

(H) Infrared thermal images of 11- to 12-week-old male Ctrl and BAT KO mice before and after cold exposure at 

6℃ for 3 h.  

(I) Rectal temperature of 11- to 12-week-old male Ctrl and BAT KO mice exposed to 1 mg/kg CL316,243 (n = 10–

13). 

(J and K) Representative images of H&E-stained BAT sections (J; Scale bars, 200 μm) and immunofluorescence 

images of BAT (K; Scale bars, 30 μm) isolated from 16-week-old male Ctrl and aiKO mice. 

Data are shown as the mean ± SEM. ***P < 0.001 by unpaired two-tailed Student’s t-test. 
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Discussion 

Increasing BAT thermogenesis, which can be achieved by enhancing BAT activity and mass, 

could be a promising strategy for treating obesity and obesity-induced T2D. In Chapter 1, cholesterol 

biosynthesis pathway–generated GGPP was demonstrated to play an indispensable role in retaining the 

thermogenic capacity of BAT by regulating BAT mass through controlling both brown adipogenesis and 

apoptosis of brown adipocytes. Notably, it was demonstrated that distinct regulatory mechanisms govern 

brown adipogenesis and brown adipocyte survival via the cholesterol biosynthesis pathway; the former 

is partially dependent on geranylgeranylation (Figure 1-4), and the latter is independent of 

geranylgeranylation (Figure 1-7), respectively. Recently, Balaz et al. [63] reported that HMG-CoA 

synthase 2 is important for adipocyte browning. The authors showed that the cholesterol biosynthesis 

pathway–produced GGPP is essential for adipocyte browning by regulating geranylgeranylation-

dependent yes-associated protein (YAP) / transcriptional coactivator with PDZ-binding motif (TAZ) 

signaling. Importantly, findings in the Chapter 1, as well as those of the previous report, could highlight 

molecular mechanisms underlying a strong negative correlation between statin use and BAT prevalence. 

Altogether, apart from adipocyte browning, these findings demonstrate that GGPP is the key cholesterol 

biosynthesis pathway intermediate important for brown adipogenesis and brown adipocyte survival. 

Hmgcr expression is regulated by SREBPs, which are transcription factors involved in the 

expression of key enzymes required for cholesterol, fatty acid, and triglyceride synthesis [116]. 

SREBP1/2 expression was upregulated in maternal cold-exposed fetal BAT [61]. Moreover, BAT-

specific depletion of SREBP prevented the maintenance of body temperature under chronic cold 

exposure in mice [62]. These results suggest that the transcriptional activity of SREBPs in BAT is tightly 

regulated to maintain BAT function. In the present study, Hmgcr expression levels were altered in cold-

innervated BAT and β-adrenergic receptor-activated cultured brown adipocytes, and these changes in 

expression levels were highly correlated with Ucp1 expression levels (Figure 1-1). Therefore, SREBPs 

are candidate transcription factors that regulate the cholesterol biosynthesis pathway by modulating 
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Hmgcr expression in the brown adipocytes.  

During early adipocyte differentiation, growth-arrested preadipocytes re-enter the cell cycle, 

followed by transient mitosis, known as MCE, and subsequently express genes that produce adipocyte-

specific phenotypes [27,89]. Forty-eight hours after the induction of differentiation, the DNA content of 

HB2 brown preadipocytes increased by more than 2-fold; however, the increase in DNA content was 

suppressed by LVS treatment (Figure 1-3F). GGPP supplementation completely recovered LVS-

induced suppression of MCE (Figure 1-3F), suggesting that the cholesterol biosynthesis pathway plays 

an essential role in MCE during brown adipogenesis via the production of GGPP. MVA-mediated GGPP 

production appears to be important for substrate supply, at least partially for protein geranylgeranylation 

during MCE. Protein geranylgeranylation is especially important for anchoring small GTPases to the 

plasma membrane for their respective activation. Thus, inactivation of these small GTPases may be 

involved in inadequate MCE during brown adipogenesis. Geranylgeranylation of small G proteins is 

important for the proliferation of various cell types [117–119]. These results, as well as those of several 

previous reports, suggest that GGPP is an important substrate for protein geranylgeranylation, which is 

essential for adequate MCE during brown adipocyte differentiation.  

In this study, it was demonstrated that statin treatment inhibits brown adipogenesis in HB2 

cells. Consistently, impaired BAT development was observed in neonates exposed to LVS from E8.5 to 

E18.5, when differentiation of brown preadipocytes actively occurs [111]. These results suggest that 

cholesterol biosynthesis pathway–mediated regulation of brown adipocyte differentiation is important 

for BAT development in vivo. Previous studies have shown that Ewing sarcoma, bone-morphogenic 

protein 7, and homeobox A5 are critical regulators of brown adipogenesis in cultured cells, and its loss 

of function reduces BAT mass in mice [120–123]. These previous reports clearly indicate that the 

regulatory mechanisms of brown adipogenesis in cultured cells are closely related to BAT development 

in vivo. Therefore, cholesterol biosynthesis pathway–mediated regulation of brown adipocyte 

differentiation is thought to be important for BAT development in vivo. However, further studies are 
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needed to investigate the effects of the cholesterol biosynthesis pathway on brown adipogenesis in vivo. 

Statins inhibit multiple cellular functions of white adipocytes. For example, statin treatment 

triggers apoptosis in mature white adipocytes; however, this effect is reversed by GGPP treatment [57]. 

Similarly, it was found that statin treatment induced apoptosis in mature brown adipocytes, which was 

possibly associated with the lack of downstream products from GGPP. Moreover, statin treatment 

impairs white adipogenesis by reducing the expression levels of C/EBPβ, C/EBPα, and PPARγ, 

[114,124,125] which is consistent with the findings of the present study showing reduced adipocyte 

markers after LVS treatment in differentiating brown adipocytes. In particular, a decrease in nuclear 

C/EBPβ expression was observed in differentiating brown adipocytes upon LVS treatment. Importantly, 

C/EBPβ functions not only as a regulator of early adipogenesis [126] but also as a fate switch in 

thermogenic adipocytes [127,128]. Although most mechanisms underlying statin effects on brown 

adipocytes and white adipocytes may be similar, further investigation, especially regarding cellular fate, 

is needed to determine whether statins function as a molecular switch in determining thermogenic 

adipocyte development.  

Although the differentiation of white adipocyte and brown adipocyte is controlled by a similar 

set of transcription factors, including C/EBPβ, their contribution to the adipocyte differentiation process 

may differ. The active form of C/EBPβ (LAP) serves as a critical regulator of brown adipogenesis by 

forming a transcriptional complex with PRDM16, a transcription factor that regulates thermogenic genes 

in brown adipocytes [128]. One known regulator of C/EBPβ function is RB, which is an important 

regulator of cell cycle processes and cellular differentiation [129–131]. In 3T3-L1 cells, RB 

hyperphosphorylation (inactive) induced by adipocyte differentiation stimuli has been implicated in the 

regulation of adipocyte differentiation via physical interactions with C/EBPβ and in the regulation of its 

transcriptional activity [115]. RB-deficient mouse embryonic fibroblasts differentiate into adipocytes 

with a gene expression pattern resembling that of brown adipocytes [132]. It was demonstrated that LVS 

treatment suppressed the differentiation stimuli-induced inactivation of RB and the simultaneous nuclear 
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localization of C/EBPβ in HB2 cells, which could be highly informative regarding the essential role of 

RB in the cholesterol biosynthesis pathway–mediated regulation of brown adipocyte differentiation. 

Several studies using tissue-specific Hmgcr KO mice have shown that the cholesterol 

biosynthesis pathway is an important physiological regulator of cell survival by producing non-sterol 

isoprenoid intermediates in various cells [51,57,86,133]. However, the mechanism by which the 

cholesterol biosynthesis pathway affects mature brown adipocytes remains unclear. In Chapter 1, it was 

showed that disruption of the cholesterol biosynthesis pathway led to programmed cell death owing to 

a lack of GGPP synthesis in mature brown adipocytes. Unlike LVS treatment, treatment with a GGTase 

I inhibitor did not induce apoptosis in brown adipocytes, suggesting the involvement of mechanisms 

independent of protein geranylgeranylation. The possible involvement of coenzyme Q10 deficiency in 

statin-induced cell death has been reported in several cell types, such as myotubes and hepatocytes 

[134,135]. However, in the present study, GGPP deficiency–induced apoptosis was not attributed to a 

coenzyme Q10 deficiency. Therefore, other metabolites derived from GGPP may be involved in statin-

induced apoptosis in brown adipocytes. Liver X receptors (LXRs) were shown to regulate statin-induced 

cell death in 3T3-L1 cells [136]. LXRs suppress proliferation of various cancer cells. For example, 

Zhang et al. [137] showed that treatment with T0901317, a synthetic LXR agonist, suppresses the 

proliferation of melanoma cells by activating caspase 3, suggesting that LXRs play an important role in 

cell survival. Interestingly, GGPP has been reported to regulate the function of LXRs by acting as a 

direct antagonist [138,139]. These reports highlight the possibility that GGPP-mediated LXRs 

regulation may play an important role in Hmgcr deficiency–induced apoptosis in brown adipocytes. 

Niemann et al. [140] reported that apoptotic brown adipocytes induce de novo brown 

adipogenesis in BAT through the action of inosine to maintain BAT mass. Although brown adipocyte 

apoptosis occurred in BAT (Figure 1-8F), BAT atrophy was observed in BAT KO mice (Figure 1-8D), 

suggesting that the formation of new brown adipocytes in BAT KO mice is very limited. Niemann et al. 

[140] showed that extracellular inosine activates the mammalian target of rapamycin complex 1 
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(mTORC1) in brown adipocytes, suggesting that mTORC1 may be involved in inosine-induced brown 

adipogenesis. The importance of mTORC1 signaling in BAT development has been reported by several 

study groups. For example, mTORC1 inhibition by rapamycin or siRNA decreased the proliferation and 

differentiation of brown adipocytes [141]. Adipocyte-specific mTORC1 loss in mice completely blocked 

cold-induced BAT recruitment [142]. Importantly, statin treatment suppresses mTOR signaling [143], 

suggesting that the cholesterol biosynthesis pathway regulates mTOR signaling. The small GTPase Rac1, 

a target of GGTase I, regulates mTORC1 activity [144]. In Figure 1-3H–1-3I, treatment with a GGTase 

I inhibitor suppressed brown adipocyte differentiation, suggesting that GGPP depletion by statins might 

suppress the geranylgeranylated Rac1-mTORC1 axis. This pathway may be involved in the inosine-

induced differentiation of brown adipocytes.  

It has been reported that the expression levels of geranylgeranyl pyrophosphate synthetase 

(Ggps) are significantly elevated in obese WAT. Moreover, intracellular GGPP levels increase in parallel 

with adipocyte differentiation (i.e., from ~2 ng/well in white preadipocytes to ~12 ng/well in mature 

white adipocytes [139]). In contrast to adipocyte differentiation, Ggps expression levels are reduced 

during osteoblast differentiation [58]. Given that adipocytes and osteoblasts share the same 

mesenchymal precursor, regulation of Ggps expression could determine the cell fate toward either 

adipocyte or osteoblast. The results of previous reports suggest that GGPP may play an important role 

as an endogenous regulator of brown adipogenesis. 

In order for Ras-related GTPases (e.g., RhoA, RhoC, Rac1, Cdc42, Rab, RalA, and RalB) to 

transduce their signal, they must be anchored to the plasma membrane, which is accomplished by 

posttranslational modifications that increase their hydrophobicity [59,145]. A key step in this process is 

catalyzed by geranylgeranyltransferase type 1 (GGTase I), an enzyme that transfers geranylgeranyl from 

GGPP, a cholesterol biosynthesis intermediate, to the cysteine of the carboxyl terminal CAAX box of 

proteins (C=cysteine, A=aliphatic amino acid and X=leucine) and the process is called 

geranylgeranylation [145]. Prenylation of the carboxyl terminal CAAX of Ras-related GTPases is 
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required for their biological activity. For example, Raf, a serine/threonine kinase, phosphorylates 

mitogen-activated protein kinase kinase, which in turn activates MAPK by phosphorylating it on 

threonine and tyrosine. Hyperphosphorylated MAPK translocalizes to the nucleus, where it 

phosphorylates transcription factors that are involved in the regulation of growth-related genes [146]. 

GGTI-286 is a cell-permeable peptidomimetic compound resembling the CAAX domain of a protein to 

be geranylgeranylated and is a competitive inhibitor of protein geranylgeranylation [147]. In culture 

cells, GGTase I deficiency by 30 μM GGTI-286 treatment dramatically reduced Wnt/β-catenin signaling 

by reducing the nuclear localization of β-catenin, a target of Rab GTPases, in Chinese hamster ovary 

cells [148], suggesting that the results obtained using GGTI-286 in this study may not result from off-

target effects. 

Due to the technical limitations, the changes in GGPP levels in HB2 cells after LVS treatment 

were not measured in this study. As mentioned in the previous report, it is very difficult to determine the 

isoprenoid levels in biological samples directly [107]. However, some previous reports determined 

cellular GGPP levels indirectly by measuring the incorporated GGPP levels into fluorescently-labeled 

peptides using recombinant GGTase I. A report showed a decrease in the cellular level of GGPP less 

than 40% and 30% of the initial value following treatment with 1 μM and 10 μM LVS for 24 h, 

respectively in NIH3T3 cells, a mouse fibroblast line [107]. Another previous report showed a reduction 

in cellular GGPP level by less than 10% of the initial level in SY5Y-APP695 cells, a human 

neuroblastoma, after incubation with 5 µM LVS for 24 h [106]. These reports clearly demonstrate that 

LVS treatment actually decreased cellular GGPP levels, suggesting that the reduction in both adipogenic 

capacity and cell apoptosis in HB2 brown adipocytes is attributed to the reduced GGPP level caused by 

HMGCR inhibition.  

In conclusion, the cholesterol biosynthesis pathway appears to be critical for maintaining 

brown adipocyte function by regulating both differentiation and survival of brown adipocytes. GGPP is 

a pivotal isoprenoid produced by the cholesterol biosynthesis pathway in both processes. The results in 



54 

 

Chapter 1 highlight the importance of the cholesterol biosynthesis pathway in brown adipocytes to 

identify mechanisms that can be employed to develop therapeutic approaches for lowering statin-

induced side effects, such as T2D. 
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Supplementary Information 
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Figure S1-1. Changes in mRNA and protein expression levels of Hmgcr and Ucp1 in ISO-stimulated mature 

brown adipocytes 

(A) mRNA levels of Ucp1 and Hmgcr in differentiation-induced immortalized murine primary brown adipocytes 

after 1 μM isoproterenol (ISO) treatment on day 6 (n = 5–6).  

(B) Correlation between Ucp1 and Hmgcr analyzed based on data from (A). 

(C) Representative immunoblots of UCP1 and HMGCR (left) and relative protein abundance (right; n = 4). Each 

protein level was normalized to β-Actin.  

(D) Correlation between UCP1 and HMGCR analyzed based on quantitative data from (C). 

Data are shown as mean ± standard error of the mean (SEM). ** P < 0.01, *** P < 0.001 by unpaired two-tailed 

Student’s t-test. Correlation was analyzed by Pearson’s correlation. Black asterisk: vs. initial value of Ucp1; Red 

asterisk: vs. initial value of Hmgcr. 
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Figure S1-2. mRNA expression levels of Hmgcr during brown adipogenesis in HB2 cells 

Differentiation-induced HB2 cells were harvested on the indicated time point and mRNA expression levels of HMG-

CoA reductase (Hmgcr) and adiponectin (Adipoq) were measured (n = 5–6). 

Data are shown as mean ± standard error of the mean (SEM). *** P < 0.001 by unpaired two-tailed Student’s t-test. 

Black asterisk: vs. initial value of Adipoq; Red asterisk: vs. initial value of Hmgcr. 

Figure S1-3. Representative microscopic view of HB2 cells 

(A–B) Representative microscopic view of differentiation-induced (-) or 10 μM lovastatin (LVS) -treated HB2 cells 

with or without ubiquinol (A; CoQH2) or ubiquinone (B; CoQ) (days 0–2) after staining with Nile red (top) and 

Hoechst (middle) on day 4. Scale bar, 200 μm. 
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Figure S1-4. Prenatal lovastatin exposure negatively impacts the brown adipose tissue mass of adult female 

mice  

(A) Experimental scheme. (B–C) Body weight (B; n = 7) and food intake (C; n = 14–16) of 9-week-old female mice 

who had undergone prenatal exposure to vehicle (Veh) or 10 mg/kg/day lovastatin (LVS) from embryonic day 8.5 

(E8.5) to embryonic day 18.5 (E18.5). (D–E) Representative body image (D; scale bar, 1 cm) and weight of various 

tissues (E; n = 7). iWAT: inguinal white adipose tissue; gWAT: gonadal white adipose tissue. (F) Representative gross 

image (scale bar, 1 cm; Top) and weight of brown adipose tissue (BAT) (n = 7; bottom). (G) H&E staining of BAT 

sections (scale bar, 200 mm). (H) Relative mRNA expression levels of Ucp1, Ppargc1a, Pparg, Fabp4, and Adipoq 

with Veh arbitrarily set to 100 for each gene (n = 6–7). (I) Representative immunoblot of UCP1 of BAT lysates; the 

band intensity was quantified using ImageJ software (n = 7). β-Actin was used as an internal control to normalize 

protein expression.  

Data are shown as mean ± standard error of the mean (SEM). Significant differences were determined by unpaired 

two-tailed Student’s t-test compared to Veh. Statistical differences are indicated as * P < 0.05. 
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Figure S1-5. C/EBPδ expression levels in HB2 cells 

Quantified results of the nuclear expression level of C/EBPδ protein using ImageJ software (n = 5–6). 

Data are shown as mean ± standard error of the mean (SEM). 

Figure S1-6. Representative microscopic view of HB2 cells 

Representative microscopic view of differentiation-induced (-) or 3 μM lovastatin (LVS) -treated HB2 cells with or 

without ubiquinol (CoQH2) or ubiquinone (CoQ) (days 4–8) after staining with Nile red (top) and Hoechst (middle) 

on day 8. Scale bar, 200 μm 



59 

 

Table S1-1. Organ and tissue weight of 14–15-week-old male BAT KO mice and their littermates 

(Ctrl)  

 

 

Data are shown as mean ± standard error of the mean (SEM; n = 13). Significant differences were 

determined by Student’s t-test compared to Ctrl. *** P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 Ctrl BAT KO 

Body weight (g) 26.5 ± 0.3 25.4 ± 0.5 

Brown adipose tissue 

(BAT; mg) 
87.1 ± 3.6 24.9 ± 3.9*** 

Inguinal white adipose tissue 

(iWAT; mg) 
344.4 ± 21.5 285.9 ± 27.5 

Epididymal white adipose tissue 

(eWAT; mg) 
482.9 ± 42.2 433.8 ± 50.2 

Liver (mg)  1,159.5 ± 37.1 1,204.8 ± 31.3 

Skeletal muscle (mg) 

(Gastrocnemius + Soleus) 
311.0 ± 3.6 309.2 ± 5.9 
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Table S1-2. List of PCR primers used in Chapter 1  

Oligonucleotides (5′ → 3′) 

mRNA 

Adipoq 
Fw TACAACCAACAGAATCATTATGACGG  

Rv GAAAGCCAGTAAATGTAGAGTCGTTGA  

Bax 
Fw GAGCTGCAGAGGATGATTGC  

Rv CTTGGATCCAGACAAGCAGC  

Casp3 
Fw GGAGCTTGGAACGGTACGC  

Rv CACATCCGTACCAGAGCGAG  

Cebpa 
Fw TGGACAAGAACAGCAACGAG  

Rv TCACTGGTCAACTCCAGCAC  

Cebpb 
Fw GCAAGAGCCGCGACAAG  

Rv GGCTCGGGCAGCTGCTT  

Cebpd 
Fw AGCCCAACTTGGACGCCAG  

Rv TCGTCGTCGTACATGGCAG  

Fabp4 
Fw AAGACAGCTCCTCCTCGAAGGT  

Rv TGACCAAATCCCCATTTACGC  

Hmgcr 
Fw TTCAGCAGTGCTTTCTCCGT  

Rv GGAGGCCTTTGATAGCACCA  

Ppargc1a 
Fw CCCTGCCATTGTTAAGACC  

Rv TGCTGCTGTTCCTGTTTTC  

Pparg 
Fw GGAGATCTCCAGTGATATCGACCA  

Rv ACGGCTTCTACGGATCGAAACT  

Prdm16 
Fw CAGCACGGTGAAGCCATTC  

Rv GCGTGCATCCGCTTGTG  

Rplp0 
Fw TCCTTCTTCCAGGCTTTGGG  

Rv GACACCCTCCAGAAAGCGAG  

Srebp1c 
Fw GGAGCCATGGATTGCACATT  

Rv GCCAGAGAAGCAGAAGAGAAG  

Ucp1 
Fw CAAAGTCCGCCTTCAGATCC  

Rv AGCCGGCTGAGATCTTCTTT  

Genotyping 

Hmgcr 
Fw TTACTGGCTTGCTCAGCTTGCTCCA  

Rv GACACATGAAGGCATTCTCAGGCAT  

mRfp1 
Fw CATCCCCGACTACTTGAAGC  

Rv CCATGGTCTTCTTCTGCAT  
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Chapter 2 

 

The effect of Ppara downregulation by inflammation on thermogenic adipocyte function 

Introduction2 

Chronic low-grade adipose tissue inflammation by progressive immune cell infiltration 

is mechanistically linked to the pathogenesis of obesity-related metabolic diseases [149]. In 

addition to being the major fat-storing depot, adipose tissue secretes various biologically active 

molecules, termed adipokines, to maintain energy homeostasis [150]. Normal adipose tissue 

secretes anti-inflammatory and insulin-sensitizing factors, such as adiponectin [151,152]; 

however, their expression is reduced in obese adipose tissue which highly expresses pro-

inflammatory adipokines, including IL6, TNFα, and MCP1 [38,149]. The elevation of pro-

inflammatory cytokines, such as MCP1, promotes macrophage infiltration into the adipose 

tissue, and the infiltrated macrophages and adipocytes interact in a paracrine manner [153]. For 

example, TNFα secreted from macrophages inhibits adipocyte insulin signaling and induces 

lipolysis, further exacerbating the inflammatory phenotype of the macrophages [154]. This 

paracrine loop contributes to the development of chronic low-grade inflammation and insulin 

resistance, leading to type 2 diabetes [155]. WAT obtained from patients with insulin resistance 

and obesity contains more pro-inflammatory macrophages [156] that are strongly correlated 

with metabolic dysfunction [157,158]. Therefore, the crosstalk between dysfunctional 

adipocytes and pro-inflammatory macrophages appears to play a crucial role in the pathogenesis 

of obesity. 

 
2 The content described in this chapter was originally published in Biochimica et Biophysica Acta (BBA) – 

Gene Regulatory Mechanisms. Kwon J, Aoki Y, Takahashi H, Nakata R, Kawarasaki S, Ni Z, Yu R, Inoue 

H, Inoue K, Kawada T, and Goto T. Inflammation-induced nitric oxide suppresses PPARα expression and 

function via downregulation of Sp1 transcriptional activity in adipocytes. Biochim Biophys Acta Gene 

Regul Mech. (2023) 1866(4):194987. doi: 10.1016/j.bbagrm.2023.194987. © 2023 Elsevier B.V. 
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Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription 

factors belonging to the nuclear hormone receptor superfamily that control genes harboring 

PPAR-responsive regulatory elements (PPREs) in their promoter by forming complexes with 

the retinoid X receptors [159]. PPARα, one of these subtypes, is expressed in organs with high 

rates of FA oxidation and peroxisomal metabolism, such as the liver, heart, and muscle [160]. 

PPARα plays an important role in controlling the expression of genes involved in lipid oxidation, 

Acox1 and Cpt1. Ligands such as fibrates are clinically used to treat dyslipidemia because they 

increase hepatic FA oxidation and decrease triglyceride-rich lipoproteins [161,162].  

PPARα is expressed in the adipose tissue of humans and rodents, suggesting that 

PPARα activation can alter energy metabolism in adipose tissue [163,164]. Previous study 

shows that the activation of PPARα by its agonist (bezafibrate) markedly reduces adiposity and 

ameliorates insulin resistance in obese mice by stimulating FA oxidation in adipocytes [74]. 

Furthermore, adipocyte-specific PPARα over-expression protects from obesity-induced insulin 

resistance in mice [75]. In contrast, adipocyte-specific Ppara knockout male mice have severe 

adiposity under a high-fat diet (HFD) due to enhanced lipogenesis in adipocytes [165], 

supporting a function of PPARα in the metabolic regulation of adipose tissue. Moreover, PPARα 

agonist treatment increases the expression of adiponectin receptor in adipocytes [163]; however, 

the loss of adipocyte PPARα signaling increases the expression of pro-inflammatory 

macrophage markers in WAT [165]. Based on these reports, it is suggested that the activation 

of PPARα signaling in adipocytes has the potential to improve insulin resistance and ameliorate 

obesity. 

Ppara expression levels are reduced in the adipose tissue of obese mice [74], 

suggesting that decreased expression of Ppara in adipose tissue contributes to adipose tissue 

dysfunction and obesity-related metabolic disorders. However, the regulatory mechanisms 

underlying the decreased expression of Ppara in obese adipose tissue are poorly understood. 
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Therefore, the present study aimed to elucidate the regulatory mechanisms of Ppara expression 

in the adipose tissue under inflammatory conditions. 

First, in Chapter 2, the effect of inflammation on Ppara gene expression was 

investigated. It was observed that Ppara gene expression levels were markedly downregulated 

in WAT of db/db mice as well as in 10T1/2 adipocytes cultured with conditioned medium from 

activated macrophages by lipopolysaccharide (LPS). The loss of Ppara gene expression 

suppressed β-adrenergic stimulation-induced thermogenic gene expression in adipocytes. The 

reduction in Ppara gene expression was, however, partially recovered in the presence of a nitric 

oxide synthase 2 (NOS2) inhibitor. It was found that endoplasmic reticulum stress mediates the 

inhibitory action of NO on Ppara gene expression. Specifically, NO promotes the release of 

transcription factor Specificity Protein 1 (Sp1) from its binding motifs at positions -218/-209, -

58/-49, and -14/-5 in the Ppara promoter region. Moreover, Ppara transcript levels were 

reduced in the WAT of LPS-treated or db/db mice; however, this effect was attenuated in the 

presence of a NOS2 inhibitor. Together, these findings clearly show that inflammation-induced 

NO suppresses Ppara transcription via the inhibition of Ppara promoter occupancy by Sp1, 

which subsequently impacts PPARα function. 

 

Materials and Methods 

 

Chemical reagents 

Lipopolysaccharide (LPS; Cat. No. L2630), isoproterenol (ISO; Cat. No. I6504), and GW7647 

(GW; Cat. No. G6793) were purchased from Sigma-Aldrich. NOR5 (Cat. No. N448) was from Dojindo. 

Trimethylamine-N-oxide (TMAO; Cat. No. T1362) was from Tokyo chemical industries. SP600125 

(Cat. No. BML-EI305-0050) was from Enzo Life Sciences. Mithramycin A (MTA; Cat. No. M3476) 

was from LKT laboratories. N-(3-[aminomethyl]benzyl)acetamidine (1400w; Cat. No. 81520) and N6-
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(1-iminoethyl)-L-lysine hydrochloride (NIL; Cat. No. 80310) were purchased from Cayman Chemical. 

Dulbecco’s modified Eagle’s medium (DMEM; Cat. No. 08458-16)-high glucose, penicillin-

streptomycin mixed solution (Cat. No. 26253-84), 3-isobutyl-1-methylxanthine (IBMX; Cat. No. 

NU03039), dexamethasone (Dex; Cat. No. 11107-64), tunicamycin (Cat. No. 35638-74), and 

thapsigargin (Cat. No. 33637-31) were purchased from Nacalai Tesque. 4-Phenyl butyric acid sodium 

(PBA; Cat. No. sc-232961) and 1H-[1,2,4]Oxadiazolo[4,3-α]quinoxalin-1-one (ODQ; Cat. No. sc-

200325) were purchased from Santa Cruz Biotechnology. Insulin (Cat. No. 093-06476), SB203580 (Cat. 

No. 195-16553), and N-acetyl-L-cysteine (NAC; Cat. No. 015-05132) were purchased from Wako Pure 

Chemical. Fetal bovine serum (FBS) was purchased frum Sigma-Aldrich (Cat. No. 10270106) and 

BioWest (Cat. No. S1810).  

 

Animal experiments  

All experimental procedures were approved by the Animal Research Committee of Kyoto 

University, Kyoto, Japan (R1-50) or the Animal Care Committee of Nara Women’s University, Nara, 

Japan (17-03). All mice were maintained in a temperature-controlled (23°C±1) facility with a constant 

12 h light/dark cycle and free access to food and water. During all experiments, the mice were fed a 

normal chow diet (MF; Oriental Yeast, Tokyo, Japan). To induce inflammation with LPS, 11-week-old 

male C57BL/6J mice (SLC, Shizuoka, Japan) were intraperitoneally administered phosphate-buffered 

saline (PBS) or 200 μg LPS, fasted concomitantly, and sacrificed at the indicated time points (Figure 2-

4A). For the 1400w treatment experiment, 12-week-old male C57BL6/J mice were intraperitoneally 

injected with LPS (200 μg) and 1400w (100 mg/kg) and fasted concomitantly. Nine hours after injection, 

the mice were sacrificed to harvest WAT and blood. The samples were immediately frozen in liquid 

nitrogen and stored at -80°C until use. To investigate the effect of the NOS2-deriven NO on Ppara 

expression levels in WAT, 7-week-old male C57BL6/J or nitric oxide synthase 2 knockout (Nos2-/-) mice 

(B6.129P2-Nos2tm1Lau/J, The Jackson Laboratory, Bar Harbor, ME USA) were intraperitoneally injected 
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100 μg of LPS and fasted concomitantly. Seven hours after injection, the mice were sacrificed for further 

investigation. To investigate the effect of obesity-induced inflammation on Ppara expression in WAT, 

14-week-old male db/db (C57BLKS/J Iar-+Leprdb/+Leprdb) mice purchased from the Institute for 

Animal Reproduction (Ibaraki, Japan) were intraperitoneally injected with vehicle or 1400w (20 

mg/kg/day for two consecutive days and 100 mg/kg/day for the third day) for 3 days and sacrificed for 

further investigation. m/m (C57BLKS/J Iar -m+/m+) mice were used as lean controls. The 12-week-old 

male C57BL6/J (wild-type) or Ppara-/- mice (B6;129S4-Pparatm1Gonz/J, The Jackson Laboratory, Bar 

Harbor, ME USA) were cold exposed at 4°C or at 23°C for 6 h with ad libitum food and water and 

sacrificed for further investigation. 

 

Cell culture 

C3H10T1/2 (10T1/2; ATCC, CCL-226) and RAW264.7 macrophages (RAW; RIKEN 

BioResource Center, Tsukuba, Japan) were cultured in DMEM-high glucose with 10% FBS, 100 U/mL 

penicillin, and 100 μg/mL streptomycin (P/S) at 37°C under a humidified 5% CO2 atmosphere. RAW 

macrophages were cultured in DMEM without or with 0.5 μg/mL LPS for 12 h and then serum-starved 

in DMEM for 12 h. Both media were collected as control conditioned medium (LPS-CM) and LPS-

conditioned medium (LPS+CM), respectively, and stored at -20°C until use. 10T1/2 cells were 

differentiated by treatment with 0.5 mM IBMX, 0.25 μM DEX, and 10 μg/ml insulin in DMEM 

containing 10% FBS and 1% P/S for 2 days after the cells reached confluence (day 0). Next, the medium 

was replaced with DMEM containing 10% FBS, 1% P/S, and 5 μg/ml insulin every 2 days. On day 6, 

the 10T1/2 adipocytes were treated with conditioned medium (CM) or various compounds at the 

indicated concentrations for the indicated periods, as shown in the figure legends. To investigate the 

effects of macrophages on adipocytes, 10T1/2 mature adipocytes were co-cultured with RAW 

macrophages (inactivated or activated by 0.5μg/mL LPS) in a transwell indirect co-culture system (0.4 

µm pore size, Greiner Bio-One, Cat. No. 655640) with or without 200 mM NIL. After 24 hours of co-
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culture, 10T1/2 adipocytes were harvested for further investigation. The stromal vascular fraction from 

WATs of wild-type and Ppara-/- mice was isolated as described previously [166]. Post-confluent cells 

were differentiated in the same manner as 10T1/2 cells. On day 6, adipocytes were stimulated with or 

without 10 μM ISO for 8 h and harvested for further investigation. 

 

Measurement of the nitric oxide release 

The amount of nitric oxide (NO) released was measured using the Griess reagent, as previously 

described [167]. Briefly, 100 μl of cell culture supernatant was mixed with an equal volume of Griess 

reagent (final concentration of 0.1% N-[1-naphthyl]ethylenediamine dihydrochloride in distilled water 

and 1% sulfanilamide in 5% phosphoric acid) on a 96-well flat-bottom plate. The absorbance was 

measured at 550 nm after 10 min using a microplate reader (Bio-Rad). The amount of NO produced was 

calculated from a standard curve plotted using sodium nitrite. The NO metabolites nitrate (NO3
-) and 

nitrite (NO2
-) in the plasma or adipose tissue were measured using a nitrite/nitrate colorimetric assay kit 

(Cayman Chemical, Cat. No. 780001) or nitrite/nitrate fluorometric assay kit (Dojindo, Cat. No. 345-

08141) following the manufacturer’s protocol.  

 

Fatty acid oxidation assay  

On day 6, differentiated 10T1/2 adipocytes were treated with CM from macrophages for 16 h 

or with 0.1 mM NOR5 for 8 h, followed by co-treatment with or without 1 μM GW7647 for 8 h. 

Adipocytes were then incubated with 2 mL of substrate medium made of DMEM supplemented with 

[14C] palmitic acid (0.5 μCi/mL; American Radiolabeled Chemicals, Cat. No. ARC-0172A-50), 2.5% 

fatty acid-free bovine serum albumin, 0.2 mM palmitic acid, and 0.2 mM L-carnitine hydrochloride for 

16 h. FA oxidation products were analyzed as previously described [74]. Briefly, the medium sample 

was collected and centrifuged at 3,000  g for 5 min, and the supernatant was transferred to a 50 mL 

polypropylene tube containing a piece of filter paper submerged with benzethonium hydroxide (Sigma-
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Aldrich, Cat. No. B2156). After the tube was sealed, 200 μL of 70% perchloric acid (Nacalai Tesque, 

Cat. No. 26503-75) was added to the supernatant to release [14C]CO2. The tube was then shaken at 37°C 

for 1 h. A saturated filter paper containing trapped [14C]CO2 was used to assess radioactivity using a 

liquid scintillation counter. The acidified supernatant was centrifuged at 10,000  g for 5 min, and the 

amount of [14C]-labeled acid-soluble metabolites (ASMs) was determined. To normalize the intensity of 

radioactivity to the protein content in each sample, the adipocytes were washed with cold PBS and 

collected in 0.1 N NaOH solution. Protein quantification was performed using a DC Protein Assay Kit 

(Bio-Rad, Cat. No. 5000112) according to the manufacturer’s instructions. 

 

Small interfering RNA-mediated Sp1 gene silencing  

Differentiated 10T1/2 cells seeded in 12-well plates were washed with PBS, and the growth 

medium was replaced with OPTI-MEM (Gibco, Cat. No. 31985070). Cells were transfected with Sp1 

siRNAs (SASI_Mm01_00145222, SASI_Mm01_00145223, Sigma-Aldrich) or negative control RNA 

(MISSION siRNA Universal Negative Control, Sigma-Aldrich) at a final concentration of 60 pmol using 

Lipofectamine 2000 transfection reagent (Invitrogen, Cat. No. 11668019). Twenty-four hours after 

transfection, cells were harvested for RNA and protein extraction. 

 

Plasmids 

To prepare pGL4.14-Ppara-Luc containing a serial deleted 5′ flanking regions of mouse Ppara 

promoter, genomic DNA was amplified by PCR reactions using primers listed in Table S2-1 and 

PrimeSTAR MAX DNA Polymerase (Takara Bio, Cat. No. R045A). After digestion of the pGL4.14 

vector (Promega, Cat. No. E6691) with Xho I, the PCR product was ligated into the pGL4.14 vector 

with In-Fusion HD enzyme premix (Takara Bio, Cat. No. 639650).  

 

Site-directed mutagenesis 
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Site-directed mutagenesis of the Ppara promoter (-245/+132) was performed by inserting 

substitutions at positions -215/-213 (GGC to AAA), -184/-182 (GCC to AAA), -99/-97 (GCG to AAA), 

-82/-80 (CCC to AAA), -51/-49 (GGG to AAA), -42/-40 (GGG to AAA), and -11/-9 (GGC to AAA), 

which are part of putative Sp1-binding motif, with PCR reactions using the Quick-Change II XL Site-

directed mutagenesis kit (Agilent Technologies, Cat. No. 200522) with primer pairs listed in Table S2-

2 and according to the manufacturer’s protocol. For site-directed mutagenesis, 12 PCR cycles, consisting 

of denaturation at 95℃ for 30s, hybridization at 55℃ for 1 min, and final extension at 68℃ for 7 min, 

were used. The amplified products were treated with Dpn I at 37℃ for 1 h, and then used to transform 

competent XL1-Blue Supercompetent cells. 

 

Luciferase reporter assay 

In luciferase assays, reporter plasmids (7 μg/dish) and pRL-CMV (50 ng/dish; Promega, Cat. 

No. E2231) were transfected into undifferentiated 10T1/2 cells cultured on 10-cm culture dishes using 

Lipofectamine 2000 reagent (Invitrogen, Cat. No. 11668019), following the manufacturer’s instructions. 

Twenty-four hours after transfection, the cells were cultured in 96-well tissue plates and pretreated with 

or without 10 mM PBA or 100 mM TMAO for 5 h before co-treatment with or without 0.1 mM NOR5, 

5 μM tunicamycin, or 500 nM thapsigargin in serum-free DMEM for 24 h. The cells were lysed for 

luciferase assays using a Dual-Luciferase Reporter Assay system (Promega, Cat. No. E1910) and a 

Centro XS3 LB 960 microplate luminometer (Berthold, Bad Wildbad, Germany). The firefly luciferase 

activity of each reporter plasmid was normalized to Renilla luciferase activity in the transfected cells. 

 

Chromatin immunoprecipitation (ChIP) assay 

On day 6, differentiated 10T1/2 adipocytes were treated with or without 0.1 mM NOR5. 

Twenty-four hours after the treatment, adipocytes were fixed with 1% formaldehyde in PBS (v/v) for 

ChIP assays as previously described [74]. Briefly, the cells were resuspended in lysis buffer (1% SDS, 
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10 mM EDTA, 50 mM Tris-HCl; pH 8.0, and 1% protease inhibitor cocktail [Nacalai Tesque, Cat. No. 

03969-21) and sonicated to shear their DNA. After centrifugation at 21,500  g for 10 min, the 

supernatant was collected and immunoprecipitated overnight with the antibody against Sp1 (Sigma-

Aldrich, Cat. No. 07-645) or rabbit IgG isotype (Novus Biological, Cat. No. NBP1-75297) as a mock 

control along with protein A/G-Sepharose beads (Santa Cruz Biotechnology, Cat. No. sc-500775A) at 

4 °C in a rotary shaker followed by reverse cross-linkage and proteinase K digestion. After purification 

using phenol/chloroform, the DNA fragments were used as templates for PCR. Oligonucleotide primers 

comprising the following sequences (upstream and downstream) were used for the PCR: Ppara, 

ACGCTACGGTCCCACGACAG and TTCCTAGCGTGTGCCCTCTC (283 bp).  

 

Western blotting 

After washing twice with ice-cold PBS, total cellular proteins were extracted in lysis buffer 

(50 mM Tris·HCl, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS; pH 7.4, and 1% 

protease inhibitor cocktail [Nacalai Tesque, Cat. No. 03969-21). Protein concentrations of the samples 

were determined using a DC Protein Assay Kit (Bio-Rad, Cat. No. 5000112) according to the 

manufacturer’s instructions. Protein samples were separated by SDS-PAGE and transferred to 

Immobilon-P polyvinylidene fluoride membranes (Millipore, Cat. No. PVH00010). After blocking with 

5% non-fat dried milk in TBST, the membranes were incubated with anti-Sp1 (Sigma-Aldrich, Cat. No. 

07-645) or anti-β-actin (Cell Signaling Technology, Cat. No. 4967) antibodies. Proteins were detected 

using an ECL Western blotting detection system (GE Healthcare).  

 

RNA preparation and quantification of gene expression 

Total RNA was prepared from cultured cells using Sepasol Super-I (Nacalai Tesque, Cat. No. 

09379-84) or tissue from QIAzol lysis reagent (Qiagen, Cat. No. 79306), and RNA samples were 

reverse-transcribed using Moloney murine leukemia virus reverse transcriptase (Promega, Cat. No. 
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M170B) following the manufacturer’s protocol, in a thermal cycler (Takara PCR Thermal Cycler SP). 

To quantify mRNA expression, real-time qPCR was performed using a LightCycler 480 II System 

(Roche) with SYBR Green fluorescence signals, as described previously [168]. The primer sequences 

are provided in Table S2-3. All measured mRNA expression levels were normalized to Rplp0 expression 

levels.  

 

Statistical analysis 

Data were expressed as means ± standard error of the mean (SEM). Statistical significance 

was evaluated using unpaired Student’s t-test for the two group or one-way analysis of variance 

(ANOVA) followed by Tukey's post hoc tests. Statistical differences are indicated as * p < 0.05, ** p < 

0.01, *** p < 0.001. Correlation was analyzed by Pearson’s correlation. Analyses were performed using 

SPSS Statistics for Windows, Version 17.0 (IBM). 
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Results 

2-1. Reduction in Ppara mRNA expression levels was observed in white adipose tissue of db/db 

mice and 10T1/2 cells cultured in conditioned medium derived from activated macrophages 

First, the effects of inflammation on Ppara gene expression in WAT was investigated. It was 

found that db/db mice, an obese diabetic model, had higher body and adipose tissue weights than lean 

mice (Figure 2-1A–2-1B). Ppara gene expression levels were significantly downregulated in the WAT 

of db/db mice compared to those of lean mice (Figure 2-1C). Next, to examine the expression of Ppara 

in cultured adipocytes under inflammation conditions, differentiated 10T1/2 adipocytes were cultured 

in conditioned medium (CM) derived from LPS-stimulated RAW 264.7 macrophages (LPS+ CM). 

Incubation with LPS+ CM significantly reduced mRNA expression levels of Ppara in 10T1/2 adipocytes 

(Figure 2-1D). PPARα regulates FA oxidation in many cells [169]. Measurement of FA oxidation using 

[14C]-labeled palmitic acid revealed that the production of [14C]-labeled CO2 and acid-soluble 

metabolites (ASMs), which are the main by-products of β-oxidation, was markedly suppressed in 

10T1/2 adipocytes cultured in LPS+ CM compared with those cultured in CM from non-activated 

macrophages (LPS- CM) (Figure 2-1E–2-1F). These results suggest that inflammatory factors from 

activated macrophages downregulate Ppara mRNA expression, leading to the suppression of PPARα 

function in adipocytes.  
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A              B                         C                 D 
 

E                 F                 G 
 

Figure 2-1. Reduction in Ppara mRNA expression levels was observed in white adipose tissue of db/db 

mice and 10T1/2 cells cultured in conditioned medium derived from activated macrophages 

(A–B) Body weight (A) and weight of inguinal white adipose tissue (iWAT), epididymal white adipose tissue 

(eWAT), and brown adipose tissue (BAT) of 14-week-old male control (lean) or db/db mice (n = 6–8). 

(C–D) Tumor necrosis factor alpha (Tnf; C) and peroxisome proliferator-activated receptor alpha (Ppara; D) 

mRNA expression levels in WAT of 14-week-old male control (lean) or db/db mice (n = 6–8).  

(E) mRNA expression levels of Ppara in 10T1/2 adipocytes cultured in conditioned medium (CM) from non-

activated RAW 264.7 macrophages (LPS- CM) or 500 ng/mL lipopolysaccharide (LPS) -stimulated 

macrophages (LPS+ CM) for 24 h on day 6 after induction of adipocyte differentiation (n = 4).  

(F–G) Oxidation of [14C] palmitic acid to CO2 (F; n = 6) or acid-soluble metabolites (ASM) (G; n =6) in 

differentiated 10T1/2 adipocytes cultured in LPS- CM or LPS+ CM for 32 h. 

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using an 

unpaired Student’s t-test. * P <0.05, ** P <0.01, *** P < 0.001. 
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2-2. Impaired Ppara gene expression attenuates β-adrenergic stimulation-induced thermogenesis-

related gene expression levels in WAT 

Inflammation in obese adipose tissue has been reported to be negative regulator of 

catecholamine signaling-mediated thermogenesis in white adipocytes (browning) [170−173], and 

PPARα activation increases thermogenic potential in adipocytes [76]. Therefore, to estimate the 

physiological importance of the downregulation of Ppara in catecholamine resistance occurring in obese 

adipose tissue, the role of PPARα in catecholamine-induced adipocyte browning using Ppara KO mice 

and adipocytes was investigated. Cold exposure, a potent stimulus for β-adrenergic receptors, induced 

the expression of thermogenic adipocyte-related genes such as Ucp1, Ppargc1a and cell-death inducing 

DNA fragmentation factor alpha subunit-like effector A (Cidea), as well as carnitine 

palmitoyltransferase 1B (Cpt1b) in the WAT of WT mice; these inductions were suppressed in the WAT 

of Ppara KO mice (Figure 2-2A). Interestingly, Ppara mRNA expression in WAT was also induced by 

cold exposure (Figure 2-2A). Furthermore, Ppara-deficient adipocytes (differentiated stromal vascular 

cells from Ppara KO mice) exhibited markedly downregulated expression levels of thermogenesis-

related genes including Ucp1, Ppargc1a, and fibroblast growth factor 21 (Fgf21), upon stimulation of 

β-adrenergic receptors with isoproterenol, compared to control adipocytes (Figure 2-2B). These results 

indicate that PPARα plays an important role in β-adrenergic stimulation-induced browning of WAT and 

that inflammation-induced suppression of Ppara gene expression in adipocytes may be related to 

obesity-associated catecholamine resistance in the adipocyte browning process.  
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 A      
         

B    
         

Figure 2-2. Impaired Ppara gene expression attenuates β-adrenergic stimulation-induced 

thermogenesis-related gene expression levels in WAT 

(A) mRNA expression levels of Ppara, uncoupling protein 1 (Ucp1), peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (Ppargc1a), cell-death inducing DNA fragmentation factor alpha subunit-

like effector A (Cidea), and carnitine palmitoyltransferase 1B (Cpt1b) in WAT of 12-week-old male WT or 

Ppara-knockout (Ppara KO) mice exposed to room temperature or cold (4°C) for 6 h (n = 7–10). RT, room 

temperature-exposed; CE. cold-exposed. 

(B) mRNA expression levels of Ppara, Ucp1, Ppargc1a, Cidea, and fibroblast growth factor 21 (Fgf21) of 

Ppara KO adipocytes stimulated with 10 μM isoproterenol (ISO) for 8 h (n = 6–9).  

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using an 

unpaired Student’s t-test or a one-way ANOVA followed by Tukey’s test. * P <0.05, ** P < 0.01, *** P < 

0.001; # P < 0.05; ## P < 0.01; ### P < 0.001.  
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2-3. NO suppresses Ppara gene expression levels and PPARα ligand-activated fatty acid oxidation 

in 10T1/2 adipocytes  

Next, the factor responsible for downregulated Ppara gene expression under inflammation was 

investigated. It was found LPS treatment increased the mRNA expression of inducible nitric oxide 

synthase (Nos2), which catalyzes the production of nitric oxide from L-arginine, in RAW macrophages 

(Figure 2-3A). In addition, the concentration of nitrite was much higher in the CM from LPS-stimulated 

macrophages than in the CM from non-stimulated macrophages (Figure 2-3B). Co-culture with 

activated RAW macrophages markedly increased the amount of nitrite in the culture medium in 10T1/2 

adipocytes; however, this effect was completely abolished by treatment with NIL, a selective NOS2 

inhibitor (Figure 2-3C). Ppara gene expression in 10T1/2 adipocytes was decreased in co-culture with 

activated macrophages, whereas treatment with NIL partially but significantly alleviated the suppression 

of Ppara expression (Figure 2-3D), suggesting that NO produced by activated macrophages 

downregulates Ppara gene expression levels in adipocytes. Therefore, the effect of NO on Ppara gene 

expression in adipocytes was investigated by treating 10T1/2 adipocytes with NOR5, a spontaneous NO 

releaser. NOR5 treatment increased the nitrite levels in the culture medium of 10T1/2 adipocytes in a 

dose-dependent manner (Figure 2-3E). Notably, Ppara gene expression levels were significantly 

downregulated by NOR5 treatment, showing an inverse correlation with nitrite concentration in the 

culture medium (Figure 2-3E). To examine whether NO influences PPARα function, 10T1/2 cells were 

treated with GW7647, a selective PPARα agonist, after treatment with NOR5. Interestingly, although 

GW7647 treatment enhanced basal FA oxidation, as measured by the production of CO2 and ASM from 

[14C]-labeled palmitic acid, NOR5 treatment completely abolished GW7647-induced enhancement of 

FA oxidation in 10T1/2 adipocytes (Figure 2-3F–2-3G). Similarly, NOR5 treatment suppressed the 

GW7647-induced upregulation of PPARα target gene expressions, such as Acox1 and Cpt1b (Figure 2-

3H–2-3I). These results suggest that NO suppresses both Ppara gene expression and PPARα function 

in adipocytes. 
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A              B             C               D 
         

E                                      F                 G  
    

         

H                        I 
 

Figure 2-3. NO suppresses Ppara gene expression levels and PPARα ligand-activated fatty acid oxidation 

in 10T1/2 adipocytes 

(A–B) mRNA expression levels of inducible nitric oxide synthase (Nos2) (A; n = 4) of RAW macrophages 

incubated with or without LPS (500 ng/mL) for 24 h and nitrite concentration in the culture medium (B; n = 

3–4). 

(C–D) Nitrite concentration in culture medium (C; n = 4–5) and mRNA expression levels of Ppara (D; n = 4–

5) in 10T1/2 adipocytes co-cultured with RAW macrophages for 24 h with or without 200 µM N6-(1-

Iminoethyl)-L-lysine (NIL). 

(E) Nitrite concentration in culture medium and the mRNA expression levels of Ppara in 10T1/2 adipocytes 

incubated with or without NOR5 at indicated concentrations for 24 h (left; n = 6 per each concentration). 

Correlation between the amount of nitrite in culture medium and the mRNA expression levels of Ppara in 

10T1/2 adipocytes (right). *** P <0.001, ### P < 0.001 vs. initial value. 

(F–G) Oxidation of [14C] palmitic acid to CO2 (F; n = 6) and to acid-soluble metabolites (ASM; G; n = 6) in 

10T1/2 adipocytes co-incubated with or without GW7647 (1 μM) for 24 h following treatment with or without 

0.1 mM NOR5 for 8 h. 

(H–I) mRNA expression levels of PPARα target genes which are involved in fatty acid oxidation such as acyl-

CoA oxidase 1 (Acox1; H; n = 4) and carnitine palmitoyltransferase 1B (Cpt1b; I; n = 4) of 10T1/2 adipocytes 

co-incubated with or without 0.1 mM NOR5 for 12 h following treatment with GW7647 (GW) at the indicated 

concentrations (nM) for 12 h.  

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using an 

unpaired Student’s t-test or a one-way analysis of variance (ANOVA) followed by Tukey’s test. Correlation 

was analyzed by Pearson’s correlation. * P < 0.05, ** P < 0.01, *** P <0.001. Con., Concentration. 
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2-4. NO is involved in the inflammation-induced suppression of Ppara gene expression in white 

adipose tissue of mice 

To investigate the effect of inflammation on Ppara gene expression in adipose tissue, C57BL/6 

mice were administered LPS to induce acute systemic inflammation. Following LPS treatment, the 

plasma concentrations of nitrogen oxides (NOx), markedly increased until 24 h (Figure S2-1A). It was 

found that Nos2 mRNA levels in WAT peaked at 6 h. In contrast, a gradual decrease in Ppara mRNA 

expression levels was observed until 12 h after LPS treatment (Figure 2-4A), suggesting that Ppara 

mRNA expression in the WAT of mice is suppressed under inflammatory conditions. To examine the 

effect of NO on the inflammation-induced suppression of Ppara mRNA expression in WAT, C57BL/6 

mice were simultaneously administered LPS only or LPS and 1400w, a selective NOS2 inhibitor. Nine 

hours after LPS administration, NOx levels in both plasma and WAT increased; however, this increase 

was suppressed in the presence of 1400w (Figure 2-4B–2-4C). Although Nos2 expression levels in the 

WAT tended to increase with LPS treatment, they did not change in the presence of the NOS2 inhibitor 

(Figure S2-1B). The mRNA expression levels of Ppara in WAT were significantly decreased by LPS 

treatment; however, the suppression was partially but significantly recovered by 1400w treatment 

(Figure 2-4D). To clarify the relevance of NO in the inflammation-induced dysregulation of Ppara 

mRNA expression in WAT, LPS to Nos2 was administered to KO mice. Plasma NOx levels increased in 

wild-type (WT) mice injected with LPS, but not in KO mice (Figure 2-4E). It was found that LPS-

induced suppression of Ppara mRNA expression levels by LPS treatment in the WAT of WT mice was 

partially recovered by knockout of Nos2 (Figure 2-4F), suggesting that NOS2-derived NO inhibits 

Ppara expression levels in WAT. Next, we investigated the effect of NO on Ppara mRNA expression in 

WAT during obesity-induced inflammation as shown in Figure 2-4G. Obese and diabetic db/db mice 

showed higher plasma NOx levels than lean mice; however, this effect was suppressed by 1400w 

treatment (Figure 2-4H). Furthermore, Ppara mRNA levels were significantly lower in the WAT of 

db/db mice than in lean mice (Figure 2-4I). Notably, the suppressed Ppara gene expression recovered 

after 1400w treatment, suggesting that NO is involved in the suppression of Ppara gene expression in 
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the WAT of obese mice (Figure 2-4I). Altogether, these findings suggest that NO is involved in the 

inflammation-induced suppression of Ppara gene expression in mouse WAT. 
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Figure 2-4. NO is involved in the inflammation-induced suppression of Ppara gene expression in white 

adipose tissue of mice 

(A) mRNA expression levels of Nos2 and Ppara in WAT of 11–12-week-old male C57BL/6J mice 

intraperitoneally injected with 200 μg LPS (n = 3–4).  

(B–D) Plasma NOx (B; n = 3–5), WAT NOx (C; n = 3–5), and mRNA expression levels of Ppara in WAT (D; n 

= 3–5) of 12-week-old male C57BL/6J mice intraperitoneally injected with LPS with or without 1400w (100 

mg/kg). 

(E–F) Plasma NOx (E; n = 7–8) and mRNA expression levels of Ppara in WAT (F; n = 7–8) of wild-type (WT) 

or Nos2-knockout male mice intraperitoneally injected with PBS or LPS. 

(G) Experimental study design. 14-week-old male db/db mice were injected intraperitoneally (i.p.) PBS or 1400w 

(20 mg/kg/day for 1st and 2nd day, followed by 100 mg/kg/day for 3rd day). One hour after the last administration, 

mice were sacrificed and their plasma and WATs were collected for further investigation. m/m mice were used as 

a lean control. 

(H–I) Plasma NOx (H; n = 7) and mRNA expression levels of Ppara in WAT (I; n = 7–8) of 14-week-old male 

lean or db/db mice intraperitoneally injected with or without 1400w.  

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed  

using an unpaired Student’s t-test or a one-way ANOVA followed by Tukey’s test. * P <0.05, ** P < 0.01, *** P 

< 0.001; ## P < 0.01, ### P < 0.001. 
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2-5. Endoplasmic reticulum stress mediates NO-induced downregulation of Ppara gene expression 

in 10T1/2 adipocytes 

NO exerts various physiological effects through the phosphorylation of mitogen-activated 

protein kinases (MAPKs), activation of protein kinase G (PKG), production of reactive oxygen species 

(ROS), and induction of endoplasmic reticulum (ER) stress [174-178]. To investigate the signaling 

pathways responsible for NO-mediated dysregulation of Ppara expression, 10T1/2 adipocytes were 

treated with MAPK (p38 or c-Jun N-terminal kinase [JNK]) or guanylyl cyclase inhibitor, or ROS 

scavenger; however, NOR5-induced suppression of Ppara gene expression was not recovered by these 

treatments (Figure S2-2A–S2-2D). The NO-induced ER stress pathway is involved in the pathogenesis 

of various diseases [179]. NOR5 treatment significantly increased the expression of ER stress-related 

genes, including the binding immunoglobulin protein (Bip) and CCAAT-enhancer-binding protein 

homologous protein (Chop) in 10T1/2 adipocytes (Figure 2-5A). Treatment with tunicamycin or 

thapsigargin, an ER stress inducer, decreased Ppara gene expression in adipocytes (Figure 2-5B). To 

investigate whether ER stress mediates NO-induced downregulation of Ppara expression, 10T1/2 

adipocytes were treated with NOR5 in the presence of an ER stress inhibitor, trimethylamine N-oxide 

(TMAO), a chemical chaperone. The upregulated mRNA levels of Bip and Chop after NOR5 treatment 

were ameliorated in the presence of TMAO (Figure 2-5C). Notably, the NOR5-induced suppression of 

Ppara gene expression was partially recovered in the presence of TMAO (Figure 2-5D). These findings 

suggest that NO suppresses Ppara expression in adipocytes, at least in part, by inducing ER stress. 
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2-6. NO suppresses Ppara promoter activity via the suppression of Sp1 transcriptional activity 

To investigate the mechanisms underlying the regulation of the Ppara gene by NO, the effect 

of NO on Ppara promoter activity was investigated. To achieve this, 10T1/2 cells were transfected with 

plasmid encoding luciferase driven by a 3.0-kb 5′-flanking region of the mouse Ppara promoter (-

3,014/+132). As a result, treatment with either NOR5 or ER stress inducers suppressed Ppara promoter 

activity; however, this effect was reversed by co-incubation with the ER stress inhibitors TMAO or PBA 

(Figure 2-6A). To identify the potential regulatory element in the Ppara promoter region responsible 
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Figure 2-5. Endoplasmic reticulum stress mediates NO-induced downregulation of Ppara gene expression 

in 10T1/2 adipocytes  

(A) mRNA expression levels of binding immunoglobulin protein (Bip) and CCAAT-enhancer-binding protein 

homologous protein (Chop) (n = 6) in 10T1/2 adipocytes incubated with or without 0.1 mM NOR5 for 24 h.  

(B) mRNA expression levels of Ppara (n = 4) in 10T1/2 adipocytes incubated with or without tunicamycin (5 

µM) or thapsigargin (500 nM) for 24 h.  

(C–D) mRNA expression levels of Bip, Chop (C; n = 6) and Ppara (D; n = 6) in 10T1/2 adipocytes incubated 

with or without 100 mM trimethylamine-N-oxide (TMAO) for 12 h, followed by co-treatment with or without 

0.1 mM NOR5 for 24 h. 

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using an 

unpaired Student’s t-test or a one-way ANOVA followed by Tukey’s test. * P <0.05, ** P < 0.01, *** P < 0.001; 

## P < 0.01, ### P < 0.001. 
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for NO action, the luciferase activity driven by a series of 5′- deletion constructs of the mouse Ppara 

promoter was determined. All deleted constructs showed significantly low promoter activity after NOR5 

treatment; however, this was recovered by co-treatment with PBA (Figure 2-6B), suggesting that NO 

suppresses Ppara promoter activity via the induction of ER stress. Because none of the deleted 

constructs abolished the repressive effect of NOR5 (Figure 2-6B), it was assumed that the proximal 

promoter region of up to -245 bp was involved in the NO-induced downregulation of Ppara promoter 

activity. In this region, seven putative binding motifs for the specificity protein 1 (Sp1) were identified. 

Therefore, seven mutant vectors that disrupted each putative Sp1-binding site was generated based on 

the reporter vector containing the Ppara promoter region (-245/+132) (Figures 2-6C and S2-3A–S2-

3B). As shown in Figure 2-6C, among the seven putative Sp1-binding sites in the Ppara promoter, a 

significant loss of inhibitory effects of NOR5 on Ppara promoter activity was obtained in the sequence 

mutated between -218/-209 (Δ1), -58/-49 (Δ5), or -14/-5 (Δ7). Moreover, the triple mutation of these 

Sp1 binding sites in the Ppara proximal promoter (the Δ1,5,7 construct) alleviated the NOR5-induced 

suppression of Ppara promoter activity (Figure 2-6D), suggesting the functional relevance of Sp1-

binding sites located between -218/-209, -58/-49, and -14/-5 in the NO-induced dysregulation of mouse 

Ppara promoter activity. Importantly, these Sp1-binding sites are conserved in humans (Figure 2-6D). 

To confirm whether Sp1 occupies the endogenous Ppara promoter region (-245/+38) and whether NO 

interferes with promoter occupancy by Sp1 in 10T1/2 adipocytes, chromatin immunoprecipitation 

assays was performed. The occupancy by Sp1 of the endogenous Ppara proximal promotor region was 

confirmed, although it was inhibited by NOR5 treatment (Figure 2-6E). To further investigate the 

potential mechanism involved in NO-induced suppression of the occupancy of Ppara promoter region 

by Sp1, if NOR5 treatment inhibits the expression levels of Sp1 was investigated. NOR5 suppressed 

Sp1 mRNA expression in 10T1/2 cells (Figure 2-6F), suggesting that the inhibition of Sp1 recruitment 

to the Ppara promoter by NO likely occurred at least partially through an inhibition of Sp1 expression. 

Small interfering RNA-mediated suppression of Sp1 expression led to a significant decrease in Ppara 
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mRNA expression levels (Figure 2-6H) and mRNA expression levels of Ppara target genes, such as 

Acox1 and Cpt1b (Figure 2-6I). Finally, treatment with mithramycin A (MTA), an Sp1 inhibitor, 

markedly suppressed the expression of Ppara and its target genes (Acox1 and Cpt1b) in 10T1/2 

adipocytes (Figure 2-6J). Importantly, in the presence of MTA, upregulated expression of target genes 

by ligand-activated PPAR was completely abolished (Figure 2-6J), suggesting that functional Sp1 is 

essential for proper PPARa activity. These data indicate that NO represses Ppara expression by 

inhibiting Sp1-dependent transcription of Ppara. 
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Figure 2-6. NO suppresses Ppara promoter activity via the suppression of Sp1 transcriptional activity 

(A) Luciferase activities driven by mouse Ppara promoter region (-3,014/+132) in 10T1/2 cells treated with or 

without 0.1 mM NOR5 (NOR) in combination with or without 100 mM TMAO or 10 mM 4-phenylbutyric 

acid sodium (PBA), 5 μM tunicamycin, or 500 nM thapsigargin for 24 h (n = 5).  

(B) Luciferase activities driven by a series of deletion construct of 5′-flanking region of mouse Ppara promoter 

in 10T1/2 cells treated with or without 0.1 mM NOR5 in combination with or without 10 mM PBA for 24 h (n 

= 5).  

(C) Luciferase activities driven by a series of mutated construct of mouse Ppara promoter region (-245/+132) 

in 10T1/2 cells treated with or without 0.1 mM NOR5 for 24 h (n = 3–5).  

(D) Luciferase activities driven by triple-mutated construct (∆1, ∆5, ∆7) of mouse Ppara promoter region (-

245/+132) in 10T1/2 cells treated with or without 0.1 mM NOR5 for 24 h (n = 5).  

(E) Chromatin immunoprecipitation assay performed with the Ppara promoter region (-245/+38) of 10T1/2 

adipocytes treated with or without 0.1 mM NOR5 for 24 h (n = 3). Band intensities were measured by ImageJ 

software. 

(F) mRNA expression levels of Sp1 in 10T1/2 adipocytes treated with or without 0.1 mM NOR5 for 24 h (n = 

6). 

(G) Immunoblots for specificity protein 1 (Sp1) after transfection with control siRNA (scramble) or Sp1 siRNA 

for 24 h in 10T1/2 adipocytes. β-actin, a loading control.  

(H) mRNA expression levels of Sp1 and Ppara in 10T1/2 adipocytes transfected with scramble or Sp1 siRNAs 

(n = 5–6).  

(I) mRNA expression levels of Acox1 and Cpt1b in 10T1/2 adipocytes transfected with scramble or Sp1 

siRNAs (n = 4–6).  

(J) mRNA expression levels of Ppara, Acox1, and Cpt1b in 10T1/2 adipocytes treated with or without 300 nM 

GW7647 and/or 3 μM mithramycin A (MTA) (n = 4–6). 

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using an 

unpaired Student’s t-test or a one-way ANOVA followed by Tukey’s test. * P <0.05, ** P < 0.01, *** P < 

0.001; # P < 0.05, ## P < 0.01, ### P < 0.001.  
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Discussion 

WAT browning, a process of the WAT acquiring the thermogenic function, is mainly controlled 

by the sympathetic nervous system; therefore, stimuli like cold exposure result in the activation of 

sympathetic neurons and the release of catecholamines to activate the thermogenic gene program in 

adipocytes [180]. Inflammation has been reported to attenuate WAT browning by altering catecholamine 

signal transduction [46,170]. Results in Figure 2-2, suggest that PPAR plays an important role in 

regulating -adrenergic receptor-induced adipocyte browning. Additionally, it was found that 

inflammatory cytokines, including NO, downregulated Ppara expression, followed by decreased 

PPARα function. These findings suggest that inflammation-induced suppression of Ppara gene 

expression in adipocytes may be related to obesity-associated catecholamine resistance in adipocyte 

browning. Adipocyte-specific Nos2 deletion has been reported to enhance Ucp1 expression levels in the 

thermogenic adipose tissue of obese mice [181]. Therefore, inflammatory factors from macrophages and 

adipocytes might be related to inflammation-induced catecholamine resistance via the regulation of 

Ppara.  

Results in Chapter 2 demonstrated that NO plays an important role in regulating Ppara gene 

expression and PPAR-mediated FA oxidation in adipocytes. Ppara expression is downregulated in the 

WAT of obese mice [74,182,183]. However, the signaling machinery linking obesity, a state of chronic 

inflammation, to the downregulation of Ppara expression in WAT remains unknown. It was found that 

inflammation (acute and chronic inflammation caused by LPS and obesity, respectively) -induced 

NOS2-driven NO production suppressed Ppara gene transcription via an Sp1-mediated mechanism. 

Specifically, NO-induced ER stress reduced the occupancy of the transcription factor Sp1 in its binding 

sites, which is highly conserved between mice and humans, in the Ppara proximal promoter region 

(Figure 2-6D). Excessive inflammation and ER stress in subcutaneous WAT of patients with severe 

obesity were attenuated after bariatric surgery, accompanied by metabolic changes including enhanced 

FA oxidation, which seems to be related to changes in PPARs expression [184,185]. These studies 
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indicated that the transcriptional regulation of Ppara by Sp1 in response to NO-mediated ER stress could 

occur in humans.  

The proximal promoter region of Ppara is responsible for NO-mediated downregulation of 

Ppara expression in adipocytes. Besides Sp1, putative binding motifs of several transcription factors, 

including nuclear factor erythroid 2-related factor 1 (NRF1) and early growth response protein 1 (EGR1), 

could be identified in this region. NRF1 and EGR1 are important transcriptional factors to regulate 

energy and lipid metabolism, such as adipocyte browning [186−189], and their transcriptional activities 

seem to be closely related to obesogenic conditions, including inflammation and ER stress [190,191]. 

Therefore, transcription factors other than Sp1, such as NRF1 and EGR1, might participate in the NO-

induced Ppara downregulation via direct binding to its proximal promoter region. Other factors may 

also be involved in regulating transcriptional activity of the Ppara proximal promoter region by 

regulating Sp1 function. Histone deacetylase 1 (HDAC1) allows Sp1 to act as a transcriptional repressor 

by binding to Sp1 [192]. HDAC1 expression is upregulated by ER stress [193], suggesting that NO-

induced ER stress may decrease Sp1 transcriptional activity via HDAC1. Cyclin A-cyclin-dependent 

kinase 2 (CDK2) complex can affect Sp1 transcriptional activity by enhancing Sp1-DNA binding 

affinity by phosphorylating Ser61 at the Sp1 [194]; however, NO has been reported to suppress the 

CDK2 activity by repressing cyclin A gene expression [195]. O-linked N-acetylglucosaminylation (O-

GlcNAcylation) of Sp1 by O-GlcNAc transferase is elevated in the adipose tissue of diabetic mice [196] 

and the altered O-GlcNAcylation of Sp1 is associated with altered transcription activation of its target 

genes [197,198], implying that inflammatory cytokines affect the transcriptional activity of Sp1. 

Therefore, NO-ER stress-induced changes in these factors might affect Sp1 transcriptional activity, and 

they might be co-recruited to its binding site in the Ppara promoter region. 

The reduction in the expression levels of Ppara in adipocytes co-cultured with activated-

macrophages and in the WAT of db/db mice was recovered by treatment with NOS2 inhibitors; however, 

these recoveries were only partial, even though NO production was largely inhibited, suggesting that 
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other inflammatory factors may be involved in the reduced Ppara expression. Ye et al. reported that LPS 

diminishes Sp1 activity by degrading the Sp1 protein via nuclear factor kappa B (NF-κB) in the lungs 

of mice [199]. TNFα activates NF-κB signaling in adipocytes [200], and most TNFα inflammatory 

signals are delivered by the TNF receptor (TNFR1) [201]. TNFR1 knockout mice are protected from 

diet-induced obesity and show upregulated thermogenic gene expression in adipose tissue [202]. 

Because PPAR in adipocytes is important for protecting against diet-induced obesity and maintaining 

thermogenesis [165], the activated TNFR1-NF-κB-Sp1 axis in adipocytes may be an additional negative 

regulator of Ppara expression in adipocytes. Moreover, nucleotides released into the extracellular space 

due to plasma membrane damage or cell death under pathophysiological conditions, including 

inflammation [203,204] may be related. Treatment of adipocytes with an agonist of the purinergic 

receptor type 6 (P2Y6R), which is activated by uridine diphosphate, decreases Ppara mRNA levels in 

adipocytes, suggesting that inflammation-induced activation of the P2Y6R pathway downregulates 

Ppara mRNA expression levels [205]. Plasma levels of TNFα and uridine are elevated in patients with 

diabetes [206,207]. Although further investigation is required to confirm the contribution of other 

inflammatory factors to the suppression of Ppara expression levels in adipocytes, these previous reports 

suggest that, besides NO, TNF and uridine diphosphate are related to the downregulation of Ppara 

expression in obese adipose tissue. 

NO plays a pivotal role in numerous biological processes via multiple mechanisms, including 

activation of the MAPK and cGMP/PKG pathways, ROS production, and protein modification [208]. 

The mRNA expression levels of Ppara were suppressed by the addition of the NO donor; however, this 

was not restored by co-treatment with MAPK inhibitors, a guanylyl cyclase inhibitor, or a ROS 

scavenger, suggesting that the reduced Ppara expression levels are independent of NO-induced MAPK 

activation, cGMP/PKG activation, or ROS production (Figure S2-2A–S2-2D). However, the 

downregulated Ppara expression levels were restored in the presence of an ER stress inhibitor (Figure 

2-6A), suggesting that NO decreases the mRNA expression of Ppara by suppressing its promoter 
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activity through the enhancement of ER stress. ER stress affects the DNA binding property of Sp1 on 

the promoter region of its target genes [209,210]. Abdelrahim et al. have shown that ER stress recruits 

Sp1 to the promoter of GRP78/Bip (an ER stress response gene) in pancreatic cancer cells [209]. In 

contrast, Donati et al. reported that Sp1 recruitment induced by ER stress varies depending on the genes, 

and Sp1 recruitment levels on the promoter regions of several ER stress-related genes are decreased 

[210]. These findings indicate that ER stress in adipocytes induces changes in Sp1 occupancy on the 

promoter regions of its target genes, and results in Chapter 2 suggest that Sp1 occupancy of the Ppara 

promoter decreases under ER stress, leading to the downregulation of PPAR. 

Activation of PPAR in adipose tissue leads to enhanced FA oxidation and the prevention of 

adipocyte hypertrophy, which is strongly linked to metabolic diseases [211]. Therefore, preventing the 

decrease in Ppara expression in obese adipose tissue can prevent and attenuate obesity-associated 

metabolic abnormalities. NO-induced ER stress, which was suggested to contribute to reducing Ppara 

expression in adipocytes, is expected to be a novel therapeutic target for obesity and obesity-related 

metabolic disorders. 
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Figure S2-1. NO is involved in the inflammation-induced suppression of Ppara gene expression in inguinal 

white adipose tissue of mice. 

(A) 11-week-old male C57BL/6J mice were intraperitoneally injected with 200 μg of LPS and sacrificed at 

indicated time points. After that, plasma NOx was measured (n = 4) (B) 12-week-old male C57BL/6J mice were 

intraperitoneally injected with 200 μg of LPS and fasted at the same time. The mice were then injected with 

vehicle or 1400w (100 mg/kg/9 h) by dividing three times. Nine hours after initial injection, mRNA expression 

levels of Nos2 (n = 3–5) were measured. 

Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using 

unpaired Student’s t-test. * P <0.05, ** P < 0.01 vs. initial value. 
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Figure S2-2. Effect of inhibitors of downstream pathway of NO signal on Ppara mRNA expression levels 

in 10T1/2 adipocytes. 

(A–D) Six days after differentiation induction, 10T1/2 adipocytes were incubated with (A) 20 μM SB203580 

(p38 inhibitor), (B) 20 μM SP600125 (JNK inhibitor), (C) 25 μM ODQ (PKG inhibitor), or (D) 10 mM NAC 

(ROS scavenger) for an hour, followed by treatment with or without 0.1 mM NOR5 for 24 h. The Ppara mRNA 

expression levels were quantified by real-time qPCR (n = 5–6). 

Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using 

one-way ANOVA followed by Tukey’s test. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure S2-3. DNA sequence alignment of intact and mutant site in Ppara promoter region (-245/+132). 

(A) DNA sequence alignment of intact and (B) mutant in which guanine or cytosine was replaced by adenine of 

putative Sp1-binding sites in Ppara promoter region. Sequence in yellow box indicates the putative Sp1-binding 

site, underlined red font with bold indicates mutated base sites. 

 

 

 

 

 

 

 

 

A 

Intact 

-245 

ACGCTACGGTCCCACGACAGGGGTGACGGGGGCGGAGGCAGCCGCTTACGCCCCTCCTGGCGCC

TCCTCCTGGGCGCGCTTGGCCCTGCGGACCCGCAGGCGGAGTGCAGCCTCAGGTGCCCAGGGGC

TGGAGGGCACGCGCGAGGGCGGGGAGCCAGGCGTCCCCTGTCCCGGGACAGTGAGGTGGGTGG

ACAGGGAGGGGAGGGGCTCGGTGGCGCATGCGCGCGGACTAGGGGCGCGGGTCTGGAGACCCA

CAGCCACTGGAGAGGGCACACGCTAGGAAGGGCACACGCGTGCGAGTTTTCAGGGCCCGCGGAA

CTGTCCGCCACTTCGAGTCCCCTGGAGCGCCGTGCGCCGGCTCCGAACATTGGTGTTCG 

+132 

 

B 

Mutant 

-245 

ACGCTACGGTCCCACGACAGGGGTGACGGGAAAGGAGGCAGCCGCTTACGCCCCTCCTGGCAAA

TCCTCCTGGGCGCGCTTGGCCCTGCGGACCCGCAGGCGGAGTGCAGCCTCAGGTGCCCAGGGGC

TGGAGGGCACGCGCGAGGAAAGGGAGCCAGGCGTCAAATGTCCCGGGACAGTGAGGTGGGTGG

ACAAAAAGGGGAAAAGCTCGGTGGCGCATGCGCGCGGACTAGGAAAGCGGGTCTGGAGACCCA

CAGCCACTGGAGAGGGCACACGCTAGGAAGGGCACACGCGTGCGAGTTTTCAGGGCCCGCGGAA

CTGTCCGCCACTTCGAGTCCCCTGGAGCGCCGTGCGCCGGCTCCGAACATTGGTGTTCG 

+132 

∆1 

∆2 

∆4 ∆3 

∆5 ∆6 ∆7 
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Table S2-1 

List of PCR primers for 5′-flanking deletion of Ppara promoter construct 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Deletion 

construct 
  Primer sequence for 5′-flanking deletion construct (5′ → 3′) 

-3014/+132 
Fw   GCTCGCTAGCCTCGATTCCACCACCTGATTGAAG   

Rv   TCTTGATATCCTCGACGAACACCAATGTTCGGAG    

-1525/+132 
Fw   GCTCGCTAGCCTCGAATCTCCAGGGTCTCAGTTTTGCA    

Rv   TCTTGATATCCTCGACGAACACCAATGTTCGGAG    

-1014/+132 
Fw    GCTCGCTAGCCTCGAAGTGCCTGAGCTGGACACAGTCA   

Rv    TCTTGATATCCTCGACGAACACCAATGTTCGGAG   

-527/+132 
Fw    GCTCGCTAGCCTCGAGCCTCAGTTTACCAACGGATGC   

Rv    TCTTGATATCCTCGACGAACACCAATGTTCGGAG   

-245/+132 
Fw    GCTCGCTAGCCTCGAACGCTACGGTCCCACGACAG   

Rv    TCTTGATATCCTCGACGAACACCAATGTTCGGAG   
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Table S2-2 

List of PCR primers for site-directed mutation of Ppara promoter region (-245/+132) 

 

 

 

 

 

 

 

 

 

 

 

 

Mutation No.   Primer sequence for site-directed mutation (5′ → 3′) 

∆1 
Fw -230 - GACAGGGGTGACGGGAAAGGAGGCAGCCGCTTA - -198 

Rv -198 - TAAGCGGCTGCCTCCTTTCCCGTCACCCCTGTC - -230 

∆2 
Fw -198 - ACGCCCCTCCTGGCAAATCCTCCTGGGCGCG - -168 

Rv -168 - CGCGCCCAGGAGGATTTGCCAGGAGGGGCGT - -198 

∆3 
Fw -113 - GGGCACGCGCGAGGAAAGGGAGCCAGGCGTC - -83 

Rv -83 - GACGCCTGGCTCCCTTTCCTCGCGCGTGCCC - -113 

∆4 
Fw -97 - GGGGAGCCAGGCGTCAAATGTCCCGGGACAGTG - -65 

Rv -65 - CACTGTCCCGGGACATTTGACGCCTGGCTCCCC - -97 

∆5 
Fw -72 - GGACAGTGAGGTGGGTGGACAAAAAGGGGAGGGGC - -38 

Rv -38 - GCCCCTCCCCTTTTTGTCCACCCACCTCACTGTCC - -72 

∆6 
Fw -58 - GTGGACAGGGAGGGGAAAAGCTCGGTGGCGCAT - -26 

Rv -26 - ATGCGCCACCGAGCTTTTCCCCTCCCTGTCCAC - -58 

∆7 
Fw -26 - TGCGCGCGGACTAGGAAAGCGGGTCTGGAGACC - +7 

Rv +7 - GGTCTCCAGACCCGCTTTCCTAGTCCGCGCGCA - -26 
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Table S2-3 

List of PCR primers used in Chapter 2  

 

Oligonucleotides (5′ → 3′) 

mRNA 

Acox1 
Fw ACCTTCACTTGGGCATGTTC  

Rv TTCCAAGCCTCGAAGATGAG  

Bip 
Fw GTTTGCTGAGGAAGACAAAAAGCTC  

Rv CACTTCCATAGAGTTTGCTGAT  

Chop 
Fw GTCCAGCTGGGAGCTGGAAG  

Rv CTGACTGGAATCTGGAGAG  

Cidea 
Fw ATCACAACTGGCCTGGTTACG  

Rv TACTACCCGGTGTCCATTTCT  

Cpt1b 
Fw CTGTTAGGCCTCAACACCGAAC  

Rv CTGTCATGGCTAGGCGGTACAT  

Fgf21 
Fw CACCGCAGTCCAGAAAGTCT  

Rv ATCCTGGTTTGGGGAGTCCT  

Nos2 
Fw CCAAGCCCTCACCTACTTCC  

Rv CTCTGAGGGCTGACACAAGG  

Ppara 
Fw TCAGGGTACCACTACGGAGT  

Rv CTTGGCATTCTTCCAAAGCG  

Ppargc1a 
Fw CCCTGCCATTGTTAAGACC  

Rv TGCTGCTGTTCCTGTTTTC  

Rplp0 
Fw TCCTTCTTCCAGGCTTTGGG  

Rv GACACCCTCCAGAAAGCGAG  

Sp1 
Fw GGCTGCCCATTTGTACTCATTTAC  

Rv CCGAAGGGTGCCTGTTAGG  

Ucp1 
Fw CAAAGTCCGCCTTCAGATCC  

Rv AGCCGGCTGAGATCTTCTTT  

 

 

 

 

 



95 

 

Summary 

 

Chapter 1 

 

In Chapter 1, the role of the cholesterol biosynthesis pathway in the regulation of brown 

adipocyte function was investigated. The inhibition of HMGCR, the rate-limiting enzyme in the 

cholesterol biosynthesis pathway, suppressed mitotic clonal expansion of brown preadipocytes and 

brown adipogenesis via the inhibition of protein geranylgeranylation, at least partially. The development 

of BAT in neonatal mice exposed to an HMGCR inhibitor during the fetal period was severely impaired. 

Moreover, it was also demonstrated that GGPP deficiency caused by HMGCR inhibition led to the 

apoptosis of mature brown adipocytes. Brown adipocyte-specific Hmgcr knockout mice showed BAT 

atrophy and hypothermia during cold exposure. Together, the findings in Chapter 1 indicated that the 

cholesterol biosynthesis pathway-generated GGPP plays an indispensable role in maintaining BAT mass, 

which subsequently impacts BAT function.  

 

Chapter 2 

 

In Chapter 2, it was found that Ppara gene expression levels were downregulated in obese 

WAT as well as in adipocytes cultured in conditioned medium from LPS-activated macrophages. The 

loss of Ppara gene expression suppressed β-adrenergic stimulation-induced thermogenic gene 

expression in adipocytes, suggesting that downregulated Ppara gene expression may be responsible for 

reduced thermogenesis in adipocytes upon catecholamine stimulation under inflammation. It was 

elucidated that NO downregulated Ppara expression and its function, fatty acid oxidation, in adipocytes; 

however, it was partially recovered in the presence of a NOS2 inhibitor, indicating that NOS2-deriven 

NO is attributed to the downregulation of Ppara expression. Sp1 was identified as a key transcriptional 
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factor in the NO-mediated downregulation of Ppara. It was identified that NO downregulated Ppara 

gene expression by suppressing transcription factor Sp1 occupancy in the proximal promoter regions of 

Ppara. Additionally, treatment of obese mice with a NOS2 inhibitor partially but significantly recovered 

downregulated Ppara expression in their WAT. The findings in Chapter 2 provide a possible mechanism 

underlying the downregulation of the Ppara gene expression in adipocytes of obese WAT, which can 

affect their thermogenic function. The schematic summary of this study is shown in Figure 3. 

 

 

 

 

 

 

 

Figure 3. Summary of the findings of the study 
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