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ABSTRACT 

The worldwide prevalence of obesity and obesity-associated liver diseases have 

attracted great attention in the past decades. Obesity is an increasing health 

problem, which can induce a series of metabolic syndrome associated diseases, 

such as fatty liver disease, type 2 diabetes. The conventional causes for obesity, 

such as over-eating, sedentary life-style, and genetic factors, cannot fully explain 

the global rapid increase of obese population in the last few decades. It was found 

that the production of persistent organic pollutants (POPs) in the industry was 

closely correlated with the prevalence of obesity. POPs are organic chemicals that 

are resisted to degrade by various processes and widely applied in daily products 

to improve the quality of our life. 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) is 

the most abundant and toxic congener in the family of polybrominated diphenyl 

ethers (PBDEs), which are the commonly used flame retardants and listed as 

POPs in 2009. High concentration of BDE-47 has been found in indoor dust and 

marine fish in Hong Kong. Owing to their high lipophilic and persistent characters, 

BDE-47 is mainly accumulated in adipose tissue. Epidemiological data indicates 

that exposure to BDE-47 is associated with obesity and obesity-associated liver 

diseases. Therefore, based on published research, we hypothesize that BDE-47 

exposure may increase the occurrence of obesity and aggravate the progression 

of obesity-associated fatty liver disease through promoting adipocyte 

differentiation and impairing lipid metabolism. 

To verify this hypothesis, mouse preadipocytes (3T3-L1 cells) were exposed to 

BDE-47 and differentiated into adipocytes. Excitedly, with BDE-47 exposure, 

more lipid droplets were formed and accumulated in the treated cells than that in 
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untreated adipocytes (without BDE-47 exposure). Along with the increased 

content of triglyceride accumulation, augmented gene and protein levels of 

transcription factors (PPARγ and PGC-1α), and related genes (FABP4 and 

C/EBPα) were also detected in BDE-47 treated cells. In addition, the total 

production of reactive oxygen species (ROS), contents of lipid peroxidation and 

DNA oxidation were obviously increased in adipocytes treated with BDE-47 (10 

μM). To explore how BDE-47 regulated the oxidative stress signal pathways, 

antioxidants of ROS sources were employed with BDE-47 exposure during 

adipocyte differentiation. Notably, mitochondrial respiration, xanthine oxidase 

and NADPH pathway were significantly influenced by BDE-47 exposure to 

generate ROS in the treated adipocytes. The effects of BDE-47 on mitochondrial 

respiration were also determined for further exploring the relationship between 

mitochondrial ROS and adipocyte differentiation. Significant elevation of 

mitochondrial ROS was detected in adipocytes exposed with BDE-47 (10 μM). 

Furthermore, to support the energy requirements for the growth of adipocytes 

during differentiation process, BDE-47 improved the mitochondrial metabolism 

for ATP production via increasing the spare mitochondrial respiration capacity. 

Inhibiting the mitochondrial ROS generation in BDE-47-treated adipocytes with 

antioxidant attenuated the generation of ROS and reduced the accumulation of 

lipid droplets as well. This phenomenon indicated that the ROS-induced by BDE-

47 through mitochondrial chain was critical for adipocyte differentiation.  

Global metabolomic profiling based on high-performance liquid chromatography 

coupled with tandem mass spectrometry (HPLC-MS/MS) was performed on 

differentiated 3T3-L1 cells to reveal the metabolic changes induced by BDE-47. 
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Twenty three significantly changed metabolites were identified in the adipocytes 

after BDE-47 exposure. The results of pathway analysis showed that purine and 

glutathione metabolism were the main impacted pathways and upregulated by 

BDE-47 treatment. In purine metabolism, increasing levels of adenosine 

monophosphate (AMP) and guanosine monophosphate (GMP) induced by BDE-

47 led to the increment of inosine 5'-monophosphate (IMP) in adipocytes. These 

increases forwarded the pathway and caused high production of uric acid along 

with hydrogen peroxide, which contributed to the elevation of ROS after exposure 

to BDE-47. Inhibiting the synthesis of uric acid with antioxidant could 

significantly decrease the production of ROS, the levels of adipogenesis-related 

genes, and the accumulation of lipid droplets in BDE-47 exposed adipocytes. 

These results further demonstrated that exposure to BDE-47 promoted adipocyte 

differentiation via causing oxidative stress, upregulating purine metabolism, and 

increasing production of uric acid.  

Subsequently, C57BL/6J mouse model with diet interaction was employed to 

explore the obesogenic effects of BDE-47. Male C57BL/6J mice were fed with 

either a low-fat diet (LFD, 10% fat) or high-fat diet (HFD, 60% fat) for 15 weeks 

and subcutaneously injected with BDE-47 (7mg/kg [Low dose, L] or 70mg/kg 

[High dose, H]) or the vehicle weekly. It was found that exposure to BDE-47 (H) 

significantly led to the elevation of body weight and serum triglyceride content in 

HFD fed mice. Besides, the combination of BDE-47 and HFD also significantly 

increased the weight of white adipose tissue (WAT) and augmented the size of 

adipocytes in WAT. These have confirmed the obesogenic effects of BDE-47 in 

vivo. Additionally, BDE-47 (H) exposure significantly increased the 
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accumulation of hepatic triglyceride content and lipid droplets accompanying 

with elevated inflammation in HFD fed mice, indicating the deterioration of 

hepatic steatosis in BDE-47 treated mice. Moreover, the integration analysis of 

lipidomic and gene expression revealed that BDE-47 up-regulated triglyceride 

synthesis but suppressed lipid exportation and β oxidation to impair the lipid 

metabolism and worsen the accumulation of hepatic lipid in HFD fed mice. In 

addition, the increase of liver fibrosis scars (the protein level of αSMA and 

collagens), serum transaminase levels, as well as lipid peroxidation have been 

detected in the mice with co-treatment of BDE-47 and HFD. BDE-47 exposure 

also increased the production of ROS and the levels of fibrotic genes in 

hepatocytes. However, in LFD with BDE-47 exposed mouse liver, we cannot 

observe such changes compared with the control (LFD-DMSO). Interestingly, the 

application of antioxidants reversed the BDE-47-induced fibrotic responses (the 

expression of αSMA and col3) in hepatocytes, which indicated that the increase 

of liver fibrosis scars was tightly associated with the level of oxidative stress. In 

conclusion, these results offered a new insight of lipid toxicities and underlying 

mechanism of BDE-47 induced obesity-related liver fibrosis.  

As far as we know, this is the first systematic study of the obesogenic effects and 

underlying mechanisms of BDE-47 in diet-induced mouse model. These results 

have showed the pathological roles of BDE-47 in the development of obesity and 

related liver diseases by an integration analysis of omics study and biological 

analysis in vivo and in vitro. Meanwhile, inhibitors were applied to investigate the 

mechanism of BDE-47-induced toxicity. Taken together, our results indicated 

that BDE-47 exposure could accelerate the development of obesity and aggravate 
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the progression of fatty liver in obese mice via causing oxidative stress. This study 

may shed a light for an explanation for the worldwide prevalence of obesity and 

related liver diseases. Furthermore, this work reflects the potential of omics study 

and biological methods for toxicity assessment of environmental pollutants on 

human health. It would be helpful for the clinical diagnose and treatment.  
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Chapter 1 General introduction 

1.1 Obesity  

1.1.1 The facts of obesity 

Obesity is a medical condition that the accumulation of excess fat to an extent 

may increase the risks of diseases related to metabolic syndrome, create financial 

burdens nationally, and even lead to rise of mortality worldwide [1, 2]. It was 

reported that overweight and obesity would lead to 3.4 million deaths globally 

every year, 3.9% reduction of an average life expectancy, and 3.8% annual 

disability-adjusted life years[3, 4]. Currently, the body mass index (BMI) has 

been widely used as the criteria for classifying obesity. BMI is defined as the ratio 

of body weight in kilograms with the body height in square meters, and the 

categories start from underweight (BMI < 18.5 kg/m2) to severe or morbid obesity 

(obese class Ⅲ; BMI ≥ 40 kg/m2) [5] (Table 1.1). Alarmingly, the number of 

adults that are overweight and obese has tripled in the past three decades, with a 

global population of obese people over 650 million (13.0%, BMI > 30 kg/m2) in 

2016[6]. More recently, it was reported that the obese adult population in China 

was estimated to be more than 89.6 million (about 14% of global obese 

population), surpassing the 88.1 million of United States and became the biggest 

country in the word [7].  

The occurrence of obesity originates from the imbalance between energy 

absorption and calorie consumption, which leads to the stock of surplus energy 

that is reserved as fat tissue in the body. It was widely accepted that the 

conventional factor for the development of obesity was sedentary lifestyle without 
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physical activities, which directly lower the energy expenditure of the body [8-

10]. Another important cause for the development of obesity is genetic factor. 

Over 60 common genes have been proved to implicate in increasing incidence of 

obesity [11, 12]. Silencing leptin gene could lead to the increase of food intake 

and subsequently boost the body weight gain in mammals[13]. Therefore, more 

research should be performed to seek the causes for the worldwide prevalence of 

obesity. 

However, the traditional causes, such as unhealthy diet, sedentary lifestyle, and 

genetic factors, cannot entirely account for the globally rapid epidemic of obesity 

[14]. Environmental pollutants, such as the persistent organic pollutants (POPs) 

emerging from rapid urban and industrial development globally, have been 

recognized as new risk factors for the development of obesity. It is reported that 

the increased usage of environmental chemicals are closely related with the 

epidemic of obesity [15, 16]. 
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Table 1.1 World health organization body mass index classification. (Source: 

reference 5).  

Category of obesity BMI (kg/m2) 

Underweight  < 18.50 

Severe thinness <16.00 

Moderate thinness 16.0 0– 16.99 

Mild thinness 17.00 – 18.49 

Normal range 18.5 0– 24.99 

Overweight ≥ 25.00 

Preobese 25.00 – 29.99 

Obese ≥ 30.00 

Obese class Ⅰ 30.00 – 34.99 

Obese class Ⅱ 35.00 – 39.99 

Obese class Ⅲ ≥ 40.00 
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1.1.2 Obesity complications and obesity-related non-alcohol fatty liver 

disease (NAFLD)  

The accumulation of excess fat in the body would lead to a series of chronic 

metabolic complications, including type 2 diabetes (T2D), fatty liver disease, 

hyperlipidemia, cardiovascular disease (CVD), endocrine dysfunction, and even 

cancer [17-21]. A study with 14918 participants in 1988-1994 to 2007-2010 from 

national health and nutrition examination survey (NHANES) showed that the 

percentage of non-alcohol fatty liver disease (NAFLD) in obese males rose from 

29.5% (0.06) to 48.3% (0.03) (P = 0.05), while in obese females rose from 13.0% 

(0.03) to 27.0% (0.04) (P = 0.01) [22].  

 

Figure 1.1 A system view of medical complications of diseases associated with 

obesity. (Source: reference 21). 
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NAFLD is defined as the fat component in liver exceeding 5% of hepatic weight 

without alcohol use [23, 24]. NAFLD is the most common factor accounting for 

the high rate of chronic liver disease, the 11th most prominent cause of death 

globally (1.16 million deaths each year) [25]. The majority of NAFLD can be 

ascribed to the occurrence of obesity that around 70% of obese people has 

NAFLD [26, 27]. Since the accumulation of excess fat may lead to more 

circulating free fatty acids transporting into liver by low-density lipoprotein 

(LDL), more triglyceride contents were synthesized and stored in liver causing 

hepatic steatosis in obese patients [28]. Increasing levels of free circulating fatty 

acids in serum could disrupt insulin signaling pathways, which may cause insulin 

resistance and facilitate the development of fatty liver [29, 30]. Meta-analytical 

epidemiological data demonstrated that obesity and metabolic comorbidities were 

positively associated with NAFLD (β= 51.34%; 95% confidence interval [CI]: 

41.38‐61.20) [31]. It was reported that 36% of obese subjects had nonalcoholic 

steatohepatitis (NASH) and 25% of them had fibrosis[32].  

The spectrum of abnormal hepatic status of NAFLD is wide ranging from benign 

steatosis to NASH, and its fibrogenic response can lead to the deterioration of 

chronic liver disease (liver cirrhosis and liver cancer) [33]. The aggravation of 

liver diseases starts from the infiltration of inflammatory cells leading the 

development of NAFLD progressing to steatohepatitis [34]. However, the 

inducements for inflammation during the progression of NAFLD in obese patients 

to NASH is still not completely understood[35]. The most accepted concept 

outlining the pathogenesis of NASH is “two-hit hypothesis” model [36, 37]. The 

first hit, which includes obesity, genetic factors, and insulin resistance, leads to 
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the accumulation of triglycerides and causes benign hepatic steatosis [38], which 

subsequently triggers the second hit (oxidative stress, inflammatory cytokines, 

mitochondrial dysfunction) and stimulates the progression of NAFLD to NASH 

[39-41]. Recently, multiple hits including obesity, inflammatory, and oxidative 

stress, which may act as parallel, was proposed as a new model [42]. Additionally, 

the dysfunction of triglyceride synthesis can lead to lipotoxicity regulated by free 

fatty acid (FFA) and cause the aggravation of NASH and liver fibrosis [43, 44]. 

1.1.3 Causes for obesity and NAFLD 

It was widely accepted that the drastic increase of overweight and obesity results 

from excess energy uptake than expenditure, which is firmly related with the 

adopted lifestyle and the dietary intake preferences[45]. There are several factors 

known as the common causes for overweight and obesity.  

The first contributor for obesity is high caloric intake from overeating and fat-

laden foods, which are frequently achievable to cause excess intake of energy [46]. 

The percentage of high caloric intergradient (sugar, fat, and sodium) are higher in 

the processed food, which are easily available in stores and markets[47]. Next, 

sedentary lifestyle is another main cause for obesity by decreasing the expenditure 

of energy in body. It was reported that the levels of physical activity have been 

greatly decreased in the last three decades and there was less than 50% of US 

adults working on the recommended levels of physical activity in 2005 [48]. 

Besides, in young teenagers, the levels of physical activities are also decreased 

[49]. In addition, increasing evidence indicated that genetics is the key risk factor 

in the development of obesity. It was estimated that the heritability rate of 

overweight and obesity as high as 40-70% and some genes may be involved in 
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the energy homeostasis [50]. Deficiency of leptin and leptin-receptor can result 

in rapid body weight gain and ultimately lead to severe obesity [51].  

However, all those common factors cannot completely explain the global 

prevalence of obesity in the past decades. Owing to their character, POPs have 

been widely detected in the environment [14]. It was reported that those pollutants 

may disrupt the endocrine system and induce endocrine dysfunction leading to an 

acceleration in the development of obesity [52, 53].  

It is well known that the main contributing factor for NAFLD is the occurrence 

of obesity[54]. Numerous studies have indicated that the serum levels of POPs 

were positively associated with elevated blood levels of alanine aminotransferase 

(ALT) in obese patients [55, 56]. Besides, in vivo studies also revealed that 

exposure to POPs would induce liver damage in mouse or rat model[57, 58]. 

However, the relationships between POPs exposure, obesity and obesity-

associated liver diseases are poorly documented. 

1.1.4 Peroxisome proliferator activated receptor gamma and obesity 

Adipose tissue, the storage depot of energy in body, is an endocrine organ with 

multiple metabolic roles for physiology regulation in the body [59]. Increasing 

evidence shows that adipose tissue participates in maintaining the normal levels 

of carbohydrates and lipid metabolism, regulating physiological endocrine 

functions [59-61]. Actually, obesity is the phenotype of increased weight of 

adipose tissue. The growth of adipose tissue is mainly dependent on two 

mechanisms: the augment of adipocyte size (hypertrophy), and the increase of 

adipocyte number (hyperplasia)[62], which were replied on the activation of 

adipogenesis and the accumulation of triglyceride in cells (Figure 1.2).  
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Figure 1.2 The schematic diagram of hyperplasia and hypertrophy process of 

adipocytes. 

 

Peroxisome proliferator activated receptor gamma (PPARγ) is one ligand-

inducible transcription factor of nuclear receptor superfamily and mainly 

distributed in adipose tissue regulating the growth of adipocytes and lipid 

metabolisms[63, 64]. The published studies show that PPARγ is the main and key 

transcriptional factor for adipocyte differentiation, targeting at several genes 

involved in adipogenesis and regulating the growth and functions of adipocytes, 

fat accumulation, and insulin sensitivity[63, 65]. Knocking out the PPARγ gene 

can inhibit the formation and growth of fat tissue in mouse body [66], while the 

activation of PPARγ by its ligands and agonists can induce the differentiation of 
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preadipocytes into adipocytes [67, 68]. In addition, PPARγ participates in the 

regulation of lipid metabolism by targeting lipoprotein lipase (LPL) and the fatty 

acid transporter (Cd36) which is involved in the release and transport of fatty 

acids into organs [69]. Excess accumulation of fatty acid in tissue can lead to 

lipotoxicity and dysfunction of lipid metabolism[70]. 

1.1.5 Oxidative stress, obesity, and liver fibrosis 

Oxidative stress is defined as that the intercellular production of reactive oxygen 

species (ROS) is much more than the ability of antioxidant in cells to decrease the 

ROS[71]. Numerous studies indicate that the occurrence of obesity is closely 

associated with the variations of oxidative stress. In obese people, significantly 

increased production of ROS and inflammation were detected after overfeeding 

and high calorie uptake[72, 73]. Abnormal ROS generation from unhealthy 

lifestyle (low-quality diet, chronic hyper-nutrition, sedentary life, and 

environmental pollutants) may affect the growth and function of white adipose 

tissue (WAT) and lead to obesity-associated complications including diabetes, 

cardiovascular diseases, fatty liver and cancer (Figure 1.3) [74].  
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Figure 1.3 Network among the causes of oxidative stress, oxidative stress, and 

related complications. (Reference 74) 

 

Growing evidence shows that the development of obesity is a state of chronic 

oxidative stress, while the relationship between obesity and oxidative stress is still 

under debate whether regulating the redox imbalance is the stimulator or the result 

of obesity [75-77]. Low levels of ROS may act as secondary messengers in signal 

transduction to mediate cell homeostasis, differentiation, proliferation, and even 

cell death [78]. On the contrary, high levels of ROS may be intricately linked to 

the development of obesity and obesity-associated fatty liver diseases via causing 

damage in cells [79-81].  

Intracellular ROS are mainly generated in mitochondria through mitochondrial 

respiration chain. Mitochondrial ROS can increase the gene expression of PPARγ 
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coactivator-1 (PGC-1α), a multifunctional transcriptional co-regulator, which can 

enhance mitochondria function via increasing respiration capacity of 

mitochondria and elevate lipid metabolism in adipose tissue [82]. It is reported 

that PGC-1α is implicated in the pathogenic conditions of various diseases 

including obesity [83]. An animal model study suggested that high levels of PGC-

1α can activate the transcription factor PPARγ of lipogenesis and lead to the 

accumulation of lipids in mouse body [84]. In addition, in vitro study also 

demonstrates that mitochondrial ROS is required to initiate the differentiation of 

adipocyte, which is identified as the improvement of mitochondrial metabolism, 

suggesting the complex relationship between oxidative stress and the 

development of obesity[85]. Increased intercellular triglyceride content may 

promote the accumulation of free fatty acid and inflammatory mediators, and as 

a consequence, lead to the generation of ROS and mitochondrial damage [86, 87]. 

Interestingly, oxidative stress has also been considered as one of the most 

important causes that contribute to lethal hepatocyte injury in the progression of 

NAFLD [88]. Liver fibrosis is a dynamic scaring process in response to chronic 

hepatocyte injury with the formation and accumulation of excess collagen and 

extracellular matrix (ECM) in the injured sites [89, 90].Oxidative stress is a key 

contributor in the progression of NAFLD into NASH with fibrogenic 

responses[91]. High levels of ROS were detected in the various liver diseases, 

and may act as the key regulator in the aggravation of liver fibrosis [89, 92]. 

Increased the gene expression of antioxidants, which are regulated by the 

activation of Nrf2 pathways, can alleviate the liver fibrosis degree via decreasing 

the protein expression of α smooth muscle actin (SMA) and collagen in the rat 
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[93]. It is found that higher production of mitochondrial ROS has been detected 

in ob/ob mice with NAFLD than that generated from lean mice [94, 95]. However, 

how oxidative stress accelerates the development of obesity and aggravates the 

NAFLD into NASH with liver fibrosis complications is still rarely reported. 

1.2 Relationship between 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) and 

obesity/obesity-associated NAFLD 

1.2.1 Characteristics of persistent organic pollutants     

POPs, a group of man-made industrial chemicals, are recognized as a global 

concern due to their character of persistent, long-range transportation from the 

primary sites[96], bio-accumulation and bio-magnification in the ecosystems [97]. 

Those chemicals have been widely used in our daily life products to improve the 

characteristics of products (such as flame retardants, isolation, and surfactants) 

[98, 99]. As they are resisted to be degraded through the chemical or biological 

process in the environment, those pollutants can be detected in measurable 

concentrations almost everywhere in the environment. Humans are exposed to 

these pollutants through various ways including consumption through diet, 

inhalation from the air and dust, directly contact with the furniture or products 

indoors and outdoors [100-102]. Most of those organic chemicals are high 

lipophilic compounds and mostly accumulated in adipose tissue, which is known 

as an endocrine regulating organ. Adipose tissue is suggested to become a toxic 

pool as the accumulation of POPs and may cause endocrine dysfunctions, such as 

insulin tolerance, leading to the occurrence of T2D[103].  

The first 12 chemicals listed in Stockholm Convention 2001 as POPs are divided 

into three categories: A, B and C. Class A includes organochlorine pesticides 
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(OCPs), such as lindane, chlordane, aldrin, hexachlorobenzene, toxaphene, 

polychlorinated biphenyls (PCBs), dieldrin, endrin, heptachlor, and mirex. 

Dichlorodiphenyltrichloroethane (DDT) belongs to the class B and has been 

restricted in use worldwide. The class C consists of industrial products and their 

byproducts, such as polychlorinated dibenzofurans (PCDF), dioxins 

(polychlorinated dibenzo-p-dioxins, PCDDs). Perfluorooctanesulfonic acid 

(PFOS), perfluorooctanesulfonyl fluoride (PFOSF), and polybrominated 

diphenyl ethers (PBDEs) are also listed as POPs and restricted for usage in 2009 

[104].  

Potential negative influences have been detected on human and wildlife animals 

after exposure to POPs, some of which have already been recognized as endocrine 

disrupting chemicals (EDCs) [105, 106]. In spite of the worldwide strict 

prohibition of the majority of POPs , human peoples are still exposed to POPs 

through diets and respiration owing to their persistent character and the ability of 

bioaccumulation and bio-magnification in food chain[107]. PBDEs and PCBs, 

key compounds of POPs, are reported to have an influence on body weight and 

the development of metabolic syndrome[108]. 

1.2.2 POPs and obesity 

It is reported that the production of synthetic chemicals is in accordance with the 

boost population of obesity, which bring out the proposal that environmental 

pollutants may act as obesogenic reagents to induce the prevalence of obesity 

(Figure 1.4) [109]. Interestingly, increasing research show that DDT, PBDEs, 

dioxins, and OCPs have deleterious impacts on human health and wildlife 

animals[106, 110]. In developed countries, DDT, dioxins, and OCPs have been 
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banned for several decades, and the emission of those POPs have also been strictly 

regulated [111]. However, PBDEs and perfluorooctanesulfonic  family are still 

widely used in industrial production[112, 113]. Importantly, high concentrations 

of PBDEs and perfluorooctanesulfonic chemicals are still detected in the human 

body and environment[114, 115]. 

 

 

Figure 1.4 The synthetic amount of organic chemicals was correlated with the 

percentage of overweight adults in the United States between 1930-2000. 

(Reference 109) 

 

Epidemiological data showed that the body weight gain is strongly associated 

with the serum concentration of POPs [108, 116, 117]. The serum concentrations 

of PCB-153, -170, -180, and the sum of PCBs are significantly negatively 

correlated with BMI (correlation factor: -0.196, -0.329, -0.349, -0.250, P< 0.05), 

waist (correlation factor: -0.184, -0.325, -0.265, -0.228, P< 0.05), fat mass 
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percentage (correlation factor: -0.198, -0.324, -0.258, -0.229, P< 0.05), and 

subcutaneous abdominal adipose tissue  (correlation factor: -0.319, -0.438, -

0.383, -0.356, P< 0.05), whereas beta-hexachlorocyclohexane (β-HCH) was 

positively associated with BMI (correlation factor: 0.306, P< 0.01) [108]. In 

addition, the serum concentrations of 1,2,3,7,8-PeCDF; 1,2,3,7,8-PeCDD; 

2,3,7,8-TCDD; 2,3,7,8-TCDF; and 2,3,4,7,8-PeCDF in male were shown to have 

the highest adjusted odds ratios (ORs) associated with the occurrence of abnormal 

obesity. However, in female, 1,2,3,4,7,8,9-HpCDF, 1,2,3,6,7,8-HxCDF, and 

1,2,3,4,6,7,8-HpCDF were in the highest quintiles [118]. Interestingly, the similar 

trends have been found in vivo studies that some POPs can significantly increase 

body weight gain and the regulation of obesity-related genes in zebrafish[119] or 

in mice[120] when exposure with POPs. Furthermore, in vitro studies also 

indicate that some POPs, such as PCBs, PFOS, and PBDES may pose an influence 

in the gene expression of adipogenesis in adipocytes and be associated with 

adipocyte differentiation[121]. Additionally, ALT in obese patients were inverse 

associated with β-HCH (β=-0.17, 95% CI: -0.33, -0.01, P = 0.035), PCB-153 (β=-

0.21, 95% CI: -0.42, -0.01,  P = 0.043), but positively associated with 2,2’,4,4’-

tetrabromodiphenyl ether (BDE-47) (β = 0.08, 95% CI: -0.06, 0.22, P = 0.260) 

without significance[55]. Moreover, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 

exposure can interrupt lipid metabolism and induce liver fibrosis[122-124]. 

However, the toxic effects and underlying mechanism of individual congeners of 

those pollutants on the development of obesity and obesity-associated NAFLD 

still need to be clarified.   
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1.2.3 PBDEs associated with obesity and NAFLD 

PBDEs are organo-bromine aromatic compounds, which have been widely used 

as flame retardants in industrial products including electronics, textiles, 

furnishings, and building materials, and pose a huge burden to human health [125, 

126]. 2,2′,4,4′,5-pentabromodiphenyl ether (BDE-99) and BDE-47 are the main 

components of commercial PBDEs, have been listed as POPs in 2009 and banned 

due to their toxicity and persistent character [127, 128]. DecaBDE (primary 

compound is 2,2′,3,3′,4,4′,5,5′,6,6′-decabromodiphenyl ether [BDE-209]) is 

phased out in Europe and United States but still continue to use in consumer 

products in other countries[128]. Recently, numerous studies indicated that 

PBDEs might play a role in the prevalence of diabetes and obesity [125, 129, 130].  

It was reported that BDE-47 and 2,2’,4,4’,5,5’-hexabromodiphenyl ether (BDE-

153) were the most abundant congeners detected in human adipose tissue and 

liver, which attributed for 37% (2.0 ± 1.8 ng/g lipid weight) and 22% (1.2 ± 1.1 

ng/g lipid weight) of the total PBDEs in adipose tissue, 33% (1.2 ± 1.4 ng/g lipid 

weight) and 26% (0.95 ± 0.83 ng/g lipid weight) in the liver, respectively[131]. 

A study of 1367 adults enrolled in NHANES 2003-2004 found that BDE-153 was 

nonlinearly associated with diabetes but inversely correlated with BMI. The 

detectable concentration of BDE-153 was increased in four quartiles (1.9, 3.6, 6.6, 

24.6 ng/g lipid) with nonlinear increasing ORs, 1.6 (95% CI: 0.7, 3.6), 2.6 (95% 

CI: 1.2, 5.8), 2.7 (95% CI: 1.2, 6.0), 1.8 (95% CI: 0.8, 4.0) (P < 0.01), respectively, 

Whereas the correlation ratio between BDE-153 and BMI was -0.14 (P < 0.01).   

Furthermore, another study also revealed that the maternal levels of PBDEs were 

correlated with higher BMI z-scores in boys (adjusted OR= 0.26; 95% CI: –0.19, 
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0.72, P < 0.05), but with lower BMI z-scores in girls (adjusted OR= -0.41; 95% 

CI:-0.87, -0.05, P < 0.05)[15]. Serum concentration of BDE-153 and BDE-47 

might be positively linked with the gene levels of adipogenesis biomarkers in 

adipose tissue, such as PPARγ, adiponectin, leptin, and tumor necrosis factor α 

(TNFα) [132]. However, a cohort study of 318 mother-child pairs indicated that 

there was no obvious link observed between the prenatal concentrations of PBDEs 

(including BDE-28, -47, -99, -100, -153) and birth weight z-score of children 

[133]. Interestingly, a 10-fold increase of maternal serum concentration of BDE-

153 was negatively associated with children BMI z-score at 2–8 years (β=-0.36, 

95% CI: -0.60, -0.13), waist circumference at 4–8 years (β = -1.81 cm; 95% CI: -

3.13, -0.50), and body fat percentage at 8 years (β = -2.37; 95% CI: -4.21, -

0.53)[133].  

These epidemiological studies showed a potential link between PBDEs and the 

development of obesity, which was also illustrated by other studies that exposure 

to PBDEs may induce the differentiation of adipocytes via DNA methylation [134, 

135]. Different congeners of PBDEs may involve in different pathways to pose 

different impacts on the development of obesity [130, 136]. Therefore, the 

pathological effects of individual congeners of PBDEs in the development of 

obesity and obesity-associated NAFLD urgently need to be clarified. 

1.3 Current studies on BDE-47 induced obesity and NAFLD 

1.3.1 In vitro and in vivo studies link with BDE-47 and obesity 

As epidemiological data showed that PBDEs were closely associated with the 

occurrence of obesity and NAFLD, numerous studies have tried to illustrate the 

toxicity of PBDEs on the development of obesity by cell and animal model. BDE-
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47 is the most abundant and toxic congener in PBDEs family. Exposure to BDE-

47 could induce the disturbance of glucose homeostasis and increased fasting 

glucose in rats via regulating the expression of genes related to glucose transport 

[137]. In addition, BDE-47 exposure upregulated the de novo lipogenesis to 

accelerate the accumulation of fatty acid and lipid droplets in the copepod 

Tigriopus japonicus[138]. When in utero exposed to BDE-47, the body weight of 

offspring at postnatal day 21 was significantly decreased, while after high fat diet 

intervention for another 14 weeks, the body weights of mice treated with BDE-

47 in utero were gained more rapidly than those without BDE-47 exposure in 

utero[139]. PentaBDE was found to affect adipose tissue metabolism in Sprague‐

Dawley rats via increasing isoproterenol‐stimulated lipolysis and insulin related 

glucose oxidation [140]. BDE-209 was proved to impair glucose homeostasis via 

oxidative damage in rats[141]. Gestation exposure to BDE-47 altered the gene 

expression involved the lipid metabolism and fatty acid metabolism in the liver 

of offspring[142]. Some in vitro studies also revealed the potential obesogenic 

effects of BDE-47 on the differentiation process of adipocytes[134, 135]. It was 

demonstrated that exposure to pentaBDE and individual congener BDE-47 could 

induce the differentiation of 3T3-L1 cells and promote lipid accumulation [134, 

135, 143]. However, the pathological effects and underlying mechanisms of 

BDE-47 on the development of obesity in adult mice with high fat diet 

intervention are still poorly documented. 

Additionally, BDE-47 exposure might pose a negative influence on the growth of 

hepatocytes and induce DNA damage via oxidative stress[144]. Significant cell 

injury was also observed in human fetal liver hematopoietic stem cells after BDE-
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47 exposure[145]. BDE-47 exposure significantly increased the liver 

inflammation via oxidative stress in mice[146], while there is still no direct 

evidence of the toxicological effects of BDE-47 on the progression of NAFLD 

under obese condition.  

1.3.2 Metabolomic and lipidomic study on obesity and NAFLD 

Metabolomics refers to a comprehensive study of small-molecular-weight 

metabolites, which are the compounds involved in various metabolism of 

biological system (such as cell, organ, and biological fluid)[147, 148]. It is well 

known that there is a unidirectional flow of the biological information, which 

started from gene to transcript to protein that regulates metabolic pathways and 

ultimately leads to the phenotypic changes of the organism [149] (Figure 1.5). To 

explicitly elucidate the phenotypic effects is critical for various diseases study. 

Therefore, metabolomics is the critical link between gene functions and 

phenotype of organisms. 
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Figure 1.5 The unidirectional flow of biological information from gene to 

biological phenotype. 

 

Metabolomics has been widely applied for toxicity assessment and the 

identification of hallmark metabolites and metabolic pathways in various diseases 

[150, 151]. In addition, the characterization and quantitation of perturbed 

metabolites, which are closest to phenotype, combining the biological analysis of 

genes and proteins may shed a light for the toxicological assessments and 

underlying mechanisms of pollutants on human health [152].    

Advanced technology for metabolomics study, including non-targeted 

metabolomics study and targeted metabolomics study, is based on nuclear 

magnetic resonance (NMR) and mass spectrometry, such as high performance 

liquid chromatograph coupled with tandem mass spectrometry (HPLC-
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MS/MS)and gas chromatography mass spectrometry (GC-MS) [153]. Non-

targeted metabolomics offers an unbiased global profiling of all the metabolites 

for biomarkers discovery in organisms, which response to the inducement of 

diseases and stimulation from environmental chemicals [154, 155]. On the 

contrary, targeted metabolomics study aims to provide reliable relative 

quantitative measurement of interested metabolites or metabolites that are in the 

given pathways through certain methodology[156].  

High-fat diet (HFD) may cause the alterations of metabolites involved in the 

dysfunction of energy metabolism and tricarboxylic acid (TCA) cycle in obese 

mice [157, 158]. Besides, metabolomics study revealed that significant 

perturbation of fatty acid metabolism and dysfunction of lipid metabolism were 

observed in the serum of obese patients, compared to the lean people[150, 159]. 

The amino acid metabolism may also take part in regulating lipid metabolism in 

HFD induced obese rats[160]. In addition, to discriminate the NAFLD and NASH 

from the healthy controls can be effectively achieved by identifying biomarkers 

through metabolomics approach [161]. As the accumulation of excess lipid in 

organ is the main cause of obesity and obesity related disease, lipidomics, a 

branch of metabolomics, has been widely used to assess the dysfunction of lipid 

metabolism in organs and biofluid [153]. Lipidome, which includes lipid 

molecules, lipid classes and subclass, fatty acid component, is a critical branch of 

metabolomics study and treated as an important analytical tool for integral study 

of lipid metabolism response in biological samples based on mass spectrometry 

[162]. Despite the wide application of metabolomics study in obesity and NAFLD, 
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the metabolic and lipid profiles of BDE-47 induced obesity and the progression 

of obesity associated NAFLD are rarely reported.  

1.4 Objectives 

Even though growing epidemiological evidence showed that BDE-47 was 

positively linked with the development of obesity, the pathological role of BDE-

47 in the occurrence of obesity and the underlying mechanisms were poorly 

understood. Besides, there is still no information about the metabolic and lipid 

profiles of adipocytes exposed with BDE-47. To clarify the relationship between 

brominated flame retardants and the prevalence of obesity and obesity related 

liver diseases, we should determinate the obesogenic risk effects of the main 

congener (BDE-47) in vivo and in vitro, which may offer reliable information for 

current understanding of the toxicity of PBDEs on human health. Therefore, based 

on previous studies, we hypothesized that exposure to BDE-47 could facilitate the 

adipocyte differentiation by promoting the accumulation of lipid droplets in 

adipocytes, which may contribute to the weight gain of adipose tissue and body 

weight in mice and lead to obesity associated fatty liver disease via causing 

oxidative stress 

Firstly, to explore the effects of BDE-47 on adipocyte differentiation, 3T3-L1 

preadipocyte model was employed to exposure with BDE-47. After exposure, 

oxidative stress and mitochondrial function in adipocytes were determined by 

using western blotting, fluorescence probes, enzyme-linked immunosorbent assay 

(ELISA), and QPCR. The oxidative stress pathways were inhibited by certain 

inhibitors to verify whether the effects of BDE-47 on adipocytes was dependent 

on oxidative stress. Secondly, to explain the mechanism of BDE-47 on adipocytes 
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differentiation, the downstream factors and metabolic pathway were analyzed 

through metabolomics based on HPLC-MS/MS. Furthermore, the obesogenic 

effects of BDE-47 in mice, C57BL/6J mice were exposed with BDE-47 under 

high fat diet or low fat diet intervention for a continuous 15 weeks. When the 

mice were sacrificed, blood, white adipose tissue and the liver were collected for 

further analysis.  

All the designed experiments for this study were set out with following objectives: 

1) To clarify the role of BDE-47 in the differentiation process of preadipocytes. 

2) To explore the pathways of oxidative stress affected by BDE-47 and to unveil 

the network among BDE-47, adipocytes differentiation and oxidative stress. 

3) To explore metabolic pathways disturbed by BDE-47 exposure during 

adipocytes differentiation through untargeted metabolomics profiling and identify 

the potential metabolic biomarkers by HPLC-MS/MS.  

4) To investigate the obesogenic effects of BDE-47 in the development of obesity 

with C57BL/6J mouse model. 

5) To discover the toxicity of BDE-47 on the liver in obese mice and explore the 

hepatic lipid metabolism profile in BDE-47 exposed mice. 

6) To investigate the underlying mechanism of BDE-47 on the aggravation of 

NASH to liver fibrosis via oxidative stress in human hepatocytes. 
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Chapter 2 Effects of BDE-47 on 3T3-L1 preadipocyte 

differentiation 

2.1 Introduction 

Obesity is one of the serious health problems in developed countries and now it 

is dramatically increasing in worldwide. The common causes of obesity, such as 

over-eating, inactivity, and even genetic factors, cannot completely explain the 

prevalence of obesity. Currently, environmental research indicated that early-life 

exposed to environmental chemicals could cause adult obesity and metabolic 

syndrome[15, 16]. PBDEs are industrial brominated flame retardants that are 

found in daily life products, for example, furnishings, textiles, and building 

materials. PBDEs were listed as POPs and banned in many countries in 2009 [126, 

128]. However, the concentration of BDE-47, the most toxic congener in PBDEs 

family, is still high in indoor dust ranging from 397 to 40236 ng/g and in 

dewatered sludge of Hong Kong from 9 to 307 ng/g dry weights [163, 164]. 

Owing to their high lipophilic properties and persistent character, PBDEs are bio-

accumulated and bio-magnified in fish, milk, animal and human adipose tissue 

through food chains. It has been reported that PBDEs may disrupt lipid and 

glucose metabolism leading to insulin sensitivity in rats[129]. However, the 

pathological role of PBDEs in the development of obesity is limited.  

Adipose tissue was considered as the depot organ for the accumulation of POPs 

in human and animal body, and became the toxicity function tissue for the whole 

body[165]. In vitro experiments showed that exposure to PBDEs might induce 

the differentiation of adipocytes [143]. The biological half-life of BDE-47 in 
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human body was estimated to be 3-4 years[166]. BDE-47 is mainly accumulated 

in adipose tissue, where the concentration of BDE-47 in human was up to 5 - 510 

ng/g lipids [167, 168]. High concentration of BDE-47 also had been detected in 

animal adipose tissue after exposed to BDE-47 [169]. Since the high 

concentration in human tissue and long half-lives, it is important to explore the 

impacts of BDE-47 on human health. Collectively, these research indicated that 

adipose tissue is the target of BDE-47. However, the effect of the single congener 

BDE 47 is still unclearly illuminated. Therefore, we aimed to investigate the 

pathological role of BDE-47 in the differentiation process of adipocytes.  

Oxidative stress could act as cytokines to participate in the development of many 

diseases, including metabolic syndrome[170]. A Japanese study suggested that 

oxidative stress might have an impact on obesity and metabolic syndrome via 

dysregulating adiponectin[75]. In vitro study showed that low concentration of 

BDE-47 induced neuronal cell damage via causing oxidative stress[171]. Similar 

results have been found in other study that DNA oxidative injury was detected in 

primary rat hippocampal neurons after BDE-47 exposure[172]. Besides, 

mitochondrial dysfunction and oxidative injury have also been detected in 

hepatocytes after exposed to BDE-47[145]. It was reported that oxidative stress 

induced by BDE-47 might also play a role in the regulation of inflammatory 

cytokines [173]. Additionally, BDE-47 exposure might show an influence on 

maximum respiration capacity and the metabolism of mitochondria via oxidative 

stress, which  leads to the dysfunction of electron transport system in 

mitochondria of HepG2 cells [174].  
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The differentiation process of adipocytes has been characterized as the 

improvement of mitochondrial metabolism. In vitro study revealed that ROS 

generated from mitochondria was critical for adipocytes differentiation [85]. 

Obesity is tightly linked with oxidative stress, whereas the relationship among 

oxidative stress, BDE-47 and obesity is still unclear.  

Therefore, we hypothesized that BDE-47 might facilitate adipocyte 

differentiation and disturbed adipocytes metabolism via increasing mitochondrial 

respiration capacity and generating oxidative stress. To verify this hypothesis, 

preadipocytes 3T3-L1 cell fibroblasts model was applied to explore the 

obesogenic effects of BDE-47. The gene and protein levels of adipogenesis were 

measured as well as the production of reactive oxygen species (ROS) and 

mitochondrial function.  

 

2.2 Experiments 

2.2.1 Chemicals and materials 

3T3-L1 cell line and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2h-tetrazolium-

5-carboxanilide (XTT) assay kit were bought from American Type Culture 

Collection (ATCC, USA). BDE-47 (purity >99.0%; CAS No. 5436-43-1), insulin 

(#I6634), 3-isobutyl-1-methylxanthine (IBMX, #I7018), dexamethasone (DEX; 

#D4902), rosiglitazone (ROSI) (#R2408), Oil Red O (purity > 98.0%, #O0625), 

N-acetyl-L-cysteine (NAC, nonspecific oxidative stress inhibitors, #7250), 2-

thenoyltrifluoroacetone (TTFA, #T27006), allopurinol (AP, xanthine oxidase 

inhibitor,#A8003), diphenyleneiodonium chloride(DPI, #D2926) and 

VAS2870(VAS, specific NADPH oxidase (NOX) inhibitor, #SML0273)were 
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bought from Sigma-Aldrich (USA). Triglyceride colorimetric assay kit 

(#10010303) was obtained from Cayman chemicals. Thiobarbituric Acid 

Reactive Substances (TBARS) kit (STA-330) was bought from Cell Biolabs 

(USA). CM-H2DCFDA (5-(and-6)-chloromethyl-2',7'-

dichlorodihydrofluorescein diacetate acetyl ester DCF) and MitoSOX were 

bought from Life Technologies. Seahorse XFp cell mito stress test kit (#103010-

100) was purchased from Bio-gene (Hong Kong). 

2.2.2 Cell culture and differentiation  

3T3-L1 cell lines were maintained in high glucose (4.5 g/L) Dulbecco's Modified 

Eagle Medium (DMEM) (Gibco, The Netherlands), supplied with 10% fetal 

bovine serum (FBS) (Gibco, The Netherlands), and 1× antibiotic - antimycotic 

(Gibco, The Netherlands). Cells were seeded in culture medium in 6-wells plates 

or 12-wells plates for protein/RNA/lipid analysis. The differentiation of 3T3-L1 

preadipocytes was performed based on the protocol described previously[175]. 

BDE-47 exposure was conducted as the flow chart in Figure 2.1. In brief, when 

the cells grew to be confluence (day 0), different concentration of BDE-47 (0 µM-

20 µM) or ROSI (100 nM) in differentiated medium (10 μg/mL insulin, 1 μM 

dexamethasone [DEX], 0.5 mM IBMX) were added to induce the differentiation 

process (Figure 2.1). This time was recorded as day 0. After 2 days induction, the 

culture medium was renewed with fresh medium of 10 μg/mL insulin and the 

exposure chemicals respectively. At day 4, the medium was replaced with only 

BDE-47 or DMSO in fresh medium. Repeated this step at day 6. The whole 

inducement process of differentiation was finished at day 8. The positive control 

was ROSI treated adipocytes and the differentiated control was the adipocytes 
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without BDE-47 exposure. The undifferentiated control was 3T3-L1 cells without 

differentiation. 

 

Figure 2.1 Workflow chart of BDE-47 exposure and 3T3-L1 differentiation 

methods.  

 

2.2.3 XTT assay 

Cytotoxicity of BDE 47 was measured by XTT assay kit obtained from ATCC 

(#30-1011k). 3T3-L1 pre-adipocytes were planted in a 96-well plate with a 

density of 10000 cells/well. After adhering to the plate, then the culture medium 

was refreshed with BDE-47 (10-3µM, 10-2µM, 10-1µM, 1 μM, 2.5 μM, 5 μM, 10 

μM, 20 μM). The control group was only DMSO treated 3T3-L1 cells. XTT assay 

was performed after the cells treated by BDE-47 for 1 day, 2 days, 3 days, and 4 

days, respectively. Briefly, 0.1 mL activation reagent was diluted with 5.0 mL 

dilution reagent (1:50) to form the activated XTT solution. The cell in each well 

was refreshed with 50 μL activated XTT solution and incubated at 37 ℃ for 4 

hours. The absorbance was determined by a micro-plate reader (PerkinElmer, 

USA) at a wavelength of 450 nm.  
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2.2.4 Oil Red O staining  

The cells were differentiated into adipocytes as the workflow in Figure 2.1 in 24-

well plate with different treatments. At day 8, the cell layer was rinsed with 

phosphate buffered saline (PBS) (ice-cold) and fixed with 10% natural formalin 

for 60 min firstly at room temperature (RT). After fixation, the adipocytes were 

stained with 0.5% Oil Red O solution in 60% isopropanol (stock solution [0.5% 

Oil Red O in 100% isopropanol] with Milli-Q water: 3/2) for 15 min at RT. The 

background color was cleaned with 60% isopropanol for three times, with water 

for another three times. The plate was dried at RT. The stained lipid droplets in 

adipocytes can be observed and imaged under the microscope (Leica, Germany). 

After imaged, the stained Oil Red O dye in lipid droplets was dissolved by 100% 

isopropanol and the absorbance of the eluted solution was measured at 510 nm 

using micro-plate reader (PerkinElmer, USA).   

2.2.5 Triglyceride content determination   

The contents of triglyceride in adipocytes were measured with a Colorimetric 

Assay Kit (#10010303, Cayman). 3T3-L1 cells were planted in 6-wells plates and 

three repeated wells of each treatment were used for analysis. The assay was 

conducted following the protocol from the manufacturer. Briefly, the 

differentiated adipocytes were harvested in cold diluted Standard Diluent and the 

suspension were sonicated 20× at one second bursts. The cell homogenate was 

centrifuged with 10000 ×g for 10 minutes at 4℃. 10 µL supernatant was pipetted 

to react with 150 µL diluted Enzyme Buffer for 15 minutes in 96-well plate at RT. 

The absorbance was measured at wavelength of 510nm using a micro-plate reader 
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(PerkinElmer, USA). Triglyceride concentration of each sample was calculated 

based on the standard curve.  

2.2.6 Intracellular reactive oxygen species (ROS) detection 

3T3-L1 preadipocytes were differentiated into adipocytes and exposed with 

different concentrations of BDE-47 or combined different inhibitors for 8 days in 

a 96-wells plate, and intracellular ROS was determined by a fluorescent probe, 

CM-H2DCFDA [DCF]. At day 8, 100μL of 10 μM DCF in serum-free medium 

was added to replace the culture medium with an incubation at 37℃ for 30 

minutes. After washed for three times with PBS, the ROS signals were observed 

and quantified by using fluorescent microscopy (Leica, DM4000B, Germany) at 

excitation/emission of 517/527 nm. Fluorescent images were analyzed and 

quantitated by software Image J. 

2.2.7 Mitochondrial ROS detection 

The production of mitochondrial ROS in cells was detected by a mitochondrial 

superoxide probe, MitoSOX. At day 8, the medium was removed and 100μL of 5 

μM MitoSOX reagent in serum-free medium was added to each well. Then the 

cells with probe were incubated at 37℃ for 10 minutes and kept from light. After 

that, the cells were rinsed with warm serum-free medium for three times. 

Mitochondrial ROS was detected by using fluorescent microscopy (Leica, 

DM4000B, Germany) at excitation/emission of 510/580 nm. Fluorescent images 

were further analyzed by Image J software. The accumulation of red fluorescence 

indicates the production of ROS in the mitochondria. 
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2.2.8 Lipid peroxidation and DNA oxidative stress in adipocytes  

3T3-L1 pre-adipocytes were planted in 6-wells plate and differentiated for 8 days 

with different treatments of BDE 47 (2.5 µM, 5µM, 10µM). At day 8, the 

differentiated adipocytes were harvested according to the protocol of TBARS kit 

(Cell biolabs, Germany) or the DNA isolated for the detection of DNA oxidation 

by 8-OHdG quantitation kit.  

For lipid peroxidation, the whole assay was followed the protocol of the product. 

Briefly, the cells were homogenized in 100µL PBS with 1× anti-oxidation 

solution on ice. 100 µL of the malondialdehyde (MDA) Lysis Solution was added 

into each well, mixed thoroughly and incubated for 5 min at RT. 250 µl 

thiobarbituric acid (TBA) reagent was added into each sample with an incubation 

at 95℃ for one hour. After that, all the samples were transferred into an ice bath 

for 5 min for cooling to RT. After cooling down, all samples were centrifuged 

with 3000 rpm for 15 min. 200 µL supernatants of each sample were pipetted into 

a 96-wells plate for analysis. Read the absorbance of the solution at 532 nm by 

micro-plate reader (PerkinElmer, USA). TBARS contents of each sample was 

calculated according to the standard cure.  

For DNA oxidative stress detection, firstly, the DNA solution was firstly 

denatured to single-stranded DNA through incubating at 95 ℃ for 5 min and 

rapidly cooling on ice. The single-stranded DNA samples were digested with the 

catalysis of nuclease P1 (10 units, Sigma) by incubating at 37 ℃ for 2 hours in 

20 mM sodium acetate (pH 5.2), followed with the catalysis of  alkaline 

phosphatase (10 units New England BioLabs) at 37℃ for 1 hour in 100mM Tris 

(pH 7.5). Finally, the treated samples were detected as the assay protocol of the 
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kit. The 8-OHdG contents in the differentiated cells were calculated by the 

standard curve.   

2.2.9 RNA extraction and quantitative real-time PCR (QPCR) 

The total RNA of adipocytes was isolated and purified by using GeneAll® 

Hybrid-R™ RNA extraction kit (#305101) (GeneAll, Korea) according to the 

manufacture instruction. The RNA (0.4 µg) was converted into cDNA by the 

PrimeScript™ RT reagent Kit (#RR037A, Takara, Japan) as the protocol. 

Subsequently, 42 µL Milli-Q water was added into each tube to dilute cDNA prior 

to QPCR. Each sample was tested in duplicate on the Thermo PikoReal 96 PCR 

system (Thermo Scientific, USA) in a reaction volume of 8 μL, containing 200 

nM SYBR Premix Ex Taq (Takara, Japan), 0.6 μL primers (forward and reverse) 

and 1 μL template with the running program : 95 °C for 30 s; 95 °C for 5 s (50 

cycles); 60 °C for 35 s; 95 °C for 15 s; 60 °C for 1 min ; and 95 °C for 15 s. 

Primers were tested for efficiency, specificity and dimers (Table 2.1). β-actin was 

regarded as the reference gene and unaffected during differentiation process.  
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Table 2.1 Primer sequence for QPCR. 

Genes Forward Reverse 

PPARγ CTGTTATGGGTGAAACTCTG ATGGCATCTCTGTGTCAA 

PGC-1α AAACTTGCTAGCGGTCCTCA TGGCTGGTGCCAGTAAGAG 

FABP4 GGTGGTGGAATGTGTTATG ATTGCTTGCTTATTAGTGGAA 

C/EBPα GAAGGAACTTGAAGCACAAT GACACAGAGACCAGATACAA 

β-Actin TGTTACCAACTGGGACGACA CTGGGTCATCTTTTCACGGT 

 

2.2.10 Western blotting 

The cells were differentiated in the 6-wells plates and collected in 30 µL cold 

lysis buffer. The lysis buffer was prepared with Tris (20 mM), EDTA (1 mM), 

NaCl (150 mM), Triton X-100 (1%) and protease/phosphatase inhibitors at pH 

7.4. The protein contents in each sample were determined by protein assay (Bio-

Rad). Twenty micrograms proteins of each sample were denatured at 95 ℃ for 5 

min and separated with 10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Then the separated proteins were transferred onto 

polyvinylidene difluoride (PVDF) membrane (Millipore) by a semi-dry transfer 

instrument (Bio-Rad). Then blocked with 5% nonfat milk in TBST (Tris [20 mM], 

NaCl [150 mM], and Tween 20 [0.1%], pH 7.4) at RT for 1 hour. Rinsed with 

TBST for once, the membrane was incubated with primary antibody, anti-fatty 

acid binding protein 4 (FABP4) (Cell signaling techology), anti-PPARγ (Cell 

signaling techology), anti-CCAAT/enhancer-binding protein α (C/EBPα; Cell 

signaling techology), or anti-PPARγ coactivator-1 α (PGC-1α, Santa Cruz) 

antibody in the primary antibody buffer (Calbiochem, Millipore) at 4 ℃ for 

overnight with shaking. Washed with TBST for 3× 10 minutes, the membrane 
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was further incubated with the secondary antibody (IRDye800-conjugated 

antibody) for another two hours at RT with shaking. After rinsed in PBS, the 

signal of the relative proteins was visualized using LI-COR Odyssey detection. 

Quantitative densitometry was analyzed with Image J software. Protein levels 

were normalized with the control protein (β-actin). 

2.2.11 Mitochondrial function in adipocytes using seahorse XFp 

extracellular flux analyzer 

3T3-L1 cells were differentiated in the XFp 8-wells miniplates (Seahorse 

Bioscience) with a density of 6000 cells per well. After differentiated with the 

protocol mentioned above with BDE-47 exposure for 8 days. At day 8, the mature 

adipocytes were rinsed with the assay medium containing 25 mM glucose and 

1mM sodium pyruvate (adjusted pH to 7.4) and incubated in a 37°C non-CO2 

incubator for 1 hour. Before assay, oligomycin (A well, 4 µM), carbonyl cyanide-

4-(trifluoromethoxy) phenylhydrazone (FCCP) (B well; 1 µM), and rotenone plus 

antimycin A (C well, 0.5 µM) was added into utility plate respectively. Then the 

plate was calibrated in a Seahorse extracellular flux analyzer (Seahorse 

Bioscience) for 20 minutes (37°C). After finished the calibration process, the 

utility plate was removed and changed with the XF 8-wells miniplate for an 

equilibration period. After 3 measure cycles for the basal line, the reagent in A 

well (oligomycin) was injected into the culture medium by automatic pneumatic 

injection to inhibit the complex Ⅴ (ATP synthase). The solution in B well (FCCP) 

was subsequently added to stimulate maximal mitochondrial respiration by 

uncoupling ATP synthesis from electron transport. The solution of rotenone plus 

antimycin A (R&AA) in C well was injected after three measurement of maximal 
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respiration. R&AA can inhibit the mitochondrial respiration to detect the rate of 

nonmitochondrial respiratory. Oxygen consumption rate (OCR) was changed 

with time, which was traced, and the different modules were analyzed. The 

changes of extracellular acidification rates (ECAR) with time were also obtained 

during the analysis process. 

2.2.12 Statistical Analysis  

Values are expressed as the mean ± the standard error of mean (SEM). Statistical 

analysis was analyzed using the software of GraphPad Prism (v5.04, GraphPad 

Software Inc., La Jolla, CA). One-way or two-way ANOVA Bonferroni’s 

multiple comparison post hoc tests were used for statistical difference comparison. 

*P< 0.05; **P < 0.01, ***P < 0.001. 

 

2.3 Results 

2.3.1 Cytotoxicity of BDE-47 on 3T3-L1 pre-adipocytes 

In order to investigate the effect of BDE-47 on adipocyte differentiation, the 

toxicity of BDE-47 on 3T3-L1 cells has been firstly examined by XTT assay. 

Preadipocyte 3T3-L1 cells were exposed with different doses of BDE-47, the 

viability of cells was determined at day 1, day 2, day 3, and day 4 after exposure. 

As shown in Figure 2.2, the toxicity of BDE-47 on 3T3-L1 cells was unobvious 

when the concentration of BDE-47 was less than 20 μM even exposed for 4 days. 

However, the cell viability was decreased as the exposure time increased when 

the concentration of BDE-47 was 20 µM (Figure 2.2). The available cells in 20 

µM BDE-47 treated group after two days were more than 85%, while at day 3, 



36 

 

the survived cells were only approximately 70%, and at day four only 65% of 

3T3-L1 cells were remained. The result showed that 20 µM BDE-47 significantly 

inhibited on the proliferation of 3T3-L1 cells after 3 days treatment or even longer 

(P < 0.01, Figure 2.2). However, no obvious cell death was observed in 10 µM or 

low concentration of BDE-47 treated 3T3-L1 cells even for 4 days (≥ 90%). 

Therefore, the maximum concentration used in the following experiments was 10 

µM, which would not affect the growth and proliferation of 3T3-L1 cells during 

the differentiation process.  

 

 

Figure 2.2 Cytotoxicity of BDE-47 on 3T3-L1 cells. Cell viability were the ratio 

of absorbance in treated group with that in control group. **P < 0.01, treated vs. 

control at the same day. 

 

2.3.2 Effects of BDE-47 on differentiation of 3T3-L1 cells 

Based on the result of XTT assay, no significant toxicity was observed when 

BDE-47 (≤ 10 μM) treated 3T3-L1 cells for 4 days. Therefore, all the tested 
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concentrations have been used to explore the effects of different dosage of BDE-

47 on adipocyte differentiation. The cells were differentiated into adipocytes as 

the workflow in Figure 2.1. Oil Red O staining was performed at day 8 to detect 

the accumulation of lipid droplets in differentiated cells. In Figure 2.3A, there 

were more of the lipid droplets observed in both positive differentiated cells 

(rosiglitazone, ROSI) and BDE-47 treated 3T3-L1 cells than that in control group. 

Besides, we found that the lipid droplets were increased in a narrow dose window 

(2.5 µM - 10 µM). Interestingly, the lipid droplets were significantly decreased in 

20 μM BDE-47 treated cells compared to those with 10 μM, which may be caused 

by the toxicity of 20 μM BDE-47 on 3T3-L1 pre-adipocytes. This result was 

consistent with the results of XTT assay.  

In Figure 2.3A, BDE-47 (10 µM) exposure significantly improved the number of 

the lipid droplets in mature adipocytes. However, the amount of lipid droplets 

between low concentration (1 nM- 1 µM) of BDE-47 treated groups and 

differentiated control group were similar without obviously difference (Figure 

2.3A). Similar with results of the staining images, quantitative results of Oil Red 

O also demonstrated that 5 µM and 10 µM BDE-47 could significantly increase 

lipid contents in differentiated 3T3-L1 adipocytes, compared to differentiated 

control without BDE-47 treatment (P < 0.05) (Figure 2.3B). However, no obvious 

difference of the lipid droplets between 2.5 µM BDE-47 treated cells and the 

differentiated control group was detected.  

In addition, the triglyceride contents in differentiated cells were determined after 

differentiation for 8 days. From the result in Figure 2.3C, we found that ROSI 

(positive control) significantly increased the accumulation of triglyceride contents 
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in 3T3-L1 cells (P <0.001). The triglyceride contents in BDE-47 (5 µM and 10 

µM) treated adipocytes were increased with significance (P < 0.05, P <0.01), 

compared to those without BDE-47. The results indicated the potential of BDE-

47 in enhancing the differentiation of pre-adipocytes and increasing triglyceride 

accumulation in adipocytes. 
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(B) 

 
(C) 

 
Figure 2.3 Effects of BDE-47 on the differentiation of 3T3-L1 cells. (A) Oil Red 

O staining in differentiated cells with indicated concentration of BDE-47 at day 

8 (20 ×). (B) Quantification of the accumulation of lipid droplets induced in 

adipocytes. (C) Triglyceride contents in the treated cells. *P < 0.05. **P < 0.01, 

***P < 0.001, treated vs. 0 µM (BDE-47). (Undiff: undifferentiated control 

group). 
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2.3.3 Adipogenesis-related genes increased in differentiated cells after BDE-

47 exposure 

During the differentiation of adipocyte with the treatment of BDE-47 or RSOI, 

the gene levels of adipogenesis in the whole differentiation process were 

determined by QPCR (Figure 2.4). 3T3-L1 cells were differentiated with BDE-

47 exposure or ROSI for continuous 8 days. The relative transcription levels of 

genes related to adipogenesis, such as PPARγ, FABP4, C/EBP α, and PGC-1α, 

were measured by QPCR at day 2, day 4, and day 8, respectively.  

At day 2, the mRNA levels of the analyzed genes were slightly changed in BDE-

47 treated adipocytes compared with the differentiated control, while ROSI 

significantly promoted the expression of PPARγ, FABP4, C/EBP α, and PGC-1α 

(Figure 2.4). The transcription levels of those genes were much higher in ROSI 

treated group than those in differentiated control at day 4. There still were no 

obvious changes in BDE-47 treated 3T3-L1 cells. More pronounced distinctions 

of the gene expression between BDE-47 exposure and differentiated control were 

detected at the later stage of adipocyte differentiation. Significant increase of the 

transcription levels of PPARγ, FABP4, C/EBPα, and PGC-1α were observed in 

BDE-47 (10 µM) treated adipocytes at day 8, compared to control group (Figure 

2.4). These results indicated that BDE-47 is a less potent inducer than ROSI for 

adipocyte differentiation. PGC-1α, which was the coactivator of transcription 

factor PPARγ leading to the activation of PPARγ, was significantly upregulated 

by BDE-47 (10 µM) at day 8. As a consequence, this difference in PPARγ 

expression was also reflected by the changes in gene expression of its targets 

(FABP4, C/EBPα) (Figure 2.4). The results demonstrated that BDE-47 could 
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stimulate the transcription factor to activate the adipogenesis leading to the 

growth and accumulation of lipid droplets in differentiated cells. 
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Figure 2.4 Gene analysis of selected targets involved in the differentiation of 3T3-

L1 cells. Undiff-control: 3T3-L1 cells without differentiation treatments; BDE 

0μM: 0.1% DMSO, differentiated control; BDE-47: 2.5, 5, and 10 μM; and ROSI: 

Rosiglitazone, 100 nM. *P < 0.05, **P <0.001, treated vs. BDE 47(0 µM) 

differentiated control. 
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2.3.4 The protein levels of adipogenesis increased after BDE-47 exposure in 

differentiated 3T3-L1 cells  

As protein is the function form of genes, we further determined the protein 

expression of the genes related adipogenesis in differentiated cells. To verify the 

expression of adipogenesis-related genes induced by BDE-47 during adipocytes 

differentiation, western blotting was performed for the analysis. As significant 

increase of the expression of those genes were induced by BDE-47 at day 8 of 

adipocyte differentiation, the proteins were harvested on day 8 and then 

determined by western blotting method.  

The representative immunoblotting images of tested proteins were shown in 

Figure 2.5A. PPARγ, which is the transcriptional factor and mainly distributed in 

adipose tissue, could lead to the activation of adipogenesis-related genes that 

consequently cause the lipid accumulation in adipocytes [176, 177]. It was clearly 

demonstrated that the protein levels of PPARγ, C/EBPα, PGC-1α, and FABP4 in 

undifferentiated cells were very low or even no expression (Figure 2.5). However, 

the protein levels of these targeted genes were significantly improved in 

differentiated cells, compared to undifferentiated cells. Consistent with the results 

of gene expression in ROSI treated adipocytes, the protein expression of PPARγ, 

C/EBPα, FABP4, and PGC-1α in differentiated cells were dramatically increased 

by ROSI (Figure 2.5). Interestingly, both two isomers PPARγ2 and PPARγ1 have 

been significantly increased by BDE-47 (10 µM) (P <0.05, Figure 2.5B) in 

differentiated adipocytes. PGC-1α (coactivator of PPARγ) was also slightly 

increased in the adipocytes treated by BDE-47 (P <0.05, Figure 2.5B) and ROSI 

(P <0.01, Figure 2.5B). In addition, the protein bands of C/EBPα and FABP4, 
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which were regulated by PPARγ, were much darker in the adipocytes treated with 

BDE-47 (10 µM) (Figure 2.5) than the differentiated control. Importantly, the 

quantification result in Figure 2.4B indicated that the level of FABP4 in the 

adipocytes treated by 10 µM BDE-47 was increased by approximately 2 fold than 

that in no BDE-47 treated adipocytes (P <0.05，Figure 2.5B). C/EBPα protein in 

BDE-47 treated adipocytes showed the similar trend as FABP4.  

Therefore, both BDE-47 (10 µM) and ROSI significantly increased the protein 

expression of adipogenesis-related genes around 2 fold more in differentiated 

adipocytes than those in the differentiated control group. The protein result was 

consistent with the gene expression in adipocytes with the treatment of BDE-47, 

which further confirmed that BDE-47 activated adipogenesis to promote the 

differentiation of adipocyte. 

(A) 
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 (B) 

 

 

 

 

Figure 2.5 Protein levels in adipocytes after treated by BDE-47. (A) The protein 

levels of PPARγ, PGC-1α, FABP4, C/EBPα, and β-actin in the cells treated with 

BDE-47 or ROSI. (B) Quantification of western blot bind of PPARγ1, PPARγ2, 

PGC-1α, FABP4, and C/EBPα. (Normalized by using β-actin protein levels as an 

internal standard). * P < 0.05; **P < 0.01; *** P < 0.001 vs. 0µM BDE-47. 
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2.3.5 The total ROS increased after BDE-47 exposure in adipocytes 

It has been reported that oxidative stress was associated with metabolic syndrome 

and could selectively affect the levels of adipokines in obese mice [75]. Previous 

study showed that BDE-47 induced neuron injury via causing oxidative 

stress[178]. To explore whether the effects of BDE-47 on adipocyte 

differentiation was related with oxidative stress, the production of ROS in mature 

adipocytes was firstly measured by the probe with fluorescence at day 8. The 

representative fluorescent images were shown in Figure 2.6A and the statistical 

data was analyzed by Image J (Figure 2.6B). All previously used dosages were 

employed in current assay to explore the dose relationship between oxidative 

stress and BDE-47 in adipocytes. No BDE-47 treated adipocytes were used as 

control.  

The fluorescence (indicating the ROS in cells) was increased gradually with the 

improvement of the concentrations of BDE-47 in adipocytes (Figure 2.6A). Since 

high fluorescent was observed in ROSI treated adipocytes, the ROS production 

was significantly increased in positive control (ROSI) treated adipocytes (Figure 

2.6A). The result of quantification showed that the production of ROS was 

gradually increased with a mild manner without significance when the 

concentration of BDE-47 ranging from 10-3 µM to 2.5 µM, compared to the 

differentiated control (P >0.05) (Figure 2.6B). The intracellular ROS was 

obviously increased in 5 µM BDE-47 treated adipocytes compared with the 

differentiated control (P <0.05, Figure 2.6B). Besides, higher production of ROS 

was detected in BDE-47 (10 µM) treated adipocytes, which was two-fold more 

than the differentiated control group (without BDE-47 treatment) (P <0.01, Figure 
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2.6B). Notably, the level of ROS detected in positive control ROSI treated 

adipocytes was the same with that in BDE-47 (10 µM) treated adipocytes without 

difference (P >0.05, Figure 2.6B). Interestingly, the level of ROS in 20 µM BDE-

47-treated adipocytes, which was almost the same as the differentiated control, 

was lower than that in adipocytes with the treatment of 10 µM BDE-47. This may 

be because of the cytotoxicity of 20 µM BDE-47 on 3T3-L1 cells. From the result, 

we found that the ROS production is highly consistent with the result of toxicity 

and adipocytes differentiation that 5 and 10µM BDE-47 significantly increased 

the ROS production in adipocytes. 

This result suggested that BDE-47 exposure caused intracellular oxidative stress 

in differentiated adipocytes, while the relationship between oxidative stress and 

adipocyte differentiation needed more data to determine. 
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Figure 2.6 The production of intracellular ROS in differentiated adipocytes after 

treated by BDE-47. (A) Representative fluorescence images of ROS generated in 

differentiated 3T3-L1 cells (10×). (B) ROS productions in differentiated 

adipocytes. * P <0.05; ** P <0.01; treated group vs. 0 µM BDE-47 group. 

 

2.3.6 Lipid peroxidation and DNA oxidative damage in BDE-47 treated 

adipocytes 

To further verify whether BDE-47-indueced oxidative stress to affect adipocyte 

differentiation, lipid peroxidation and DNA oxidative adduct were measured in 

differentiated adipocytes.  

Malondialdehyde (MDA) is the main product of lipid peroxide[179], which was 

determined in differentiated adipocytes by using ELISA kit. As shown in Figure 

2.7A, the MDA levels of in differentiated adipocytes were significantly increased 
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as compared with undifferentiated 3T3-L1 cells (undifferentiated control) (P < 

0.05). Significant increases of MDA content were detected in both 10 µM BDE-

47 and the positive group ROSI treated adipocytes as compared to the 

differentiated group (without BDE-47 treatment) (P < 0.05). Even though 

significant elevation of ROS has been detected in 5 µM BDE-47 treated 

adipocytes, there was no obvious difference of MDA production in between 5 µM 

BDE-47 treated the adipocytes and that without BDE-47 treatment differentiated 

control (P > 0.05). Another important oxidative product 8-hydroxy-2' -

deoxyguanosine (8-OHdG), the oxidized derivative of DNA, was also determined 

in adipocytes. Dramatically increased the concentration of 8-OHdG was detected 

in the adipocytes treated with BDE-47 (10 µM) compared to the differentiated 

control cells (P < 0.05, Figure 2.7B). Strikingly, there was no obvious increase of 

8-OHdG contents in adipocytes treated with positive control ROSI as compared 

with differentiated control. This result suggested that BDE-47 enhanced 

adipocytes differentiation accompanied with oxidative stress, which may pose a 

negative influence on the DNA in adipocytes leading to serious obesity[180].  
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(B) 

 
 

Figure 2.7 Effects of BDE-47 on lipid peroxidation and DNA oxidation. (A) 

MDA levels in differentiated adipocytes. (B) 8-OHdG levels in differentiated 

adipocytes. * P <0.05; ** P <0.01; treated group vs. 0 µM BDE-47 group. 
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2.3.7 The pathways affected by BDE-47 to generate oxidative stress in 

differentiated adipocytes 

Oxidative stress is the by-products of aerobic metabolism and  associated with 

various diseases and [181]. To explore the pathways of oxidative stress generation 

affected by BDE-47 in adipocytes, the antioxidants targeting at several pathways, 

including mitochondrial and NADPH oxidase (the main sources of superoxide 

radical [O2
-]) [182-184], were applied together with BDE-47 treatment during 

adipocyte differentiation. Therefore, the NADPH oxidase inhibitors (VAS and 

DPI), xanthine oxidase (XO) inhibitor (allopurinol [AP]), mitochondrial complex 

Ⅱ inhibitor, (2-Thenoyltrifluoroacetone [TTFA]), and nonspecific antioxidant (N-

acetyl-L-cysteine [NAC]), were employed along with BDE-47 exposure during 

3T3-L1 cells differentiation for pathways analysis.   

As shown in Figure 2.8, the results demonstrated that the addition of nonspecific 

antioxidant (NAC [2 µM]) significantly inhibited the DCF signal-induced by 

BDE-47 in adipocytes compared to the adipocytes treated only with 10 µM BDE-

47 (Figure 2.8A). The quantification results also showed that NAC could 

significantly suppress the ROS generated in adipocytes (P < 0.01, Figure 2.8B). 

No significant difference was detected between the differentiated control group 

(without BDE-47 treatment) and NAC treated group (with 10 µM BDE-47) (P > 

0.05, Figure 2.8B). This further confirmed that the ROS generated in adipocytes 

was induced by the stimulation of BDE-47.  

Additionally, NADPH oxidase inhibitors, VAS (10 µM) and DPI (5 µM), could 

significantly inhibit the fluorescence signal compared to 10 µM BDE-47 treated 

adipocytes, in which high fluorescence was observed (Figure 2.8A). Meanwhile, 
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unobvious DCF signals were also observed in the adipocytes treated with XO 

inhibitor AP (200 µM) or mitochondrial inhibitor TTFA (100 µM) (Figure 2.8A). 

The quantitative data demonstrated that both AP and TTFA significantly reduced 

the ROS production in the adipocyte caused by BDE-47 treatment (P <0.01, 

Figure 2.8B), and no obvious distinction was detected between the inhibitor 

treated adipocytes and differentiated control (without BDE-47 treatment) 

(P >0.05, Figure 2.8B). These results implied that the ROS induced by BDE-47 

in adipocytes not depended on a single aerobic metabolism pathway but involved 

in multiple pathways, including NADPH pathway, XO pathway, mitochondrial 

respiration chain.  

 (A) 
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(B) 

 

Figure 2.8 Effects of inhibitors on BDE-47-induced ROS. (A) Representative 

fluorescence images of ROS generated in 3T3-L1 cells (10×). (B) Quantification 

of ROS productions in 3T3-L1 adipocytes with inhibitors. ** P <0.01; treated 

group vs. 10 µM BDE-47 group. 

 

2.3.8 Mitochondrial ROS increased by BDE-47 in adipocytes 

As mitochondrion is the main site to generate ROS in the cells [185], we further 

measured the production of mitochondrial ROS in differentiated adipocytes 

induced by BDE-47. Similar as the total ROS determination assay, fluorescent 

probe was employed to stain the superoxide radical (O2
-) generating in 

mitochondria. The excitation and emission wavelength of this probe are 510 and 

580 nm, which demonstrates that the red fluorescence is the indicator for the 

mitochondrial ROS. Consistent with the DCF assay result, there was no obvious 

red fluorescent observed in low concentration of BDE-47 (10-3 to 2.5 µM) treated 
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adipocytes. When the treated concentration of BDE-47 was improved to 5 µM, 

the red fluorescence was significantly raised in adipocytes. Importantly, obvious 

increment of red fluorescence was detected in 10 µM BDE-47 treated adipocytes 

(Figure 2.9A). Besides, the red fluorescent in the adipocytes with positive control 

(ROSI) treatment was significantly enhanced compared to the differentiated 

control. In fact, quantitative data exhibited the similar trend as the fluorescence 

images. The production of mitochondrial ROS was significantly increased in 

BDE-47 of 5 µM treated adipocytes (P < 0.05，Figure 2.9B) compared to the 

differentiated control. Furthermore, the production of mitochondrial ROS was 

boosted in BDE-47 (10 µM) treated cells compared to the differentiated control 

(0 µM BDE-47) (P < 0.01，Figure 2.9B). No significant difference of the 

production of ROS was detected in adipocytes between BDE-47 (10 µM) 

treatment and those with positive control ROSI treatment (P > 0.05). The result 

indicated that mitochondrial biogenesis was affected by BDE-47 and related to 

the generation of oxidative stress in differentiated adipocytes.  
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(B) 

 

Figure 2.9 The production of mitochondrial ROS in adipocytes after BDE-47 

exposure. (A) Representative fluorescence images of mitochondrial ROS in 

differentiated cells (10×). (B) Quantification of mitochondrial ROS in 

differentiated adipocytes. * P <0.05; ** P <0.01; treated group vs. differentiated 

control (0 µM BDE-47 group). 

 

2.3.9 Mitochondrial dysfunction in differentiated adipocytes after BDE-47 

exposure 

To assess the mitochondrial bioenergetics in live adipocytes after BDE-47 

exposure, Seahorse XF8 extracellular flux analyzer was further employed for the 

analysis of extracellular flux in differentiated adipocytes. Mitochondrion is the 

main energy organelle in the living cells that depending on respiration capacity, 

which  can be reflected as OCR and ECAR [186, 187].  
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As the description in previously report, the mitochondrial function was defined as 

the rates of oxygen consumed in the adipocytes by sequentially adding a series of 

pharmacological inhibitors to suppress specific function on electron transport 

chain [188]. Figure 2.10 showed the time-lapse of analyzed mitochondrial 

respiration function in the differentiated adipocytes and the targets of applied 

inhibitors in mitochondria. The basal OCR, which indicates the basal respiration 

rates, was firstly measured in treated adipocytes before the addition of inhibitors 

(Figure 2.10A). After estimated the proportion of the basal OCR, oligomycin (4 

μM) was injected into cell culture wells to inhibit the ATP synthase (Complex V) 

(Figure 2.10A and B). Typically, in response to oligomycin, the OCR would 

decrease to an extent that the remaining OCR was originated from the proton leak 

across the mitochondrial membrane (Figure 2.10A). Therefore, the decreased 

capacity indicated for the mitochondrial respiration. To determine the maximal 

production of ATP in mitochondria, the maximal substrate oxidation was induced 

by adding proton ionosphere (uncouple) FCCP (1 μM), which caused the 

mitochondrial inner membrane permeable to protons instead of constraining by 

the proton gradient. At the end of the assay, rotenone plus antimycin A (0.5 μM) 

was injected to complete inhibit electron flux through Complex III and complex 

I (Figure 2.10B), which caused a dramatic suppression of the mitochondrial 

respiration.  
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(A) 

 

(B) 

 

 

Figure 2.10 Targets of inhibitor on mitochondria and the parameters analyzed in 

adipocytes. (A) Parameters measured for mitochondrial function analysis. (B) 

The targets of specific inhibitors in mitochondrial electron transport chain.  
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The time-lapse analysis of the various inhibitors of OCR is shown schematically 

in Figure 2.11A. This allows calculation of several parameters that characterize 

mitochondrial bioenergetics in intact cells (Figure 2.11B). Basal mitochondrial 

respiration was significantly increased in10 μM BDE-47 treated adipocytes 

compared to the differentiated control, suggesting higher ATP was turned over 

and demanded in adipocytes with 10 μM BDE-47 exposure (Figure 2.11A). No 

significant difference of the basal OCR was observed in adipocytes between 5 μM 

BDE-47 treatment and those without BDE-47 treatment. The addition of 

oligomycin inhibited the amount of consumed oxygen, which is linked to ATP 

production and aerobic glycolysis in adipocytes. When corrected for the 

consumed oxygen driving the proton leak in mitochondrial (suppressing ATP 

generation by oligomycin, Figure 2.10A and B), the resulting oxygen 

consumption for ATP synthesis-linked respiration was higher in BDE-47 exposed 

cells than that in differentiated control adipocytes (Figure 2.11C). The production 

of ATP in the adipocytes treated with 10 µM BDE-47 was double more than that 

in differentiated control group (P <0.01, Figure 2.11C). Besides, an obvious 

increasing of proton leak also was monitored in BDE-47 (10 µM) treated 

adipocytes than the differentiated control adipocytes (without BDE-47) (P < 0.05, 

Figure 2.11B).  

The maximal spare respiration capacity of mitochondria is the maximal output of 

ATP production, which is calculated as the distinction between basal respiration 

and maximal substrate oxidation. Figure 2.11A and B showed that the maximal 

oxygen consumption was elevated in adipocytes treated by BDE-47. 10 µM BDE-

47 significantly increased both the basal respiration and maximal oxygen 
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consumption in treated adipocytes compared to differentiated control (BDE-47 0 

µM) (P < 0.05, Figure 2.11B). Significant increase of respiration capacity was 

also detected in adipocytes exposed with 5 µM BDE-47 compared to the 

differentiated control (P < 0.05). Notably, spare respiration capacity in adipocytes 

treated with BDE-47 (10 µM) (23.9 ± 0.9 pmol O2/min/mg protein) was 2-fold 

more than those without BDE-47 treatment (8.1 ± 2.0 pmol O2/min/mg protein) 

(P < 0.01) (Figure 2.11B).  

Extracellular acidification rate ECAR reflected the glycolytic ability of 

mitochondria[189]. Higher ECAR was observed in BDE-47 (10 µM) treated 

group than that in differentiated control (BDE-47 0 µM) (Figure 2.11D), revealing 

that BDE-47 promoted the glycolytic ability in adipocytes to support the 

differentiation process. Furthermore, a gradient increase of ECAR was also 

detected after the injection of oligomycin in adipocytes, while the elevation was 

more obvious in BDE-47 treated adipocytes than that without BDE-47 treatment 

(Figure 2.11D). Conversely, after the injection of FCCP, the ECAR in adipocytes 

treated with 0 µM BDE-47 was almost kept the same as the previous state, 

whereas the ECAR was significantly increased in BDE-47 exposed adipocytes. 

Those results demonstrated that BDE-47 promoted the oxidative phosphorylation 

of mitochondria and increased the utilization of pyruvate in differentiated 

adipocytes. 
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(D) 

 
Figure 2.11 Mitochondrial function analysis in adipocytes after exposed with 

BDE -47. (A) Time-resolved OCR trace graph of mitochondrial respiration with 

the injection of specific inhibitors. (B) OCR of basal mitochondrial respiration 

and spare respiratory capacity in adipocytes. (C) OCR of proton leak and ATP 

production in adipocytes. (D) ECAR trace graph in adipocytes with or without 

BDE-47 treatment. * P <0.05; ** P <0.01; treated group vs. 0 µM BDE-47 group. 
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2.3.10 Inhibiting oxidative stress suppresses the effect of BDE-47 on 

adipocyte differentiation  

Obesity is tightly associated with oxidative stress, while there still is no clear 

illustration for the relationship between oxidative stress and the occurrence of 

obesity[190, 191]. To further explore the relationship between BDE-47-induced 

oxidative stress and adipocytes differentiation, we inhibited the generation of 

oxidative stress during differentiation by antioxidants and detected the 

accumulation changes of lipid droplets in differentiated adipocytes.  

From the result in Figure 2.12, it was found that there were no apparent red 

droplets discovered in NAC (non-specific antioxidant) treated adipocytes (Figure 

2.12A), suggesting that NAC significantly suppressed the adipocyte 

differentiation-enhanced by BDE-47. The differentiation ratio in cells treated with 

NAC was equal to that of the control cells (without BDE-47 treatment) (P < 0.05, 

Figure 2.12B). Similarly, a few red droplets have been found in TTFA 

(mitochondrial inhibitor) treated adipocytes. Quantification data demonstrated the 

similar trend that the numbers of lipid droplets were significantly decreased when 

NAC or TTFA was added into BDE-47 treated adipocytes compared to only 

BDE-47 treated adipocytes (P < 0.01, Figure 2.12B). No obvious differences were 

discovered in both NAC and TTFA treated groups compared to differentiated 

control (0 µM BDE-47) (P > 0.05, Figure 2.12B).  

In addition, the transcription levels of PPARγ were obviously reduced in the 

adipocytes treated by the antioxidant NAC and TTFA during adipocyte 

differentiation (Figure 2.12C). Moreover, the expression level of selected 

adipogenesis-related genes (C/EBPα, PGC-1, and FABP4), which have been 
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increased by BDE-47 in differentiated adipocytes (Figure 2.4), were significantly 

suppressed by the two inhibitors (Figure 2.12C).  

Those results confirmed that BDE-47-induced oxidative stress during 

differentiation was the key component for the activation of adipogenesis and lead 

to the accumulation of lipid droplets in adipocytes.  
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(C) 

 

 

Figure 2.12 Effects of oxidative stress induced by BDE-47 on adipocytes 

differentiation. (A) Representative images of lipid droplets staining by Oil Red O 

on day 8 (10 ×). (B) Quantitative determination of lipid droplets in differentiated 

adipocytes. (C) Gene analysis of selected targets in adipocytes. * P < 0.05, treated 

vs. 10 µM BDE 47. ** P < 0.01, treated vs. 10 µM BDE 47. 
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2.4 Discussion  

As the prevalence of obesity increased dramatically in the past few decades, the 

attribution of POPs for the development of obesity has been attracted great 

attention[192]. BDE-47 is one of the main emerging POPs that were largely 

accumulated in adipose tissue owing to their high lipophilic property. Much of 

previous studies were focused on the neurotoxicity of BDE-47 in human and its 

reproductive toxicity [171, 193], while the role of BDE-47 in the development of 

obesity and adipocyte differentiation are still not clearly illustrated. In this chapter, 

we studied the effects of BDE-47 on adipocyte differentiation with 3T3-L1 cell 

model. BDE-47 increased the differentiation ratio of 3T3-L1 cells along with 

more lipid accumulation, increasing the transcription and protein levels of genes 

required for adipogenesis. Importantly, during this process, BDE-47 exposure 

disturbed the mitochondrial respiration and caused oxidative stress, which was 

critical for the expression of adipogenesis and adipocyte differentiation. 

The gain of body weight was mainly accounted to the expansion of adipose tissue, 

which was induced by the initiation of adipocyte hypertrophy and 

hyperplasia[194]. The previous studies have reported that BDE-47 could 

accelerate the adipocyte differentiation[134, 143]. Herein, we firstly examined 

the impact of BDE-47 on the formation and accumulation of lipid droplets in 

adipocytes. Our study indicated that significant increase of lipid droplets induced 

by BDE-47 exposure, which was consistent with the previous reports[134, 143]. 

Adipocyte differentiation was controlled by the process of adipogenesis, which 

was complex and has been widely studied during the expansion of adipose tissue 

[195]. Both the gene and protein expression of PPARγ and C/EBPα, which were 
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the transcription factor and essential for the activation of adipogenesis and lipid 

accumulation in adipocytes[195, 196], were significantly improved in BDE-47 

treated adipocytes. Interestingly, the activation of transcription factors required 

the participation of PPARγ coactivator (PGC-1α) [197]. Notably, the expression 

of PGC-1α both in gene and protein level was also significantly elevated by BDE-

47 in treated adipocytes, which may lead to the activation of PPARγ and 

sequentially cause the initiation of adipogenesis process. Thus, more lipid 

droplets were formed and accumulated in the differentiated adipocytes. This was 

confirmed by the significant increase of FABP4 in adipocytes.  

Chronic increase of oxidative stress in cells caused a series of diseases, such as 

obesity and diabetes[198, 199]. However, the original relationship between 

oxidative stress and the occurrence of obesity is still on debated [200, 201]. In 

present study, we also found that the elevation of ROS was accompanied with the 

increment of lipid droplets in differentiated adipocytes treated by BDE-47. 

Interestingly, all the main aerobic metabolism pathways, such as mitochondrial 

respiration and NADPH oxidase, were disturbed by BDE-47 in the differentiated 

adipocytes. It was reported that mitochondrial ROS regulated the differentiation 

of adipocyte [85]. Significant increase of mitochondrial ROS has been detected 

in adipocytes after 10 μM BDE-47 exposure in our study. Consistent with the 

results in previously study that mitochondrial ROS was critical for adipocyte 

differentiation[85], inhibited the mitochondrial ROS by antioxidant TTFA 

significantly suppressed the accumulation of lipid droplets induced by BDE-47 

along with low expression of adipogenesis-related genes. However, without 

antioxidant, BDE-47 exposure significantly elevated the triglyceride content in 
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differentiated cells. These results further confirmed that mitochondrial ROS could 

provoke the adipocytes differentiation and promote adipogenesis expression[202]. 

Furthermore, increased oxygen consumption was detected in BDE-47 treated 

adipocytes. The elevations of mitochondrial respiration and biogenesis was 

known to increase the ATP production, which was essential for adipocyte 

differentiation[203, 204]. This may help to explain the expansion of the spare 

respiratory capacity in BDE-47 treated differentiated adipocytes. The secretion 

rate of lactic acid through the process of glycolysis, which was determined as 

ECAR, was increased as well in differentiated adipocytes treated by BDE-47 (10 

µM). As glycolysis is also an important process for energy support [85, 205], 

which indicates that BDE-47 may upregulate glycolysis to support the energy 

demands for adipocyte differentiation and lipogenesis. These results suggested 

that BDE-47 (10 µM) could provoke the mitochondrial metabolism to generate 

energy and enhance the adipocyte differentiation. Greater proton leak along with 

higher ATP production have also been detected in differentiated 3T3-L1 cells 

treated by 10 µM BDE 47, implying that BDE-47 improved the synthesis of 

energy metabolism for adipocyte differentiation in 3T3-L1 cells.  

Theoretically, oxidative stress resulted from the complex imbalance between 

ROS production and intracellular antioxidant regulation. ROS could either cause 

cell damages or act as signaling molecule, which depends on the production[206]. 

A certain increase of ROS could promote lipid accumulation not only in 3T3-L1 

adipocytes but also in obese patients [74, 75, 207]. The elevations of lipid 

peroxidation product and DNA oxidation were detected in adipocytes treated with 

BDE-47. This may indicate that BDE-47 might enhance the lipid accumulation in 
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adipocytes via increasing the production of mitochondrial ROS and promoting 

mitochondrial metabolism. The reduction of ROS generation by the application 

of antioxidants cut down the transcription levels of adipogenesis-related genes 

and the accumulation of lipid content in the adipocytes treated with BDE-47, 

which further confirmed that the oxidative stress induced by BDE-47 was critical 

for adipocyte differentiation. Taken together, the results in chapter 2 

demonstrated that BDE-47 exposure could promote the adipocyte differentiation 

along with upregulation of adipogenesis and accumulation of lipid droplets 

through the elevation of mitochondrial metabolism and oxidative stress in 

differentiated cells. 
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2.5 Chapter Summary  

In this chapter, we have tried to explore the potential effects of BDE-47 on 

adipocyte differentiation. The obtained results from current study demonstrated 

that continuing exposure to BDE-47 could turn on the adipogenesis process to 

raise the accumulation of lipid droplets and lead to the growth of mature 

adipocytes during adipocyte differentiation. The mitochondrial metabolism and 

biogenesis were improved by BDE-47 in treated adipocytes through the activation 

of PGC-1α and the improvement of the maximum spare respiratory capacity to 

support the energy requirement for differentiation. In addition, this study also 

clarifies the relationship between BDE-47-increased oxidative stress and 

adipocyte differentiation, which is regulated by the ROS-induced by BDE-47. 

This work may provide evidence for the obesogenic potential of BDE-47 in vitro 

and further our current understanding of the oxidative stress and mitochondrial 

metabolism affected by BDE-47 in adipocyte differentiation process.  
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Chapter 3 Metabolomics analysis of differentiated 3T3-L1 cells 

after BDE-47 exposure  

3.1 Introduction 

Metabolomics study based on mass spectrometry is a powerful analysis method 

for potential biomarker discovery in the development of obesity and related 

diseases[208, 209]. Recently, it is also widely applied for toxic assessment by  

monitoring the metabolites in response to external stimulations within cells, tissue, 

or other biological samples [210]. Actually, the changes of small molecules 

during metabolism is the direct reflection of the variations of phenotype [211]. 

Metabolomics based on HPLC-MS/MS enables the simultaneous identification 

and quantification of endogenous metabolites in various diseases [212, 213]. 

Previous studies revealed the metabolic profiles of mature adipocytes [214, 215], 

while the response of endogenous metabolic signatures stimulated by BDE-47 in 

differentiated adipocytes have not been elucidated. 

Our previous results showed that BDE-47 significantly accelerated the phenotype 

change during preadipocyte differentiation via causing oxidative stress involved 

in multiple regulation in differentiated adipocytes. It was reported that a diverse 

range of pathways was participated in the adipocyte differentiation process and 

the alterations in those pathways may cause the variations in the differentiation 

process[215]. In order to better investigate the metabolic profile signatures that 

was response to the stimulation of BDE-47 exposure during adipocyte 

differentiation, the global profiling based on HPLC-MS/MS was performed.  
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In the present study, the significantly changed metabolites during 3T3-L1 

preadipocyte differentiation were identified by HPLC-MS strategy. Interestingly, 

global profiling has showed that purine metabolism and glutathione metabolism, 

the main altered pathways involving oxidative stress regulation, were 

significantly upregulated by BDE-47 in treated adipocytes. These results were 

consistent with previous results, both of which indicated that BDE-47 exposure 

enhanced the differentiation ratio of adipocytes via increasing oxidative stress. 

 

3.2 Experiments 

3.2.1 Chemicals and materials 

Cells, BDE-47, and differentiation reagents were the same as chapter 1 section 

2.2.1. Formic acid (FA) was bought from Sigma-Aldrich (USA). Methanol and 

acetonitrile (HPLC grade) were bought from RIC Labscan Ltd. Co., (Thailand). 

All other chemicals and reagents used in this chapter were analytical grade. 

3.2.2 Cell culture and differentiation 

The 3T3-L1 cells were differentiated with BDE-47 exposure as the methods 

described in 2.2.2. As previous data indicated that only 10 µM BDE-47 showed 

an impact on mitochondrial metabolism, thus we only used 10 µM BDE-47 for 

exposure during adipocyte differentiation. And other groups were 

undifferentiated preadipocytes, differentiated control (0 µM BDE-47 treated 

group) and positive control ROSI (100 nM). 
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3.2.3 Sample preparation 

At day 8, the mature adipocytes were harvested as the workflow in Figure 3.1. In 

brief, after rinsed with PBS twice, the cells were quenched with 500 μL cold 

methanol/water (v/v=80/20) at -80℃ for 10 min. The cells were scraped down 

on ice and the suspension was transferred into 1.5 mL tubes. Vortexed for 1 

minute, the adipocytes were broken by repeating freeze and thaw in liquid 

nitrogen for at least 5 times. Followed with centrifugation at 12000 rpm for 10 

minutes (-6℃), the clear supernatants were pipetted into new micro-centrifuge 

tubes. The extraction procedure was repeated once, and the supernatants of the 

same sample were combined and evaporated to dryness. The samples were kept 

under −80 °C for further analysis. Before analysis, 100 µL methanol/water (v/v = 

1:1) was added to reconstitute the metabolites with an internal standard (4-chloro-

phenylalanine) concentration of 500 ng/mL. In this study, the quality control (QC) 

sample was produced by pipetting 20 µL supernatants from each re-dissolved 

sample and mixed them together. QC sample was randomly arranged through the 

running sequence to assess the stability and repeatability of the instrument in 

terms of mass to charge ratio (m/z), retention time and intensities. To minimize 

the carryover throughout the experiment, blank control sample (Pure acetonitrile) 

was injected for every 6 injections. And the remained samples were applied for 

LC-MS analysis. 
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Figure 3.1 Workflow of sample preparation. 

 

3.2.4 Instrument analysis (HPLC-MS) 

Q-Exactive ESI-Q-Orbitrap UPLC-MS (Thermos fisher scientific, USA) 

was used in this study. The compounds were separated with the ACQUITY UPLC 

HSS T3 column (100 × 2.1 mm i.d., 1.7 µm particle size) (Waters, Milford, MA) 

at 30 °C. Mobile phases were Milli-Q water (A) with 0.1% formic acid (FA) and 

acetonitrile (B) with 0.1% FA. The elution gradient was set in both ionization 

modes as in table 3.1. The injection volume was 10 µL. The flow rate was 0.3 

mL/min. 
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Table 3.1 LC elution gradient in positive and negative ionization modes. 

 Positive  Negative 

NO.  Time (min) B% Time (min) B% 

1 0.0 2 0.0 2 

2 1.0 2 1.0 2 

3 19.0 100 19.0 100 

4 21.0 100 21.0 100 

5 21.1 2 21.1 2 

6 25.0 2 25.0 2 

 

The initial 0.5 min of elution from HPLC was direct to waste to reduce 

contamination and data acquisition began from 0.5 min to 21 min.  

For MS analysis, the parameter was set as following: capillary temperature: 320 

oC, aux gas heater temperature: 350 oC, aux gas flow rate: 30, gas flow rate: 10, 

spray voltage: 3.5 kV (positive mode) /2.5 kV (negative mode), resolution: 35 

000. Automatic gain control (AGC) was 106 for MS full scan mode and 105 for 

PRM mode at both ionization modes. The MS/MS analysis was acquired at PRM 

mode with three collision energy 10 eV, 20 eV, 40 eV in centroid file with a scan 

mass range from m/z 50 to 1000. 

3.2.5 Data processing and multivariate data analysis  

The peak identification and extraction were performed with the program of 

XCMS [216] implementing in the R language in each chromatogram from the raw 

HPLC-MS data. The parameters for XCMS running were set as default (major 

default parameters: profmethod = bin; method = matchedFilter; step = 0.1) except 
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for the following: full width at half maximum (FWHM) = 8, bandwidth (bw) = 10, 

and snthresh = 5. A excel table was generated when the analysis was finished, 

which includes the information of m/z, retention time (R.T.) and ion intensity.  

The extracted data were then imported into MetaboAnalyst 3.0 for normalization 

and multivariate analysis. Partial least squares discriminant analysis (PLS-DA) 

was applied to maximize class discrimination and volcano plots were analyzed to 

find out the potential biomarkers. Notably, QC for metabolic profiles was firstly 

analyzed. T test was performed, and differences were considered statistically 

significance with the threshold of P < 0.05. 

The Human Metabolome Database was used for endogenous metabolites 

searching and identification. METLIN Database was employed for tandem mass 

spectra searching by inputting accurate m/z. 

 

3.3 Results   

3.3.1 Multivariate statistical analysis 

In order to explore the metabolic alterations induced by BDE-47 in differentiated 

adipocytes, untargeted metabolomics profiling was performed. Based on previous 

results, the metabolic profile of four groups (including undifferentiated 3T3-

L1cells, differentiated adipocytes without BDE-47 treatment, adipocytes treated 

with 10 μM BDE-47, and positive control ROSI treated cells) were analyzed.  

The potential metabolites, which were related to adipocyte differentiation, were 

identified by multivariate statistical analysis[215]. Metabolic changes were 

identified by interrogating the corresponding loading plots and contributed to the 

clustering or regression trends within the pattern recognition models, could be. 
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PLS-DA score plots in both positive (R2X = 0.532, R2Y = 0.987, Q2 = 0.866) and 

negative ionization mode (R2X = 0.767, R2Y = 0.981, Q2 = 0.92) showed that the 

differentiated adipocyte group was clearly separated from the undifferentiated 

3T3-L1 group (Figure 3.2A and B). The group of adipocytes with BDE-47 

treatment (10 µM) and the positive control group (ROSI) were clustered far away 

from the differentiated control (without BDE-47 treatment) in both negative and 

positive ionization modes (Figure 3.2A and B).  

The results indicated that significant alterations of the metabolism in 

differentiated adipocytes were induced by BDE-47, which showed similar trend 

with the data in chapter 2 that 10 µM BDE-47 significantly enhanced adipocytes 

differentiation and disturbed the mitochondrial metabolism. Additionally, small 

overlapping was observed in both detected ionization modes (positive and 

negative) between 10 µM BDE-47 treated adipocytes and ROSI treated group, 

suggesting that there might be some common alterations of BDE-47 exposure and 

ROSI treatment in adipocyte differentiation. Therefore, the further analysis and 

identification of the significantly altered metabolites were needed. 
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(A) 

 
(B) 

 
Figure 3.2 Clustering of metabolites analyzed by PLS-DA scores in differentiated 

3T3-L1 cells. (A) Negative ionization mode; (B) Positive ionization mode. Green 

dot: undifferentiated 3T3-L1 cells; light blue dot: differentiated 3T3-L1 cell 

without BDE 47 treatment (BDE 0 µM); dark blue dot: differentiate 3T3-L1 cells 

treated by 10 µM BDE-47 (BDE 10 µM); red dot: differentiated 3T3-L1 cells 

treated by positive control ROSI (100 nM). 
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To further identify the metabolic differences between BDE-47 treated adipocytes 

and the differentiated control (BDE 0 µM), volcano plots were analyzed for 

quickly visual identification of the significantly changed metabolites (Figure 3.3). 

The logarithm 2- transformed fold change (FC) of BDE-47 treated group (10 μM) 

to the differentiated control was set against with the negative logarithm P value 

of t-test between this two groups. Metabolites that exerted high FCs (FC > 2.0, or 

FC< 0.5) with low P-value (P < 0.05) were selected as candidates for further 

analysis, which were the key contributors for the group separation in PLS-DA 

plots. As shown in Figure 3.3, the majority of metabolites were significantly 

increased by BDE-47 exposure in both detected ionization modes (Figure 3.3, red 

triangle). BDE-47 exposure also induced significant reduction of some potential 

metabolites in differentiated 3T3-L1 cells in both detected modes (Figure 3.3, 

blue triangle).  

All those significantly changed metabolites have been further verified through 

HPLC-MS/MS. Obtained MS/MS data had been checked by online database 

(HMDB) for identifying intercellular endogenous metabolites. The confirmed 

metabolites were further analyzed for identifying the potential pathways and 

biomarkers. 
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 (A) 

 
(B) 

 
Figure 3.3 Volcano plots of detected metabolites in adipocytes between BDE-47 

treatment and differentiated control. (A) Negative mode. (B)Positive mode. X 

axis: the logarithm 2- transformed fold change [FC] between the two groups; Y 

axis: negative logarithm 10- transformed p-values of t-test. Red triangle: 

upregulated metabolites (FC >2; P <0.05); blue triangle: downregulated 

metabolites (FC < 0.5; P <0.05); black dot: no significantly changed metabolites 

(0.5< FC <2; P >0.05). 
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3.3.2 Identification of candidate metabolites that related to adipocyte 

differentiation 

The candidate metabolites that contributed to the clustering discrimination of 

these two groups were further identified with acquiring the MS/MS data by using 

parallel reaction monitor mode (PRM). The daughter ions of each metabolite were 

monitored after the energy collision-induced fragmentation.  

Twenty three candidate metabolites have been identified by searching accurate 

molecular weight and tandem MS data in HMDB and METLIN database. The 23 

identified candidates were adenosine triphosphate (ATP), adenosine diphosphate 

(ADP), adenosine monophosphate (AMP), guanosine diphosphate (GDP), 

adenylic acid (3’-AMP), inosine guanosine monophosphate (GMP), 5'-

monophosphate (IMP), uric acid, orotidine, cytidine monophosphate (CMP), 

cytidine triphosphate (CTP), uridine diphosphate glucose (UDP-glucose), uridine 

5'-diphosphate (UDP), cytidine 5'-(trihydrogen diphosphate) (CDP), isocitrate, 

phosphoenolpyruvic acid, glutathione (GSH), oxidized glutathione (GSSG), L-

arginine, acetylcarnitine and N-acetyl-L-methionine, of which the detail 

information were listed in Table 3.2. Among these identified biomarkers, 8 

metabolites, including ATP, ADP, AMP, GDP, 3’-AMP, IMP, GMP, uric acid, 

were involved in purine metabolism pathway. Orotidine, CMP, CTP, UDP-

glucose, UDP, CDP were involved in pyrimidine metabolism. Isocitrate and 

phosphoenolpyruvic acid were the important components that regulated citric 

acid (TCA) cycle. Glutathione (GSH) and oxidized glutathione (GSSG) were key 

components involved in glutathione metabolism. L-arginine and acetylcarnitine 

were identified as well, and they were involved in arginine biosynthesis and 
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insulin resistance. N-acetyl-L-methionine is an intermediate of transmethylation 

reaction, serving as the main methyl group donor for DNA and RNA
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Table 3.2 Detailed information of 23 identified biomarkers. 

No

. 

Name Measured 

mass(m/z) 

Mass 

error 

(ppm) 

Ion 

mode 

Fragment 

ions (m/z) 

Metabolic 

pathway 

1 Adenosine 

triphosphate 

(ATP) 

505.9882 2.2 Neg 408.0124, 

158.9243 

Purine 

metabolism 

2 Adenosine 

diphosphate 

(ADP)  

428.0359 0.2 Pos 348.0697, 

136.0615 

Purine 

metabolism 

3 Adenosine 

monophosph

ate 

 (AMP) 

348.0693 

 

0.0 Pos 136.0614 Purine 

metabolism 

4 Guanosine 

diphosphate 

(GDP) 

444.0309 1.8 Pos 152.0562 Purine 

metabolism 

5 Adenylic acid 

(3’-AMP) 

346.0558 0.5 Neg 134.0459,

78.9573 

Purine 

metabolism 

6 Inosine 5'-

monophosph

ate (IMP) 

347.0398 0.2 Neg 135.0501,

96.9682,7

8.9575 

Purine 

metabolism 
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7 Guanosine 

monophosp-

hate 

 (GMP) 

362.0508 0.5 Neg 211.0005,

78.9575 

Purine 

metabolism 

8 Uric acid 167.0199 0.6 Neg 124.0140,

78.9575 

Purine 

metabolism 

9 Orotidine 287.0522 2.8 Neg 111.0187 Pyrimidine 

metabolism 

10 Cytidine 

monophosph

ate (CMP) 

322.0445 0.3 Neg 211.0006,

96.9683,7

8.9573 

Pyrimidine 

metabolism 

11 Cytidine 

triphosphate 

(CTP) 

481.9774 0.0 Neg 384.0004,

158.9243 

Pyrimidine 

metabolism 

12 Uridine 

diphosphate 

glucose 

(UDP-

glucose) 

565.0479 0.2 Neg 384.9856,

323.0286 

Pyrimidine 

metabolism 

13 Uridine 5'-

diphosphate 

(UDP) 

402.9949 0.0 Neg 158.9242,

111.0188,

78.9573 

Pyrimidine 

metabolism 

14 Cytidine 5'-

(trihydrogen 

402.0110 

 

0.0 Neg 158.9243,

78.9575 

Pyrimidine 

metabolism 
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diphosphate) 

(CDP) 

15 2-

Hydroxycinn

amic acid 

163.0389 0.6 Neg 119.0486 Phenylalani

ne 

metabolism 

16 Glutathione 306.0767 0.7 Neg 179.0453,

143.0456, 

128.0351 

Glutathione 

metabolism 

17 Oxidized 

glutathione 

613.1580 1.9 Pos 484.1159, 

355.0731, 

231.0429 

Glutathione 

metabolism 

17 L-Arginine 175.1187 1.7 Pos 130.0972,

70.0658,6

0.0557 

Arginine 

biosynthesis 

18 Acetyl 

carnitine 

204.1227 1.5 Pos 145.0493,

85.0282 

Fatty acid 

metabolism 

20 N-Acetyl-L-

methionine 

190.0534 0.0 Neg 148.0424,

142.0496,

84.0439 

DNA and 

RNA 

methylation 

21 Isocitrate 191.0189 -1.1 Neg  173.0078,

111.0074 

Citric acid 

(TCA) cycle 

22 Phosphoenol

pyruvic acid 

166.9734 -2.0 Neg 78.9575 Citric acid 

(TCA) cycle 

Note: Neg: negative; Pos: Positive. 
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3.3.3 Pathway analysis 

Twenty three candidate metabolites induced by BDE-47 were identified in the 

above analysis. However, these 23 biomarkers could not be used as alone to 

elucidate the metabolism of adipocyte differentiation induced by BDE-47 

exposure. The network pathways of the identified metabolites could help to the 

metabolic impact of BDE-47 on adipocytes differentiation by BDE-47. Therefore, 

the significantly changed 23 metabolites were further analyzed with 

MetaboAnalyst 3.0 for the pathway impact [217, 218]. After analysis, we found 

that these identified metabolites were playing important roles in the 

differentiation process response to BDE-47 exposure. As shown in Figure 3.4, 

those metabolites were responsible for purine metabolism, glutathione 

metabolism, TCA cycle, pyrimidine metabolism, riboflavin metabolism, pentose 

and glucoronate interconversions, starch and sucrose metabolism and glycolysis 

or gluconeogenesis. The impact-value threshold for pathway topology analysis 

was set to 0.10[219] with a P value as 0.01. Three pathways, including purine 

metabolism, glutathione metabolism, and pyrimidine metabolism were filtered 

out, which were the main pathways that affected by BDE-47 exposure and treated 

as potential targeted metabolic pathways for further analysis.  
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Figure 3.4 The impacts of pathways analyzed by MetaboAnalyst. Impact 

threshold was set to 0.10 with P value 0.01.  

The pathways with each circle were: 1. Purine metabolism; 2. Pyrimidine 

metabolism; 3. Glutathione metabolism; 4. Citrate cycle (TCA cycle); 5. 

Riboflavin metabolism; 6. Pentose and glucuronate interconversions; 7. Starch 

and sucrose metabolism; 8. Glycolysis or Gluconeogenesis. 
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3.3.4 The impact of BDE-47 on purine metabolism and glutathione 

metabolism in differentiated adipocytes 

Notable, the highest pathway impact (P = 4.10 ×10-5) was showed by purine 

metabolism among the filtered pathways. Six metabolites in purine metabolism 

were emphasized, including ATP, AMP, GDP, GMP, IMP, and uric acid (Figure 

3.5). The levels of all these six metabolites were significantly improved in 

adipocytes treated with BDE-47 (10 μM), compared to the differentiated control 

group (without BDE-47 treatment) (Figure 3.5). Consistent with the results in 

chapter 2.3.9 that the production of ATP was significantly elevated by 10 μM 

BDE-47 in differentiated adipocytes through mitochondrial function analysis 

assay, increased abundance of ATP had also been detected by metabolic profiling 

in 10 μM BDE-47 treated adipocytes (P < 0.05, Figure 3.5). Furthermore, the 

increase of AMP and GMP boosted the dramatical increment of IMP in 

adipocytes with 10 μM BDE-47 exposure (P < 0.001, Figure 3.5). Meanwhile, the 

accumulation of IMP can forward the pathways and lead to the synthesis of uric 

acid along with the generation of hydrogen peroxide (H2O2), which is one main 

source of superoxide radicals. Higher production of uric acid was detected in 10 

μM BDE-47 treated adipocytes than that in the differentiated control group (P < 

0.01, Figure 3.5), which indicated that high levels of H2O2 were also generated in 

the adipocytes. As discussed in the previous chapter that the production of 

oxidative stress was increased by BDE-47 exposure in differentiated adipocytes, 

which was a key component for the acceleration of adipocyte differentiation.  

The key enzyme for the synthesis of uric acid in purine metabolism is xanthine 

oxidase (XO) [220]. Xanthine oxidase can stimulate xanthine turn into uric acid. 
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It has been reported that uric acid is also associated with obesity and metabolism 

syndrome[221, 222]. In chapter 2, we have found that the inhibition of xanthine 

oxidase with antioxidant, allopurinol, significantly decreased the production of 

oxidative stress in BDE-47 treated adipocytes. Combined the result of antioxidant 

assay in chapter 2 suggested that BDE-47 exposure upregulated the purine 

metabolism to generate ROS, which was served as messengers to enhance the 

adipocyte differentiation and metabolism. 

In addition, we have also examined the ratio of glutathione (GSH) with oxidized 

glutathione (GSSG), which was another pair of important oxidant and antioxidant 

in cells [223, 224]. GSH is recognized as one of the most important scavengers 

of ROS. Decreased ratio of GSH with GSSG demonstrated that higher level of 

GSH has been turned into GSSG, indicating more production of oxidative stress 

was existed in cells. Therefore, the ratio of GSH with GSSG could be an indicator 

of the redox status in adipocytes. As shown in Figure 3.6, the ratios of GSH with 

GSSG were analyzed. Lower GSH/GSSG ratio has been observed in BDE-47 (10 

μM) treated adipocytes than the differentiated control group (without BDE-47 

treatment) (P <0.05). This phenomenon was also observed in positive control 

(ROSI) treated adipocytes compared to the differentiated control. Taken together, 

the results indicated that high level of oxidative stress existed in BDE-47 (10 μM) 

treated adipocytes and ROSI treated group, respectively.  
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Figure 3.5 Regulatory effects of BDE-47 on metabolites in purine metabolism. 

Undiff: undifferentiated 3T3-L1 cells; B0: 0 μM BDE-47 treated differentiated 

3T3-L1 cells; B10: 10 μM BDE-47 treated differentiated 3T3-L1 cells; ROSI: 100 

nM rosiglitazone treated 3T3-L1 cells. * P <0.05; ** P <0.01; *** P <0.001, 

treated group vs. B0 group. 
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Figure 3.6 The ratio of GSH with GSSG detected in differentiated 3T3-L1 cells. 

Undiff: undifferentiated 3T3-L1 cells; B0: 0 μM BDE-47; B10: 10 μM BDE-47; 

ROSI: 100nM rosiglitazone. * P <0.05; ** P <0.01. 

 

3.3.5 Suppression of purine metabolism decreases the accumulation of 

lipids in BDE-47-treated adipocytes 

It is well known that increased activity of xanthine oxidase (XO) and 

hyperuricemia are always accompanied with the occurrence of obesity[225]. In 

purine metabolism, uric acid was generated from the metabolic breakdown of 

IMP under the catalysis of XO along with the production of hydroperoxide [226]. 

To further explore the role of XO in the differentiation of adipocyte, the 

allopurinol (an inhibitor of XO) was applied with BDE-47 exposure during 

adipocyte differentiation and examined the changes of transcription levels of 

adipogenesis and lipid accumulation.  

From the results, we found that the treatment of allopurinol significantly 

suppressed the total production of ROS that induced by BDE-47 exposure in 
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differentiated adipocytes (Figure 3.7A, B, C). Besides, the amount of the lipid 

droplets in differentiated cells were dramatically decreased along with the 

reduction of ROS generation by the application of antioxidant. Additionally, the 

application of allopurinol also led to decreased expression levels of critical 

adipogenesis-related genes, PPARγ, CEBPα, PGC-1α, and FABP4 (Figure 3.7D). 

The results indicated that the inhibition of xanthine oxidase activity in adipocytes 

would reduce the generation of ROS and suppress the expression of adipogenesis 

leading to the reduction of lipid droplet accumulation. Therefore, the results 

demonstrated that the upregulation of purine metabolism by BDE-47 exposure 

would be one of the main causes for ROS generation and lipid accumulation in 

the differentiation process of adipocyte. 
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(A) 

 

(B) 
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(C)  

 
(D) 

  

 
Figure 3.7 Suppression of xanthine oxidase (XO) decreases lipid accumulation in 

adipocytes. (A) Images of ROS and lipid droplets in adipocytes. (B) The 

production of ROS. (C) Quantitative analysis of lipid droplets. (D) The mRNA 

levels of adipogenesis-related genes in cells. Undiff-control: undifferentiated 

3T3-L1 cells; ROSI: rosiglitazone, 100 nM, positive control. The concentration 

of BDE-47 with allopurinol is 10 μM. *P<0.05, ** P < 0.01.  
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3.4 Discussion  

Obesity is one kind metabolic syndrome and closely associated with lipid 

metabolism disorders, inflammation, insulin resistance, and increased risks of 

CVD[227]. Metabolomics study has been treated as a functional tool to reveal the 

complex relationship between BDE-47 and obesity, and clarify the metabolic 

effects of BDE-47 on the development of obesity[213, 228]. Our previous results 

in chapter 2 have demonstrated that BDE-47 enhanced adipocytes differentiation 

via inducing oxidative stress and mitochondrial dysfunction. A better 

understanding of the regulated factors and pathways required for adipocytes 

differentiation could elucidate the mechanism of adipocyte differentiation process 

enhanced by BDE-47. With this aim, we employed HPLC-MS technique to 

analyze the metabolic differences among four groups, including undifferentiated 

3T3-L1 cells, differentiated control adipocytes (differentiated without BDE-47 

treatment), positive control group (ROSI treated adipocytes), and BDE-47 (10 μM) 

treated 3T3-L1 adipocytes. BDE-47 exposure perturbed eight pathways, 

involving purine, glutathione, pyrimidine, citrate cycle, pentose and glucuronate 

interconversions, riboflavin, starch and sucrose, and glycolysis. Among these 

pathways, purine metabolism has been identified as the main pathway influenced 

by BDE-47 in the regulation of adipocyte differentiation, which was also a critical 

pathway that affected the development of obesity and related metabolic syndrome 

[222, 229].  

The obtained MS/MS results on both detected ionization modes revealed that the 

metabolites in purine metabolism pathway were the main contributors for the 

cluster difference changes. Xanthine oxidase (XO) is one of key enzymes in 
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purine metabolism for the synthesis of uric acid accompanying with ROS 

generation[230]. Uric acid is not only closely related with the increase of 

oxidative stress, but also involves the development of obesity, hypertension, and 

CVD [231-233]. Higher levels of serum uric acid have been detected in obese 

population than non-obese people[234]. Published reports have demonstrated that 

the uric acid produced in adipose tissue was originated from derivatives of IMP 

with the catalysis of xanthine oxidase [230]. More importantly, the upregulation 

of uric acid with the catalysis of XO can lead to the generation of hydrogen 

peroxide and oxygen radicals, which were the molecular form of oxidative stress. 

Furthermore, the serum level of uric acid might be associated with the activity of 

PPARγ and PGC-1α[235], suggested that high concentration of cellular uric acid 

would stimulate the activation of PPARγ and PGC-1α. In our study, BDE-47 

induced the upregulation of purine metabolism with increasing levels of uric acid 

and hydrogen peroxide. Interestingly, when the activity of XO was inhibited by 

allopurinol (XO inhibitor), the total ROS production in BDE-47-treated 

adipocytes was obviously decreased with the reduction of the accumulated lipid 

droplets in differentiated adipocytes. Besides, the inhibition of uric acid with 

antioxidant allopurinol decreased the transcription levels of the important genes 

related with adipogenesis, such as PPARγ, C/EBPα, PGC-1α, and FABP4. 

GSH is one of the main antioxidant in living cells and oxidized as glutathione 

disulfide (GSSG) to protect cells from the damage of oxidative stress [236]. The 

decreased ratio of GSH with GSSG has been used as redox potential and an 

indicator of oxidative stress in cells[79]. Increased mitochondrial ROS would 

react with GSH and drive the redox balance between GSH and GSSG moving to 
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GSSG, resulting of large amount of GSSG production in cellular. The analysis of 

the ratio of GSH with GSSG revealed that higher GSSG with lower GSH had 

been detected in BDE-47 treated differentiated adipocytes compared to the 

differentiated control (without BDE-47 treatment), indicating that high level of 

ROS existed in 3T3-L1 cells during differentiation[237].  

Taken together, the metabolic results have further verified the enhancing effects 

of BDE-47 in the differentiation process of adipocytes via increasing oxidative 

stress. Upregulation of purine and glutathione metabolism was induced by BDE-

47 exposure in differentiated adipocytes to generate oxidative stress, which has 

served as a signal messenger to accelerate the differentiation process leading to 

high lipid droplets accumulated in the adipocytes. The results in this chapter were 

consistent with the data in chapter 2 that BDE-47 induced high levels of oxidative 

stress in 3T3-L1 cells during differentiation  
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3.5 summary  

Global metabolomic profiling of differentiated adipocytes revealed that the 

critical role of BDE-47-induced oxidative stress in the adipocyte differentiation. 

The elevation of ATP, AMP, GDP, GMP, and IMP, which were involved in 

purine metabolism pathway, by BDE-47 in adipocytes resulted in increasing level 

of hydrogen peroxide, which subsequently induced high levels of oxidized GSH. 

This metabolic result further confirmed that BDE-47 induced oxidative stress to 

enhance adipocytes differentiation via improving uric acid production and 

hydrogen peroxide level in purine metabolism. The present work showed the 

metabolic profiles of the differentiated adipocytes treated with BDE-47. 

Meanwhile, this study also elucidated the metabolic mechanism of BDE-47 on 

adipocyte differentiation through upregulating the synthesis of uric acid to 

promote oxidative stress in adipocytes and improve adipogenesis and lipid 

accumulation. In addition, this work furthers the understanding of BDE-47-

induced toxicity on adipocyte differentiation and offers new evidence for the 

obesogenic effects of BDE-47 in vitro. 
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Chapter 4 The effects of BDE-47 on the development of obesity 

and obesity-associated fatty liver diseases in C57BL/6J mice  

4.1 Introduction  

Growing epidemiological evidences indicate the positive correlation between 

environmental toxins exposure and the occurrence of liver diseases [55, 238, 239]. 

It is reported that environmental factors can exacerbate the development of 

NAFLD under obese condition [123, 240]. NAFLD is known as the most common 

cause for the chronic dysfunction in the liver [25]. The abnormalities of NAFLD 

in hepatic histology ranges from benign steatosis to NASH with fibrotic 

complications leading to liver cirrhosis and liver cancer [33]. The occurrence of 

NAFLD is correlated tightly with that of obesity [26, 27]. Recently, multiple hit 

hypothese, which may act as parallel (including obesity, inflammatory, and 

oxidative stress), was proposed to accelerate the progression from simple steatosis 

to NASH [42]. However, the key mechanism underlying the process from simple 

steatosis to NASH in obese patients is still not fully understood [35]. 

In the past 50 years, 2 to 3 thousands chemicals have been approved for 

production worldwide[241]. Among those chemicals, high levels of brominated 

flame retardants (PBDEs), which was widely used in industrial products, were 

detected in the liver and adipose tissue of exposed organisms due to their 

lipophilic character with a long half-life [242-244]. BDE-47 is the most toxic 

compound in PBDEs’ family with a concentration in indoor dust ranging from 2.7 

to 31,100 ng/g and the daily dietary intake concentration from 1.2 to 2.5 ng/kg 

body weight [245, 246]. Gestational exposure to BDE-47 causes the increases of 
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the body weight and body length in the offspring rats along with dysfunction of 

lipid metabolism in the liver [139, 247]. In addition, serum concentration of BDE-

47 was positively associated with alanine aminotransferase (ALT) levels (β=0.08, 

95%CI: -0.06, 0.22), suggesting that BDE-47 may increase liver injury[55]. The 

results in chapter 2 and chapter 3 have indicated that BDE-47 can enhance 

preadipocytes differentiation with the accumulation of lipids through increasing 

oxidative stress, one of the key factors to induce liver fibrosis. Therefore, BDE-

47 exposure may simultaneously impact the development of obesity and the 

occurrence of liver diseases.  

Currently, lipidomic study has been widely used to identify and detect the 

responses of lipid metabolites to various stimulation and diseases in biological 

samples [248, 249]. Impaired lipid metabolism was considered as the main 

contributor for obesity-related NAFLD. Based on published reports, we 

hypothesize that BDE-47 exposure may accelerate the development of obesity, 

leading to the alternation of lipid profile in the liver and causing the aggravation 

of NAFLD in mice. In present study, we attempted to investigate the pathological 

effects of chronic BDE-47 exposure on the progression of NAFLD using the diet-

induced obese C57BL/6J mouse model and explore the alternation of lipids 

profile and pathways by lipidomic study. We found that exposure to BDE-47 with 

a high-fat diet (HFD) intervention for 15 weeks facilitated the development of 

obesity, induced hepatic lipid dysfunction, worsened the hepatic steatosis, and 

aggravated the progression of liver fibrosis in HFD fed mice.  
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4.2 Experimental methods 

4.2.1 Animal experiments 

All animal procedures were performed in accordance with ethical regulations and 

pre-approved by the University’s Research Ethics Committee at Hong Kong 

Baptist University. Male C57BL/6J mice (6-week-old) were obtained from The 

Chinese University of Hong Kong (CUHK) and housed in humidity (45% ± 10) 

room with a 12-hour light-dark cycle and temperature-controlling (23 ℃). Food 

and water were provided unrestricted. The mice were exposed with BDE-47 as 

the flow chart in Figure 4.1. The mice were firstly separated as two groups: one 

group was maintained with low-fat diet (LFD; 5% energy from fat) (5053, 

Research diets, Brogaarden), whereas the other group was maintained with high-

fat diet (HFD, 60% energy from fat) (D12492, Research diets, Brogaarden) for 

continuing 15 weeks. From the first day of the diet intervention, the mice in each 

diet group were subcutaneously injected with low dose BDE-47 (L), or high dose 

BDE-47 (H), or vehicle control once a week. BDE-47 was diluted in 

carboxymethylcellulose (CMC): 0.9% (w/v) sodium chloride, 0.5% (w/v) 

carboxymethylcellulose sodium, 0.9% (v/v) benzyl alcohol, 0.4% (v/v) 

polysorbate 80 [250]. Dimethyl sulfoxide (DMSO) was treated as vehicle control 

in each diet group. The low dose was also used in other study to expose mice and 

the high dose was much lower than that used in mice in previously study [146, 

251]. At the 14th week, the oral glucose tolerance test was performed after fasting 

overnight. Every mouse was orally gavage with 2 g/kg glucose, and the glucose 

level was measured at time points 0, 30, 60 and 120 min by glucometer (Johnson 

& Johnson, New Brunswick, NJ, USA). At the 15th week, the mice were 
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sacrificed, blood, adipose tissue and liver were collected for analysis.  

 

 

Figure 4.1 Flowchart of animal experiment design. All the mice were divided into 

two diet groups with exposure of either low dose BDE-47 (7 mg/kg/week) or high 

dose BDE-47 (70 mg/kg/week) or vehicle (DMSO) (n=6). LFD: low fat diet; HFD: 

high fat diet. 

 

4.2.2 Cell culture  

L02 cells were cultured with DMEM medium (10% FBS and 1× antibiotic -

antimycotic) in a humidified 37 ℃ incubator supplying with 5% CO2. For the 

inhibitor treatment, the concentration of allopurinol (AP, 100 μM), TTFA (100 

μM), NAC (1 mM) were optimized. 

4.2.3 The measurements of parameters in serum 

Blood glucose levels were measured by glucometer weekly.  

The serum concentrations of aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) were determined by the assay kits from Abbexa (United 
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Kingdom). Briefly, 10 mg liver tissue was rinsed with PBS and homogenized with 

1mL assay buffer on ice. The homogenized solution was centrifuged at 8000 ×g 

for 10min at 4 ℃. 10 μL supernatant was injected in the 96-well plate with 50 μL 

substrate, mixed thoroughly and incubated at 37℃ for 30 minutes. For the control 

wells, just added 10 μL sample. The standard was serially diluted, and the final 

concentrations were 20, 10, 5, 2.5, 1.25, and 0.625 μmol/mL. The volume of 

control well and standard well was made up with substrate solution. After 

incubation, all the wells were added 50 μL Dye Reagent 1, followed with 190 μL 

Dye Reagent 2. Mixed the plate thoroughly and kept at RT for 10 minutes. The 

absorbance was detected at 520 nm with a plate reader.    

4.2.4 Triglyceride quantification 

The contents of triglyceride in mouse serum and liver were determined by a 

Colorimetric Assay Kit (Cayman) as described in chapter 2. 

4.2.5 Histopathology analysis 

Fresh Liver tissue were removed from mouse body and then immediately fixed 

with 10% natural formalin for 24 hours. Then the tissue samples were washed 

with tap water for overnight to reduce the residue of formalin in tissue. The 

dehydration of the tissue was finished with automatic tissue processor (Thermo 

Scientific). The program was set as following: 180 minutes of 70% ethanol, 90 

minutes of 80% ethanol, 60 minutes of 85% ethanol, 60 minutes of 90% ethanol, 

60 minutes of 95% ethanol, 40 minutes of absolute ethanol for twice, 60 minutes 

of xylene for twice and then 1 hour of paraffin for twice. All the tissue cassettes 

were then embedded in paraffin and kept at 4℃.  

For hematoxylin and eosin (H&E) staining, the paraffin-embedding tissues were 
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cut into 5-μm-thick sections, which were mounted on glass slides within water 

bath (40℃). The slides were deparaffinized at 60 ℃ for 1 hour, with xylene for 

10 minutes twice. Rehydration was achieved with different percentage of ethanol, 

absolute, 95%, 90%, 80%, 70%, for 5 minutes, respectively and deionized water 

for another 5 minutes. Next, the sections were put into the hematoxylin dye for 

15 minutes and washed with tap water until the slides turned into blue color. 70% 

and 80% ethanol were prepared for dehydration of the slides for 5 minutes. Then 

they were stained with 0.5% eosin for another 2 minutes. After this step, the 

sections were further dehydrated with 95% and absolute ethanol for 5 minutes 

respectively. Before blocking with 70% mounting medium, the sections were 

washed with xylene for 5 minutes twice. All the stained slides were analyzed with 

a microscope and captured images.  

For Masson's trichrome staining, the sections were processed as the same as H&E 

staining until rehydration. After rehydration, the slides were firstly stained with 

hematoxylin for 5 minutes and washed to blue with tap water. Next, they were 

stained with acid Ponceau S solution for 10 minutes. After rinsed with 0.2% 

glacial acetic acid solution for 1 minute, the slides were stained with 1% light 

green SF yellowish dye for 5 minutes, which is a dye for fiber staining. Next, the 

slides were washed with glacial acetic acid solution, 95% ethanol, absolute 

ethanol, and blocked with mounting medium. The fiber formation in liver sections 

were captured with a microscope. 

For Oil Red O staining of liver tissue, the frozen tissues were cut into sections at 

8-μm-thick and the slides were quickly fixed with 10% natural formalin for 5 

minutes. Rinsed with water and 60% isopropanol for 1 minute respectively, the 
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slides were put into 0.5% Oil Red O solution for 10 minutes. The background 

color was cleaned with 60% isopropanol. The sections were stained with 

hematoxylin for comparison. After stained, the sections were block with glycerin 

gelatin. The lipid droplets in liver were stained and observed under microscope 

with red color.  

For immunohistochemistry staining, 5-μm-thick paraffin sections were 

deparaffinized and rehydration as the procedure in H&E staining. For antigen 

retrieval, the slides were put in Tris-sodium citrate buffer (0.1 M) with microwave 

for 20 minutes (boiling). Cooled down at room temperature, the endogenous 

peroxidases in tissue were inhibited with 3% hydrogen peroxide (in methanol) for 

10 min following with water and PBS washing for three times, respectively. The 

tissue regions on slides were circled with a water-repelling pen. Primary antibody 

of α smooth muscle actin (αSMA, sigma, 1:100) was diluted with 1% BSA/ PBS 

and the slides were incubated in a humidified chamber for overnight as previous 

description[252]. At the second day, the sections were rinsed with water and PBS 

for three times respectively, and then incubated with second antibody (anti-

mouse-HRP, 1:1000) at RT for 1 hour. After rinsed, DAB (3,3-N-

Diaminobenzidine Tertrahydrochloride) was added on tissue regions for color 

reaction for 10 min (appeared brown color), and the tissues were observed under 

a microscope and captured with images. 

4.2.6 The total RNA extraction and mRNA qualification  

The total RNA was extracted and purified from the liver of six experiments groups 

or from L02 cells with RNA extraction kit as described in chapter 2. Reverse 

transcription and QPCR were performed as the description in previous 
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publication[253]. Primers sequence (see Table 4.1) were ordered from BGI (Hong 

Kong). 
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Table 4.1 Sequence of primers for lipid related genes. 

Genes Forward  Reverse 

PPARγ  CTGTTATGGGTGAAAC

TCTG 

ATGGCATCTCTGTGTCA

A 

FABP4 GGTGGTGGAATGTGTT

ATG 

ATTGCTTGCTTATTAGTG

GAA 

β-Actin TGTTACCAACTGGGAC

GACA 

CTGGGTCATCTTTTCACG

GT 

Fas CCTGGATAGCATTCCG

AACCT 

GCACATCTCGAAGGCTA

CACA 

Acadm CAACACTCGAAAGCG

GCTCA 

ACTTGCGGGCAGTTGCT

TG 

Acads TGGCGACGGTTACAC

ACTG 

GTAGGCCAGGTAATCCA

AGCC 

Cpt1α CTCCGCCTGAGCCATG

AAG 

CACCAGTGATGATGCCA

TTCT 

Acadl TCTTTTCCTCGGAGCA

TGACA 

GACCTCTCTACTCACTTC

TCCAG 

Lpl GGGAGTTTGGCTCCA

GAGTTT 

TGTGTCTTCAGGGGTCCT

TAG 

Cd36 TCCAGCCAATGCCTTT

GC 

TGGAGATTACTTTTCAGT

GCAGAA 

Mttp AGCCAGTGGGCATAG

AAAATC 

GGTCACTTTACAATCCCC

AGAG 
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Glut4 TTCCTTCTATTTGCCG

TCCTC 

TGGCCCTAAGTATTCAA

GTTCTG 

PPARα AGAGCCCCATCTGTCC

TCTC 

ACTGGTAGTCTGCAAAA

CCAAA 

Col1 TGTAAACTCCCTCCAC

CCCA 

TCGTCTGTTTCCAGGGTT

GG 

Fibronectin ACACGGTTTCCCATTA

CGCCAT 

AATGACCACTGCCAAAG

CCCAA 

αSMA ACTGGGACGACATGG

AAAAG 

CATCTCCAGAGTCCAGC

ACA 

TNFα CATGAGCACAGAAAG

CATGATCCG 

AAGCAGGAATGAGAAG

AGGCTGAG 

IL-1β ACGGACCCCAAAAGA

TGAAG 

TTCTCCACAGCCACAAT

GAG 

Col3(h) GGAGCTGGCTACTTCT

CGC 

GGGAACATCCTCCTTCA

ACAG 

αSMA(h) AAAAGACAGCTACGT

GGGTGA 

GCCATGTTCTATCGGGT

ACTTC 

 



111 

 

4.2.7 Lipidomic analysis of liver tissue based on HPLC-MS/MS  

Fifteen micrograms liver tissue from each mouse were cut on dry ice and 

homogenized in 300 μL ice-cold methanol. Then 1 mL methyl tert-butyl ether 

(MTBE) was added into homogenate and shook at room temperature for 1 hour, 

following with adding 0.3 mL Milli-Q water and vortex for 30 sec. After 10 min 

of incubation on ice, the solution was centrifuged for 10 min at 14000 g (4 ℃). 

The upper phase (organic) was collected and dried under air vacuum. The samples 

were reconstituted with 100 μL of acetonitrile/ isopropanol /water (65:30:5) 

containing internal standard [phosphatidylcholines (PC) 19:0/19:0] right before 

LC-MS/MS analysis. 

Extracted lipids were then analyzed in alternating full, MS2 scan mode in Orbitrap 

Fusion Tribird MS system (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) 

equipped with a heated electrospray ionization (HESI) source. The samples were 

separated by a ACQUITY UPLC BEH C18 column (100× 2.1 mm i.d., 1.7 μm 

particle size) (Waters Corporation, Milford Massachusetts, U.S.A.) with a flow 

rate of 0.26 mL/min. Mobile phases (A) were acetonitrile/water (v/v = 60/40) with 

10 mM NH4HCO3 and 0.1% formic acid, (B) isopropanol /acetonitrile (v/v = 

90/10) with 10 mM NH4HCO3 and 0.1% formic acid. The elution gradient 

program was set as the table 4.2.  
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Table 4.2 Elution gradient program for lipid analysis. 

 Positive  Negative  

NO.  Time (min) B% Time (min) B% 

1 0.0 30 0.0 30 

2 2.0 45 2.0 45 

3 7.0 70 7.0 70 

4 9.0 85 9.0 85 

5 17.0 100 17.0 100 

6 19.0 100 19.0 100 

7 20.0 30 20.0 30 

8 23.0 30 23.0 30 

 

4.2.8 Oxidative stress measurement 

The production of intracellular ROS was determined as the method description in 

chapter 2.  

Malondialdehyde (MDA) content in liver tissue was detected by the TBARS kit 

(Cayman Chemical) followed with the manufacturer’s protocol.  

4.2.9 Statistical analysis 

For lipidomic data, peak acquisition and alignment of lipids were analyzed with 

the software of LipidSearch (Thermo Fisher Scientific) and the parameters for the 

software were set as: 5.0 ppm for precursor mass tolerance and product mass 

tolerance in positive ion mode, 10.0 ppm for negative ion mode, and 2.0 for m-

score threshold. The peak areas of internal standard were used for normalization 

and relative quantitation of identified lipids. 
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The other detected data are expressed as the mean ±SEM and statistics were 

processed with GraphPad Prism software in chapter 2. P < 0.05 was considered 

to be significant.  

4.3 Results 

4.3.1 The effects of BDE-47 on HFD-induced obesity 

With diet intervention, male C57BL/6J mice were injected with 7 mg/kg BDE-47 

(Low dose, L) or 70 mg/kg BDE-47 (High dose, H) or the vehicle (DMSO) 

weekly for continuing 15 weeks. During the exposure period, the food 

consumption, blood glucose levels were recorded periodically. For the amount of 

food consumption, the average weekly consumed foods in LFD groups were 

almost the same either with or without BDE-47 (Figure 4.2 A), which were also 

found in HFD groups. Notably, the average consumed foods in LFD groups were 

a bit more than that consumed in HFD groups (Figure 4.2), indicating the amount 

of food consumption was not the reason for the body weight gain in mice. 

Furthermore, no obvious change in the daily glucose levels was detected between 

BDE-47 exposed mice and control groups in the same diet (either LFD or HFD) 

(Figure 4.2B). However, the area under curve of OGTT in BDE-47 exposed group 

was much higher than that without BDE-47 exposure (either in LFD or HFD 

groups) (Figure 4.2C, D). OGTT results revealed that the fasted glucose tolerance 

was apparently altered in the mice when exposure to BDE-47 (H) either with LFD 

or HFD, indicating that BDE-47 may affect the glucose metabolism and induce 

glucose tolerance. These results have indicated that the body weight gains in HFD 

fed mice were not contributed by the uptake amount of food but other factor, the 

uptake of fat and exposure to BDE-47. 
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Figure 4.2 Food consumption and glucose level during BDE-47 exposure period. 

(A) Food consumption. (B) The mean glucose level in each experimental group. 

(C) The results of OGTT with time. (D) Area under curve of OGTT result.  

 

After 15-weeks diet intervention, for the comparison of body weight in 

control groups without BDE-47 exposure, HFD led to a significant increase in 

body weight gain, while the body weight of the mice with LFD was no obvious 

difference (Figure 4.3A). This phenomenon can also be observed in the body size 

of mice in HFD group and LFD group (Figure 4.3B). Under LFD condition, BDE-

47 exposure showed no obvious effect on mouse body weight gain. However, with 

the interaction of HFD, mice exposed with high-dosage of BDE-47 exerted 

obvious higher body weight and bigger body size than those with low dose of 

BDE-47 and the control. The difference of mouse body weight became more 

significant after time point of the 10-th week (P < 0.05) and the difference of 
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mouse body weight increased progressively along with the time in HFD group (P 

< 0.001) between with and without BDE-47 exposure (Figure 4.3A). These results 

indicate that the presence of BDE-47 can accelerate the occurrence of obesity 

under HFD condition. To further verify this result, we have also detected the 

serum levels of triglyceride content in treated mice. Correspondingly, BDE-47 

treatment did not induce the raise of triglyceride content in mice of LFD group. 

Nevertheless, in HFD group, serum triglyceride levels in the mice treated with 

BDE-47 (H) were increased significantly compared to the control mice and low 

dose treatment (Figure 4.3C), further supporting the role of BDE-47 in promotion 

of obesity with high fat diet intervention.  
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Figure 4.3 Effect of BDE-47 with HFD on the development of obesity. Mice were 

fed with either low-fat-diet (LFD) or high-fat-diet (HFD). Two groups were 

treated with low dose (L) (7 mg/kg/week) BDE-47 [LFD-BDE(L)/ HFD-BDE(L), 

respectively], or high dose (H) (70 mg/kg/week) BDE-47 [LFD-BDE(H)/HFD-

BDE(H), respectively], or the vehicle [LFD-DMSO/HFD-DMSO, respectively] 

for continuing 15 weeks. (A) Body weight changes. (B) Representative images of 

the phenotype of the mice after treated for 15 weeks. (C) Serum level of 

triglyceride content. Data are expressed as mean ± SEM; *P<0.05; **P<0.01; 

***P<0.01.  
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4.3.2 BDE-47 exposure with HFD accelerates the growth of adipose tissue  

The results in previous chapter showed that BDE-47 increased the adipocyte 

differentiation with more lipid droplets accumulation. Therefore, to further 

explore the obesogenic effects of BDE-47 in mice, the weight and histology of 

white adipose tissues were measured. Interestingly, no obvious difference in the 

weight of white adipose tissue was detected from LFD fed mice either with or 

without BDE-47 exposure (Figure 4.4A). This data showed a similar trend with 

the result of mouse body weight and body size in Figure 4.3. However, HFD 

significantly increased the growth of white adipose tissue, which (DMSO-HFD) 

was much heavier than that in DMSO-LFD (P < 0.001; Figure 4.4A). Moreover, 

BDE-47 exposure significantly aggravated the growth of white adipose tissue, 

compared to the mice in control group (DMSO-HFD) (P < 0.05; Figure 4.4A). 

Therefore, this result was further confirmed that BDE-47 aggravated the 

development of obesity induced by HFD. In addition, in LFD groups, BDE-47 

exposure exerted no obvious effect on the adipocyte size (Figure 4.4B). 

Nevertheless, in HFD fed mice, the adipocyte size in adipose tissue was 

significantly increased compared to DMSO-LFD mice. Besides, BDE-47 (H) 

exposure significantly increased the adipocyte size in HFD fed mice that the 

adipocyte was much bigger in the mice treated with BDE-47 and HFD than that 

in control mice and low dose treatment (Figure 4.4B). Taken together, those 

results have confirmed that BDE-47 exposure can facilitated the development of 

obesity induced by HFD.    
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Figure 4.4 Effects of BDE-47 on white adipose tissue. (A) The weight of 

epididymal white adipose tissue (WAT) in treated mice. (B) H& E staining of 

white adipose tissue (10×; bar=100 μm). B(L): 7 mg/kg/week of BDE-47; B(H): 

70 mg/kg/week of BDE-47. 

 

4.3.3 BDE-47 worsen HFD-induced hepatic steatosis 

It was reported that obesity is the main risk factor for NAFLD[33, 254]. Lipid 

accumulation in the liver is the early sign of hepatic steatosis, while inflammation 

is the hallmark of NASH[255]. To determine whether BDE-47-promoted obesity 
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was associated with fatty liver, the triglyceride content and liver histology were 

measured. There were no significant changes of liver weight of the mice without 

BDE-47 exposure between LFD and HFD group (Figure 4.5A). However, in HFD 

group, the liver weights in mice with BDE-47 (H) (2.70 ±  0.18 g) were 

approximately double heavier than those in control mice (DMSO-HFD, 1.41 ± 

0.13 g) (P < 0.001) (Figure 4.5A). However, in LFD fed mice, no significant 

difference of the liver weight was detected either with or without BDE-47 

exposure. Interestingly, significant increase of hepatic triglyceride content was 

also detected in the control mice with HFD (DMSO-HFD) compared to that in 

LFD-DMSO (P < 0.05) (Figure 4.5B). Furthermore, BDE-47 exposure worsened 

the hepatic steatosis in HFD fed mice with more triglyceride content accumulated 

in the liver, compared with the control (DMSO-LFD) (Figure 4.5B). The average 

level of triglyceride content in mice treated with BDE-47(H) and HFD was double 

more than that in mice of DMSO-HFD. The results from H&E and Oil Red O 

staining demonstrated the similar trend. In H&E staining, there were many empty 

bubbles in the treated group of BDE-47 and HFD, whereas no obvious empty 

bubble was observed in the tissue sections of LFD groups. Obvious lipid droplets 

(stained as red) and accumulated inflammatory cells were found in the liver 

sections from mice exposed with the combination of BDE-47 and HFD, while no 

apparent lipid droplets were observed in LFD treated groups either with BDE-47 

or without BDE-47 treatment (Figure 4.5C). These results indicated that presence 

of BDE-47 significantly aggravated hepatic steatosis with the occurrence of 

inflammation in obese mice, suggesting BDE-47 may lead NAFLD progress to 

NASH.  
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Figure 4.5 Effects of the treatment of BDE-47 and HFD on the progression of 

hepatic steatosis. (A) Liver weight in the mice after treated for 15 weeks. (B) The 

level of triglyceride content in the liver. (C) H&E and Oil Red O staining of liver 

tissues from each treated group. Yellow arrow indicates the inflammation cells 

(Bar = 100 μm). B(L): low dose of BDE-47 (7 mg/kg/week); B(H): high dose of 

BDE-47 (70 mg/kg/week). 
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4.3.4 The lipid metabolism analyzed by lipidomic study in mouse liver 

In order to explore the hepatic lipid metabolism disturbed by BDE-47, global lipid 

profile was analyzed by HPLC-MS/MS. The analysis of PLS-DA score plots 

indicated that the lipid metabolites in HFD groups were clustered far away from 

the LFD treated groups in both ionization modes. Furthermore, BDE-47 exposure 

groups were separated clearly from the control group in HFD fed mice, suggesting 

that mice in HFD groups are more susceptible to BDE-47 with a dysfunction of 

lipid metabolism than mice in LFD groups (Figure 4.6A and B). In HFD groups, 

high dose of BDE-47 was also separated with low dose of BDE-47 (Figure 4.6A 

and B). However, for mice fed with LFD, all the treated groups were completely 

overlapped with each other, suggesting that the lipid metabolism was similar 

either with or without BDE-47 exposure.  

 

Figure 4.6 The PLS-DA plots of global lipid profiling in mouse liver. (A) Positive 

mode; (B) Negative mode.  
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The lipids contributed to the group cluster separation were further identified with 

MS/MS. The identified lipids were analyzed with the heat map (Figure 4.7A). The 

detailed information of those lipids was listed in Table 4.2. Through the analysis 

of fold change with DMSO-LFD, we found higher abundance of lipids 

accumulated in the livers of HFD treated mice compared with LFD groups (Figure 

4.7A, B). In addition, BDE-47 exposure, especially the treatment of high dose, 

promoted the accumulation levels of some lipid metabolites, including ceramide 

(Cer), lyso phosphatidylcholines (LPC), phosphatidylcholines (PC), 

diacylglycerols (DAG) and triacylglycerols (TG) in the liver of HFD-treated mice 

(Figure 4.7A, B). However, phosphatidylglycerol (PG) and sphingomyelin (SM) 

were decreased in HFD fed mice treated BDE-47 (H), compared to the control 

mice (HFD -DMSO) (Figure 4. 7A, B). Interestingly, in LFD fed mice, BDE-47 

(H) exposure significantly increased the abundance of phosphatidylethanolamine 

(PE), while it was significantly decreased in HFD fed mice after BDE-47 

treatment. The results suggested that BDE-47 exposure induced dysfunction of 

hepatic lipid metabolism in the mice with HFD interaction. 

To further investigate the mechanism of hepatic steatosis induced by BDE-47, we 

also transcriptomic analysis by studying the gene levels of key enzymes involved 

in lipid metabolism (Figure 4.7C). For the hepatic transcription levels of 

adipogenesis-related genes, in HFD fed mice, BDE-47 (H) significantly elevated 

the expression of Leptin and Glut4 compared with control mice and low dose 

treated mice (Figure 4.7C). Similar observation was found in the transcription 

levels of Cd36 (fatty acid transporter), which is targeted gene of the nuclear 

receptor PPARγ. The transcription level of those genes was significantly elevated 
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by the exposure of BDE-47 (H) in HFD group compared to the control mice and 

low dose treatment. Significant increase of FABP4, which was another targeted 

gene of PPARγ and involved in adipogenesis and lipid storage, was also observed 

in mice treated with BDE-47(H) and HFD. This was consistent with the gene 

expression detected in adipocytes after BDE-47 exposure in chapter 2. In LFD 

fed mice, BDE-47 (H) exposure increased the expression of Leptin compared to 

control mice and low dose treatment, while no obvious changes of the levels of 

Glut4 and Cd36 were observed.  

We also examined the gene expression of Fas, which is a key enzyme for fatty 

acid synthesis and one source for de novo triglyceride synthesis. BDE-47 (H) did 

not affect the expression of Fas in LFD fed mice. The expression of this gene was 

significantly increased by HFD alone compared to the control in LFD fed mice, 

whereas BDE-47 (H) exposure strongly counteracted the expression of Fas 

induced by HFD (Figure 4.7C). In addition, for genes, such as PPARα and CPT1α 

which regulates fatty acid catabolism and β-oxidation, their transcription levels 

were obviously inhibited by BDE-47 (H) in HFD group. In LFD group, there was 

no difference of the two genes either with or without BDE-47 treatment. These 

results suggested that BDE-47 exposure promote the synthesis of lipids and 

inhibit the degradation of lipids consequently lead to the accumulatio of lipids in 

the liver of obese mice. 
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Figure 4.7 Global lipid profile in the liver of the mice after treated 15 weeks and 

hepatic mRNA levels of key genes involved in lipid metabolism. (A) Heat map 

of identified lipids in the liver. (B) Fold changes of different lipid class in the liver. 

(C) Relative mRNA levels of key genes involved in lipid metabolism in the liver. 

*P<0.05; **P<0.01; ***P<0.01.
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Table 4.3 The detail information of identified significantly changed lipids. 

NO

. 

Name Fatty acid Measured  

mass (m/z) 

Retention 

time (min) 

Ion 

mode 

Fragment 

ions 

1. Cer(d18:1/

20:0) 

(d18:1/20:0) 594.5820 10.5 Pos 264.2686 

2. DAG(16:0

/16:0) 

(16:0/16:0) 586.5405 10.3 Pos 313.2737 

3. DAG(16:0

/16:1) 

(16:0/16:1) 584.5249 9.81 Pos 311.2581; 

313.2737 

4 DAG(16:0

/18:1) 

(16:0/18:1) 612.5562 10.35 Pos 313.2737; 

339.2894 

5 DAG(16:0

/18:2) 

(16:0/18:2) 610.5405 9.91 Pos 313.2737; 

337.2737 

6 DAG(16:1

/18:2) 

(16:1/18:2) 608.5249 9.36 Pos 311.2581; 

337.2737 

7 DAG(16:1

/18:3) 

(16:1/18:3) 606.5092 8.85 Pos 311.2581; 

335.2581 

8 DAG(18:1

/18:1) 

(18:1/18:1) 638.5718 10.35 Pos 339.2894 

9 DAG(16:0

/20:4) 

(16:0/20:4) 634.5405 9.78 Pos 361.2737; 

313.2737 

10 DAG(18:1

/20:3) 

(18:1/20:3) 662.5718 10.05 Pos 363.2894; 

339.2894 

11 DAG(18:1 (18:1/20:4) 660.5562 10.30 Pos 361.2737; 
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/20:4) 339.2894 

12 DAG(16:0

/22:6) 

(16:0/22:6) 658.8405 9.55 Pos 385.2737; 

313.2737 

13 LPC(18:0) (18:0) 524.3711 4.18 Pos 184.0733 

14 PC(16:0/1

6:0) 

(16:0/16:0) 778.5604 9.26 Neg 255.2330; 

15 PC(18:0p/

20:4) 

(18:0p/20:4) 838.5967 9.05 Neg 303.2330;  

16 PC(18:1/2

2:6) 

(18:1/22:6) 876.5760 8.43 Neg 281.2486; 

327.2330; 

17 PC(20:4/2

0:4) 

(20:4/20:4) 874.5604 7.81 Neg 303.2330; 

18 PC(16:0/2

2:4) 

(16:0/22:4) 810.6007 9.28 Pos 184.0733; 

313.2737 

19 PC(18:0/2

2:5) 

(18:0/22:5) 836.6164 9.55 Pos 184.0733; 

341.3050 

20 PC(18:0/2

2:6) 

(18:0/22:6) 834.6007 8.41 Pos 184.0733; 

341.3050; 

385.2737 

21 PE(18:2/2

2:6) 

(18:2/22:6) 788.5525 6.82 Pos 337.2737; 

385.2737 

22 PS(16:0/2

2:6) 

(16:0/22:6) 808.5123 7.88 Pos 313.2737; 

385.2737 

23 TG(16:0/1 (16:0/16:1/1 848.7702 12.17 Pos 549.4877; 
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Note:  

6:1/18:1) 8:1) 575.5034; 

577.5190 

24 TG(16:0/1

6:1/18:2) 

(16:0/16:1/1

8:2) 

846.7545 12.20 Pos 549.4877; 

573.4877; 

575.5034 

25 TG(16:1/1

8:2/22:6) 

(16:1/18:2/2

2:6) 

918.7545 11.65 Pos 573.4877; 

621.4877; 

647.5034 

26 PE(16:0p/

20:4) 

(16:0p/20:4) 722.5130 9.15 Neg 303.2330; 

722.5110 

27 PE(18:0p/

20:4) 

(18:0p/20:4) 750.5443 9.60 Neg 303.2330; 

750.5421; 

464.3147 

28 PE(16:0/2

2:6) 

(16:0/22:6) 762.5079 8.59 Neg 255.2330; 

327.2330; 

762.5054 

29 PG(16:0/1

8:2) 

(16:0/18:2) 745.5025 8.31 Neg 745.5001; 

255.2330; 

279.2330 

30 PI(18:0/18

:2) 

(18:0/18:2) 861.5499 8.88 Neg 861.5475; 

419.2568 

31 SM(d22:0/

18:2) 

(d22:0/18:2) 829.6440 9.90 Neg 168.0431 
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PC: phosphatidylcholines, LPC: lyso phosphatidylcholines; TG triacylglycerols; 

DAG: diacylglycerols; Cer: ceramide; SM: sphingomyelin; PG: 

phosphatidylglycerol; PE: phosphatidylethanolamine; PI: phosphatidylinositol; 

PS: phosphatidylserine. 

Pos: positive; Neg: negative. 
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4.3.5 BDE-47 exposure induced inflammation and promoted liver fibrosis 

development in obese mice 

Fibrotic response is considered as the aggravation sign of NASH and liver damage. 

To examine whether exposure of BDE-47 in obese mice would impair liver 

function or not, we detected the levels of common indicators for liver injury (ALT 

and AST) [256, 257] and genes involved in inflammation. Interestingly, no 

apparent elevation of pro-inflammatory genes or serum concentrations of AST 

and ALT were detected in LFD fed mice and DMSO- HFD group (Figure 4.8A-

C). Even though the liver triglyceride content was increased in mice treated with 

only HFD, it was a benign hepatic steatosis without inflammation and obvious 

injury (Figure 4.8A and B). In LFD fed mice, no obvious increases of 

inflammation and injury were observed either with or without BDE-47 treatment. 

Under HFD condition, BDE-47 (H) exposure significantly increased the serum 

levels of ALT and AST compared to the control mice and low dose treatment 

(Figure 4.8A and B), suggesting the occurrence of liver injury in BDE-47 (H) with 

HFD. Likewise, the gene levels of inflammation cytokines, such as TNFα and 

interleukin (IL-1β), were remarkably increased only in mice treated with BDE-

47(H) and HFD (Figure 4.7C), indicating the occurrence of NASH in BDE-47 

treated mice [258]. Moreover, the concentration of MDA, which is the product of 

lipid peroxidation indicating oxidative stress, in liver was also significantly 

increased in BDE-47(H) and HFD treated mice.  
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Figure 4.8 Effects of BDE-47 with HFD on liver function and lipid peroxidation. 

(A) The level of ALT in the mice after 15 weeks treatment. (B) The level of serum 

AST in the mice after 15 weeks treatment. (C) Relative transcription levels of 

inflammatory cytokines in the liver. (D) The production of lipid peroxidation 

product MDA in the liver. *P<0.05; **P<0.01; ***P<0.01. 
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To further determine the degree of liver injury, we then examined the fibrotic 

response in treated mice. As shown in Figure 4.9A, the transcription levels of the 

three main fiber markers, Col1a (a major collagen component), αSMA (a 

fibroblast formation marker), and fibronectin (Fn) (an extracellular matrix), were 

significantly raised by BDE-47 (H) in HFD fed mice, compared to DMSO-HFD. 

However, no significant increases of those fibers were observed in LFD groups 

either with or without BDE-47 treatment. The activation of fibroblasts, the 

dominant cell type during liver fibrosis), was accompanied with raised level of 

αSMA protein[259]. Immunohistochemistry staining result showed that obvious 

increase of αSMA protein (brown color) was detected in the liver sections of 

BDE-47 (H) and HFD treated group, while there was no apparent brown color in 

the liver sections from LFD fed mice, suggesting an increase of fibrotic response 

was occurred by the stimulation of BDE-47 in HFD fed mice (Figure 4.9B). The 

result of modified masson’s trichrome staining also demonstrated a significant 

increase of the total collagen fiber existed in the livers from mice treated by BDE-

47 and HFD, compared to the control mice (DMSO-HFD) (Figure 4.9B), 

indicating an accumulation of extracellular matrix in liver. These results indicated 

that chronic exposure to BDE-47 exacerbated hepatic steatosis, which was 

accompanied with the accumulation of inflammation and the formation of fiber 

scars to impair liver function. 
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Figure 4.9 Fibrotic responses in liver from the mice after treated with BDE-47 

and HFD. (A) Relative gene levels of key fibrosis markers in the liver. (B) 

Masson's trichrome stain of collagen and immunohistochemistry staining of α 

smooth muscle actin (αSMA) protein in the liver. *P<0.05; **P<0.01; ***P<0.01.  
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4.3.6 Inhibiting BDE-47-induced oxidative stress in hepatocytes reduced the 

levels of fibrosis markers 

Based on the two-hit hypothesis, oxidative stress is one risk factor of the second 

hit to trigger hepatic inflammation and liver fibrosis. As significant increases of 

both oxidative stress (MDA) and fibrosis were detected in mice treated by BDE-

47 and HFD, we then tried to explore the relationship between liver fibrosis and 

oxidative stress in human hepatocytes (L02 cells). The cytotoxicity of BDE-47 on 

L02 cells was firstly examined. No obvious toxicity of BDE-47 on L02 cells was 

detected until the concentration of BDE-47 reaching 100 μM. Significant toxicity 

of 100 μM BDE-47 on the proliferation of L02 cells was detected after 24 hours 

exposure, while the other concentration (1nM- 20 μM) exerted no obvious 

toxicity on L02 cells (Figure 4.10) even for 72 hours exposure. Based on these 

results, the dosages of 1nM to 20 μM were used in the following analysis.  

 

Figure 4.10 Cytotoxicity of BDE-47 on L02 cells. BDE-47 concentration is from 

1nM to 100 μM. The white column was control. *p< 0.05, vs. control. 
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To explore the relationship between oxidative stress and fibrosis, we firstly 

detected the level of oxidative stress and fibrotic genes in hepatocytes after BDE-

47 exposure. After 24 hours exposure, BDE-47 increased the production of ROS 

in L02 cells, but only 10 μM BDE-47 made a significance compared to control 

(Figure 4.11A). As the study in previous chapters, we found that BDE-47 affected 

multiple oxidative stress pathways to generate ROS in cells. Therefore, in this 

study we also employed the antioxidants (NAC, TTFA, and AP) to verify whether 

the oxidative stress in hepatocytes was related with fibrosis or not. The inhibitors, 

NAC, TTFA, and AP were applied with BDE-47 exposure in L02 cells. In Figure 

4.11B, the elevation of ROS induced by BDE-47 (10 μM) was significantly 

decreased by all three inhibitors, NAC, TTFA, and AP, compared to those with 

only BDE-47 (10 μM) exposure. Furthermore, significantly elevated the gene 

expression of fibrotic markers, αSMA and col3a, after 12 hours and 24 hours 

treatment of BDE-47 on L02 cells (Figure 4.11B and C). Interestingly, BDE-47-

induced fibrotic responses were strongly reduced by three antioxidants (NAC, 

TTFA, and AP), compared with only BDE-47 treated cells. This result suggested 

that the elevation of oxidative stress was critical for BDE-47 to promote fibrosis 

in hepatocytes. 
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Figure 4.11 Antioxidants decreased BDE-47-induced fibrotic responses in 

hepatocytes. (A) The total ROS production in L02 cells. (B)Antioxidants 

inhibited the ROS induced by BDE-47. Allopurinol (AP, 100μM), TTFA (100 

μM), NAC (1 mM). Relative gene levels of αSMA (C) and col3 (D) in the 

hepatocytes induced by BDE-47 with or without antioxidants at 12h and 24h.  

 

4.3.7 BDE-47 disturbed the hepatic lipid metabolism in HFD fed mice 

Combining all the results, we proposed the potential pathways of lipid metabolism 

that may be disturbed by BDE-47 and HFD (Figure 4.12). As Figure 4.12 shown, 

the combination of BDE-47 and HFD exposure increased the free fatty acid in 

mouse body, leading to more fatty acid that was transported into liver. Significant 

increase of the gene level of fatty acid transporter, Cd36, has been detected in the 

mice treated with BDE-47 and HFD. In addition, in HFD fed mouse liver, BDE-
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47 also increased the transcription level of PPARγ, which also targeted at the 

Cd36 and FABP4 to regulate the adipogenesis in liver. Interestingly, HFD 

increased β oxidation in liver, which is the main pathway for fatty acid 

degradation[260]. Nevertheless, BDE-47 exposure in HFD fed mice decreased β 

oxidation through downregulating PPARα and CPT1α leading to the 

accumulation of fatty acid in liver. Actually, fatty acid is one source for 

triglyceride synthesis [258]. The accumulation of fatty acid can promote the 

triglyceride synthesis in liver. On the other hand, the hydrolysis of SM lead to 

increase generation of ceramide, which is linked with hepatic insulin resistance 

leading to increase of glucose uptake [261]. Significant increase of GLUT4 has 

been detected in the mice with the combination treatment of BDE-47 and HFD. 

This may ultimately lead to the increase of hepatic lipid accumulation. Besides, 

lipidomic study revealed that high abundance of DAG and PC in the mice treated 

with BDE-47 and HFD, which contributed to the synthesis of triglyceride, the 

main form of accumulated lipid in liver. Furthermore, combining the increment 

of inflammation (TNFα and IL-1β) with the accumulation of hepatic lipid 

revealed the mechanism of the progression of NAFLD to NASH induced by BDE-

47 exposure.  
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Figure 4.12 Proposed lipid metabolism pathways affected by the combined 

treatment of BDE-47 and HFD. FA: fatty acid; PC: phosphatidylcholines, LPC: 

lyso phosphatidylcholines; TG triacylglycerols; DAG: diacylglycerols; Cer: 

ceramide; SM: sphingomyelin; PE: phosphatidylethanolamine; PA: phosphatidic 

acid;  
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4.4 Discussion 

Growing epidemiological evidences indicate that PBDEs exposure is closely 

linked with the occurrence of obesity in human [14, 262-264]. Other studies 

suggest that a positive association may have existed between PBDEs exposure 

and increased incidence of liver disease [146, 262, 265]. However, how PBDEs 

exposure impacted the development of obesity and liver diseases was rarely 

reported. In the current study, by using a diet-induced obese mouse model, we 

have explored the pathological effects of BDE-47, one main congener of PBDEs, 

on the development of obesity and obesity-associated NAFLD and investigate the 

underlying mechanism. We found that the treatment with BDE-47 (70 

mg/kg/week) and HFD (60% energy from fat) induced early stage of obesity in 

mice after 15 weeks exposure. In HFD fed mice, high dosage of BDE-47 

promoted dramatic increase of body weight with elevated the weight of adipose 

tissue and liver. Furthermore, the combination of BDE-47 and HFD exposure led 

to obvious aggravation of hepatic steatosis (drastic increment in the amount of 

lipid droplets) and the formation and accumulation of fibrotic scars. Although the 

worldwide prevalence of NAFLD is always correlated with obesity [54], only few 

studies have revealed the involvement of POPs exposure, especially BDE-47, in 

the progression of NAFLD to NASH under obese condition[36, 139, 266]. Our 

work is the first report about the toxicological effects of BDE-47 during the 

progression from NAFLD to NSAH, suggesting that the impairments of these 

environmental organic pollutant to human health cannot be neglected. 

By the global lipid profiling and transcript analysis of genes involved in the 

altered pathways, we found that the combined treatment of BDE-47 and HFD up-
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regulated triglyceride synthesis and inhibited β oxidation, which were unique in 

altering lipid metabolic pathways because it is different from the alterations 

induced by HFD alone. Based on these results, we proposed the alterations of 

lipid metabolic pathways by BDE-47 and HFD. Three major pathways, including 

PC synthesis, glycolytic metabolism, and fatty acid metabolism, were disturbed 

by the combined treatment of BDE-47 and HFD leading to the storage of lipid in 

the liver.  

The crucial component for triglyceride synthesis is fatty acid, which was 

transported by the protein of Cd36, regulated by aryl hydrocarbon receptor (AhR) 

and PPARγ receptor [267, 268]. It was reported that dioxin, the agonist of AhR, 

could activated Cd36 to regulate the hepatic fatty acid metabolism[269]. The 

exposure of BDE-47 with HFD promoted the hepatic transcription level of Cd36 

in treated mice, which may be caused by the dioxin character of BDE-47. As the 

structure of BDE-47 is similar with other polyhalogenated aromatic hydrocarbons 

that it has the similar binding affinity to AhR as dioxin to regulate hepatic steatosis 

[269-271]. On the other hand, AhR may also show an inhibited impact on the gene 

expression of PPARα [272], which targeted at CPT1α to control energy 

combustion via regulating fatty acid oxidation [91, 273]. In present study, we 

found that the treatment of BDE-47 with HFD reduced the transcription level of 

CPT1α, suggesting that BDE-47 may decrease the energy combustion. And this 

decreased level of PPARα and CPT1α might be ascribed to BDE-47-induced 

interaction of AhR receptor with PPAR family. Increasing uptake of fatty acid but 

suppression of β oxidation may lead to the accumulation of fatty acid in the liver. 

Additionally, BDE-47 exposure also inhibited the exportation of hepatic 
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triglyceride out of liver by inhibiting the gene expression of microsomal 

triglyceride transfer protein (Mttp) leading to the impairment of triglyceride 

metabolism [274].  

The infiltration of inflammatory cells is the key cause for the occurrence of NASH 

in steatosis. The presence of ceramides (Cer) can exacerbate fatty liver disease 

because of its interaction with inflammatory cytokines [275, 276]. Meanwhile, 

Cer can turn on the nuclear factor kappa light chain enhancer of activated B cells 

(NF-κB) to sustain and amplify the inflammations in liver and stimulates the 

releases of pro-inflammatory cytokines, TNFα and IL-1β [277]. As a result, these 

cytokines increase the transcription level of serine palmitoyl-CoA transferase 

(SPT), the rate-limiting enzyme of de novo ceramide synthesis, and activate 

ceramide synthesis [275, 278, 279]. The high levels of Cer and TNFα may 

increase the production of ROS [277, 280], the key factor for the second hit in the 

progression of NASH and liver fibrosis [281, 282]. In this study, increased 

abundance of Cer has been detected in BDE-47 and HFD treated mice. 

Interestingly, the combination of BDE-47 and HFD treatment obviously increased 

the transcription level of TNFα and IL-1β.  

Lipid peroxidation, one indicator of oxidative stress, has been recognized as the 

key risk factor in the pathogenesis of liver fibrosis [89]. Importantly, BDE-47-

induced oxidative stress was crucial for the fibrotic response in hepatocytes. Liver 

fiber scars, such as collagens, α-smooth muscle actin (αSMA), and fibronectin, 

were increased in mice with HFD and BDE-47, whereas no obvious change was 

detected in HFD or BDE-47 alone. Inhibiting BDE-47-induced ROS in 

hepatocytes (L02 cells) significantly decreased the fibrotic response. This may 
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help to explain the striking alterations of MDA and fibrosis in the liver by the 

treatment of BDE-47 and HFD that BDE-47-induced oxidative stress is key 

contributor for the formation of liver fibrosis. Interestingly, both the inhibitors of 

mitochondrial respiration chain (TTFA) and purine metabolism (AP) can reverse 

the fibrotic effect induced by BDE-47 in hepatocytes, indicating that multiple 

targets affected by BDE-47 to generate ROS in the liver. This is consistent with 

previous reports that the disruption of mitochondrial respiration chain can induce 

oxidative stress and impair energy output subsequently leading to NASH[283, 

284].  
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4.5 Chapter summary  

In this chapter, we have investigated the obesogenic effects of BDE-47 in vivo by 

using a diet-induced mouse model. Under HFD condition, BDE-47 exposure not 

only accelerated the development of obesity in mice with increasing body weight, 

but also increased the weight of white adipose tissue and induced high level of 

serum triglyceride. Besides, in HFD fed mice, BDE-47 exposure also induced 

NAFLD accompanying with increment of inflammation and fibrotic scars in liver. 

Nevertheless, all those effects have not detected in the LFD fed mice with BDE-

47 exposure. Lipidomic study and multiple gene expression analysis were further 

performed to reveal the mechanism that BDE-47 promoted the triglyceride 

synthesis and inhibited β oxidation to aggravate the development of hepatic 

steatosis. In addition, BDE-47 also worsen the hepatic steatosis with fibrosis 

accumulation in liver via increasing oxidative stress. Furthermore, inhibiting the 

generation of oxidative stress in hepatocytes can reduce the expression levels of 

fibrosis markers, revealing the pathological role of oxidative stress in the 

aggravation of hepatic steatosis. The current study advances the understanding of 

the molecular mechanisms of BDE-47-induced hepatic steatosis and the 

development of liver fibrosis, which is crucial for promoting protective measures 

from environmental pollutants induced health problems.  
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Chapter 5 In situ detection and imaging of PFOS in mouse 

kidney by matrix-assisted laser desorption/ionization- mass 

spectrometry imaging 

5.1 Introduction 

PFOS belongs to the family of perfluorinated compound (PFCs) and is listed as 

emerging POPs in 2009[285, 286]. Owing to the ability of waterproof and oil 

resistance as well as thermal stability, PFOS was widely applied in industrial 

products, such as coatings, textiles, carpets, packing materials, and cookware[287, 

288]. The main way for PFOS excretion in human is through renal metabolism, 

which is a concentration-dependent process[289, 290]. Epidemiology research 

suggests that PFOS is associated with renal syndrome and induces kidney injury 

by decreasing glomerular filtration rate[291, 292]. Widespread presence of PFOS 

has been found in human and wildlife tissues [293-295], while there is little 

information about its spatial distribution in tissues of exposed organisms.  

Traditional analytical method for PFOS is based on HPLC-MS/MS, while the 

instrumental and procedural contamination (from tubes) often results in high 

background in this method[296]. Recently, matrix-assisted laser 

desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS), 

which was not subject to contamination by perfluorinated compounds, has been 

employed for the analysis of PFOS in environment[297, 298].  

Mass spectrometry imaging (MSI) based on MALDI has been widely applied in 

the identification and detection of peptides, proteins. The technique was also 

gradually applied in determination of the spatial distribution of compounds in 
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tissue [299-301]. MALDI-MSI can directly provide spatial information (defined 

as pixel-to-pixel) with unique m/z for specified compound in the same tissue 

section without extra labelling[302]. Due to its unique advantages, MALDI-MSI 

has been effectively applied in various research fields, particularly in medical and 

pharmaceutical research of drug and metabolites distribution in tissue and 

biomarker discovery [303-306].  

Matrix selection is the critical step to obtain a high quality MALDI-MS signals. 

To generate lower background but higher signal intensity, good repeatability and 

spatial resolution of MS signals for analytes, many novel materials, such as 

nanoparticles[307-309], graphene[298, 310], have been introduced as matrix in 

the analysis of MALDI-TOF-MS. However, most new materials cannot be 

commercially obtained. They were self-synthesized and needed to be 

characterized. In addition, the cluster of nanoparticles might lead to the spray 

capillary blockage of auto-spray system since they are aqueous or organic 

dispersion, although the diameter distribution of those nanoparticles is below 100 

nm[298], or even below 10 nm[307]. Furthermore, because the high electrical 

conductivity and chemical stability of the nanomaterial (such as graphene oxide, 

gold nanoparticle) may lead accidental failure and unexpected damage to the 

instrument, they are not suitable for continuing and frequently application in 

MALDI-MSI [311]. Compared to those new materials, conventional organic 

matrices can be commercially obtained and used without the need of further 

characterization, and they are also cheap, easy to apply in auto-spray system, and 

safe for MALDI-MSI instrument. 
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Although MALDI-MSI has been employed in medical and pharmaceutical fields, 

its potential application for the analysis of environmental pollutants in tissues was 

rarely reported[312]. In this chapter, we established a rapid and efficient method 

based on MALDI-MSI to map the spatial distribution of PFOS in mouse kidney 

tissue. Several commonly-used matrices were optimized for identification and 

detection of PFOS in kidney tissues from the mice after 14 days’ exposure. This 

is the first case in the application of MALDI-MSI with commercial matrix for in 

situ localization and quantification of an emerging POP. We successfully detected 

the PFOS in mouse kidney tissue through the use of α-cyano-4-hydroxycinnamic 

acid (CHCA) matrix by MALDI-MSI in vitro and in vivo.  
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5.2 Experiments 

5.2.1 Materials and solution preparation  

Standard PFOS(≥ 99%), sinapic acid (SA,≥ 99%), CHCA (≥ 98%), 2,5-

dihydroxybenzoic acid (DHB, ≥ 98%), 9-acridinamine (9-AA,≥99.5%), N-(1-

naphtyl)-ethylenediamine dihydrochloride (NEDC, ≥  98%), and 1, 5-

Diaminonaphthalene hydrochloride (DAN, ≥ 97%) were obtained from Sigma-

Aldrich (St. Louis, MO). 13C8-PFOS (internal standard, ≥ 99%) was bought 

from Cambridge Isotope Laboratories (Tewksbury, Massachusetts, United States). 

Trifluoroacetic acid (TFA, 99%) were bought from VWR International Company 

(Radnor, Pennsylvania).  

Stock solution of PFOS standard (3 mg/mL) was prepared in methanol and stored 

at -80 ℃. PFOS working solutions were diluted in series (0.01 - 1 µg/mL) 

included 13C8-PFOS (internal standard, 5 µg/mL) and kept at 4°C in dark. For 

matrix solution, all the matrices were prepared at a concentration of 7 mg/mL with 

0.2%TFA except 9-AA. CHCA was prepared in acetonitrile/water (50/50, v/v), 

while SA, DHB, and NEDC were prepared in methanol/water (50/50, v/v). DAN 

was applied in methanol/water (70/30 v/v) and 9-AA was prepared (7 mg/mL, 

methanol/water 70/30 v/v) based on the previous report[313]. The matrix solution 

was vortexed and sonicated for 30 min before use.  

5.2.2 Animal experiments and sections preparation  

All animal procedures were performed in accordance with ethical regulations and 

pre-approved by the University’s Research Ethics Committee at Hong Kong 

Baptist University. 6-week-old male Sprague Dawley rats and BALB/c mice were 
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bought from CUHK. All the animals were housed as the same condition of section 

4.2.1 in chapter 4. The rats were used in the perfusion model and anaesthetized 

with 10% chloral hydrate (0.03 mL/10 g). PFOS solution (0.8 mg/mL) or saline 

(0.9% NaCl) (control) were infused into the kidneys at a constant rate of 0.5 

mL/min/g by syringe pump via the abdominal aorta as described in previous 

report [314]. After finished the perfusion, the rat was sacrificed, and the kidneys 

were removed immediately on dry ice. All the kidney samples were kept at -80°C 

for further analysis. For the mouse experiment, the mice were randomly divided 

into two group, one group was orally garaged with corn oil as control, and the 

other group was garaged with PFOS solution in corn oil with a dose of 10 mg/kg/d 

for 14 days. All the mice were sacrificed at the end of exposure, and the kidneys 

were collected for further analysis.  

The frozen kidneys were cut into 12-μm-thick sections and thaw mounted on the 

Indium-tin oxide (ITO) coated conductive glass slides, then dried under vacuum 

for 20 min. 

5.2.3 MALDI-TOF analysis  

One microliter of matrix was firstly spotted on a stainless steel MALDI plate and 

dried under vacuum. Followed with 1 μL standard solution of PFOS was added 

onto the layer. The plate was then dried in dissertator for evaporation of solvent.  

5.2.4 MALDI-MSI analysis  

For MALDI-MSI analysis, the matrix was applied with an automatic matrix 

sprayer (ImagePrep, Bruker) as descried by Lin et al[315], and the detail 

parameter were as following: deposition for 60 cycles, spraying for 1.5 s at 45% 

power with 30% modulation, incubation for 15 s, and drying for 120 s. 
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The MALDI-MSI analysis was accomplished with rapifleX MALDI Tissuetyper 

(Bruker Doltonics, Germany), which was equipped with a smartbeam 3D laser at 

a repetition rate of up to 10000 Hz in the single mode. The mass spectra were 

obtained over a mass range of m/z 120-800 in negative reflector ionization mode 

by averaging signal from 1000 laser shots at 3.0 × 2810 V detector gain with 56% 

laser power. The other parameters for the acquisition were firstly optimized and 

then fixed during the whole experiment, 20.84 kV for the reflector voltage, 11.00 

kV for the lens voltage, 20 kV for the ion source voltage, 100 ns for the pulsed 

ion extraction time, and the matrix suppression of m/z 100. The spatial resolution 

for MALDI-MSI was set at 80 μm. Each mass spectrum was summed with 1000 

laser shots within each 50×120 μm raster. The instrument was calibrated with 

externally standards (SA, CHCA, DHB, and Peptide) prior to each measurement 

in negative reflector ion mode (m/z: 100-800). PFOS was detected in negative 

ionization mode with a mass error of 0.3 Da, which was set for all IMS 

distribution visualization in tissue sections.  

After MALDI-MSI analysis, the matrix on the slides were firstly removed with 

70% ethanol as the protocol from Bruker. And then the slides were stained with 

the reagent of hematoxylin and eosin (H&E) as procedure in chapter 4 for 

comparing analysis.  

5.2.5 Data analysis 

The obtained MSI data were processed and analyzed with the software of 

FlexImaging 5.0 (Bruker). With the FlexImaging software, the regions of interest 

(ROI) were firstly defined by using both the optical image and the MSI data. The 

normalization was performed by the total ion count (TIC).  
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5.3 Results and discussion 

5.3.1 Optimization of matrix for PFOS detection  

Matrix compound and deposition are the critical parts for a successful MALDI-

MSI measurement[316]. A potential matrix compounds should have strong 

absorption of photons from the analyte to obtain efficient performance in MSI 

measurement[317, 318]. Considering the difficult acquisition and cluster 

characteristic of nanoparticles, six most commonly-used conventional matrices, 

SA, DHB, CHCA, 9-AA, NEDC, and DAN were chosen and optimized for PFOS 

identification with MALDI-TOF-MS analysis in both ionization modes. The 

predominant PFOS-related ion ([M-H]- at m/z 498.9) was only detected in 

negative ionization mode with all those matrices (Figure 5.1A). This could be 

attributed to the acidic properties of PFOS (pKa<<1), which can be readily 

dissociated and deprotonated as [M-H]- ion, the most stable and dominant anion, 

because of the electron withdrawing effects of strong C˗F bond tail. No obvious 

difference of the PFOS signal was detected with all six matrices by the analysis 

of MALDI-TOF MS. To further compare the deposition and ionization ability of 

those matrices in MSI analysis, PFOS standard (50 µg/mL) with the six candidate 

matrices were spotted on blank kidney sections via dried droplet method 

respectively. As presented in Figure 5.1B, CHCA and DAN sprayed sections 

showed obvious PFOS ion ([M-H]- at m/z 498.9) signals, while no PFOS ion 

signals were detected in SA, DHB, 9-AA, and NEDC matrix treated sections. This 

result indicated high selectivity of CHCA and DAN matrix for PFOS 

identification in tissue by MALDI-MSI (Figure 5.1B). Interestingly, the intensity 

of PFOS signals in CHCA treated section was much higher than that in DAN 
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treated section (Figure 5.1B). Therefore, CHCA matrix was eventually chosen for 

the identification and detection of PFOS in tissue by MALDI-MSI. Besides, 

CHCA is the most convenient, less-cost and safe matrix, and it can be repeatedly 

used without damage on the mass spectrometers in MALDI-MSI analysis.  

 

 

Figure 5.1 The optimization of matrix for the identification of PFOS in MALDI-

MSI analysis. (A) Ion peaks of PFOS with different matrix detected by MALDI-

TOF mass spectrometry. (PFOS concentration: 250 ng/mL) (B) MALDI-MS 

image of spotted PFOS with different matrix on blank tissue. (PFOS 

concentration: 50 μg/mL). 

 

5.3.2 Identification of PFOS on blank tissue  

To provide more accurate data and minimize the matrix interference, we firstly 

examined the limit of detection (LOD) and the limit of quantitation (LOQ) of 
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PFOS by MALDI-MSI. PFOS standards were spiked with the internal standard 

13C8-PFOS (5 µg/mL in acetonitrile) on a vehicle kidney tissue. The color 

changes of PFOS solutions, which indicates the intensity of PFOS ions, matched 

well with the variations of PFOS concentrations (Figure 5.2A). Notably, when the 

concentration decreased from 1.0 mg/mL to 0.005 mg/mL, the intensity of PFOS 

signal decreased from the maximum of 5.2×105 to the minimum of around 

2.0×103 (Figure 5.2B). However, LOD and LOQ of PFOS on tissue were 

measured at 0.1 and 1.0 μg/mL, which was higher than that in the analysis of 

MALDI-TOF-MS (Figure 5.3). This may be ascribed to the unknown substances 

and complex micro-environment in tissue, which would suppress the signal of the 

analyte leading to the increase of detection limit. 

The section-to-section repeatability of the tissue model was experimentally 

demonstrated by spotting PFOS standards (spiked with internal standard 13C8-

PFOS) in three parallel sections (N=3) and analyzing by MALDI-MSI (Figure 

5.2A). High repeatability was observed for the CHCA matrix deposition with a 

wide range of PFOS solution (5-1000 μg/mL) (Figure 5.2A). Three calibration 

curves were constructed for the parallel experiments and R square values of three 

series were 0.9997, 0.9991, and 0.9994 respectively, all of which were satisfied 

with the guild line for an analytical method (R2 > 0.99) (Figure 5.2C). The detail 

information of the three parallels were presented in Table 5.1. The on tissue result 

further demonstrated the potential of the method of using CHCA matrix in the 

analysis of MALDI-MSI for PFOS identification and quantitation in tissue 

samples. 
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Figure 5.2 Repeatability for PFOS calibration in MALDI-MSI analysis. (A) 

MALDI image of spotted PFOS filtered with m/z 498.9±0.3 (B) Mass spectra of 

different concentration of PFOS detected by MALDI-MSI (C) Calibration curves 

for the three parallel experiments on the tissue sections. 

 

 

Figure 5.3 The calibration of PFOS analysis by MALDI-TOF mass spectrometry. 

(A) Ion peaks of PFOS (0.05 -1 μg/mL) with CHCA matrix detected by MALDI-

TOF; (B) Calibration curve of PFOS standards (0.05 - 1 μg/mL) with 

corresponding intensity obtained by MALDI-TOF mass spectrometry. 



153 

 

Table 5.1 The detail information of the calibration curve for each trial for 

quantitative MALDI-MSI analysis on kidney tissue. 

Concentration 

(μg/mL) 

1000 500 250 50 25 5 

Trial 1 556964  242394  128406  24619  11845  3006  

Trial 2 494059  231712  120745  24800  12564  2581  

Trial 3 507033  248796  160296  25093  12149  2282  

Mean 519352  240967  136482  24837  12186  2623  

S.D. 33213  8631  20976  239  361  364  

RSD (%) 6.40  3.58  15.37  0.96  2.96  13.86  

 

5.3.3 Identification and quantitation of PFOS in perfusion tissues  

To further explore the potential ability of CHCA matrix in the identification and 

quantitation of PFOS in kidney samples, an ex-vivo perfusion model was 

established to mimic the physical distribution of PFOS in kidney. In this model, 

PFOS and saline were perfused into the kidneys through the abdominal artery. 

Both the PFOS kidney section and saline kidney section were sprayed with CHCA 

matrix and analyzed with MALDI-MSI. From the MSI image, obvious PFOS 

signal ions ([M-H]-) were recognized and detected in the experimental group, but 

no obvious signal was detected in control section. Even though the PFOS solution 

was injected into the kidney tissue via perfusion, obvious signals of [M-H]- ions 

were mainly distributed in the cortex region and no unambiguously signal was 

detected in the same region of control kidney, indicating that renal cortex is the 

main part for PFOS metabolism and accumulation. As demonstrated in Figure 5.4, 
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three different regions were circled, and their relative concentrations were further 

analyzed with the constructed calibration curve as the method described by Takai 

et al [319]. The ion peaks of the three regions were shown in Figure 5.4-a1, a2, 

a3 respectively. Notably, the color changes of PFOS ions in the perfused tissue 

was the direct reflection of PFOS ions and revealed the variations of PFOS 

concentrations, which has also been showed in Figure 5.2. On the same slide, a 

set of PFOS standards (1000, 500, 250, 50, 25, 5 µg/mL) were spiked with 13C8-

PFOS (5 µg/mL in acetonitrile) on the blank tissues, provided with a good linear 

regression of calibration curve with a R2 value of 0.9982 (Figure 5.5). The average 

concentrations calculated from the constructed calibration curve for the three 

regions were 527.47, 131.65 and 18.80 µg/mL on the average of 10 micro-spots 

for each region. The perfusion results further demonstrated that the achievability 

of PFOS distribution and quantitation with CHCA matrix by MALDI-MSI. 
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Figure 5.4 In situ identification and imaging of PFOS in perfusion kidney tissue 

with CHCA matrix by MALDI-MSI. (a1) (a2) (a3) Mass spectra of PFOS 

intensity in the selected regions in the perfusion kidney tissue. 
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Figure 5.5 The calibration curve of PFOS standards with corresponding intensity 

obtained by MALDI-MSI on blank tissue. The concentrations of PFOS were 0.05, 

0.1 0.25, 0.5, and 1 mg/mL.  

 

5.3.4 The distribution of PFOS in mouse kidney after 14 days’ exposure 

Based on the good performance of CHCA matrix in the detection of perfusion 

model, we further investigated the distribution of PFOS in mouse kidneys by 

MALDI-MSI. After 14 days’ exposure, all the kidney tissues of the treated mice 

were collected for MALDI-MSI analysis. Figure 5.6A showed the workflow of 

the sample preparation for MALDI-MSI and HPLC-MS/MS. For one kidney 

tissue, three sections were continually cut and the section (Ⅱ) was used for the 

analysis with MALDI-MSI, while another two sections (Ⅰ+Ⅲ) were used for the 

identification of PFOS and quantification of the average concentration in tissue 

by HPLC-MS/MS. 

From the result, it can be confirmed that 14 days’ exposure led to the 

accumulation of PFOS in the kidney tissue and it could be detected with MALDI-
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MSI as the presence of ion m/z at 498.9 ± 0.3. The matrix deposition with 

homogenous coverage is a key factor for obtaining the real distribution of targeted 

analyte in tissues. Therefore, the predominant ion peak for CHCA matrix (m/z 

188.03± 0.3) was filtered out (Figure 5.6C). We found the CHCA matrix was 

deposited evenly on all the treated kidney tissue, which guaranteed the analysis 

of PFOS in tissue. High signal response of PFOS was shown in the kidney tissue 

from the experimental groups and the PFOS signal was mainly located in the 

margin of the kidney (cortex region), whereas no obvious signal was detected in 

the control kidney (Figure 5.6D). H&E staining result revealed the integrity of the 

sections (Figure 5.6B). For repeatability assessment, kidney sections from two 

more pair of PFOS-treated mice and control mice were detected by using the same 

imaging resolution (80 µm). Interestingly, all the exposed mouse kidneys in three 

pairs showed the similar trend, that PFOS was mainly distributed in the cortex 

region and no obvious PFOS signal was identified in the control group (Figure 

5.6D). Detail observation from H&E staining also illustrated that PFOS induced 

glomerular atrophy (Figure 5.6E), indicating that kidney injury may be induced 

by PFOS exposure. Previous clinical data demonstrated that serum level of PFOS 

was reversely associated with glomerular filter rate in children and adolescent 

[291]. Exposed with PFOS for 28 days, renal hypotrophy and kidney injury 

marker also were observed in rat[320], which is consistent with our results that 

the distribution of PFOS was detected mainly in cortex region of kidney by 

MALDI-MSI. Furthermore, our previous study suggested that exposure to PFOS 

could induce kidney injury via impairing the amino acid biosynthesis and purine 
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metabolism in mesangial cells that constitute the mesangium of the 

glomerulus[321].  

To evaluate the accuracy of the results obtained from MALDI-MSI, the kidney 

sections were also homogenized and analyzed by HPLC-MS/MS (Figure 5.6A). 

The PFOS compound was verified with information of ion fragments detecting 

by HPLC-MS/MS (Figure 5.7). The average concentration of two sections in 

PFOS exposed kidney was 2.56 ± 0.193 μg/mL, while the PFOS concentration in 

control section was only 3.25 ± 0.274 ng/mL. That result was consistent with data 

reported by others[320]. However, the result detected by MALDI-MSI 

demonstrated that the accumulation of PFOS was primarily distributed in the 

cortex region of kidney but not in the whole kidney tissue (Figure 5.6D). Notably, 

in medulla region, the signal of PFOS was weak or could not be detected. This 

result implied that the average concentration of the whole kidney detected by 

HPLC-MS/MS could not completely present the accumulation of PFOS in tissue 

and also fail to explain the damage induced by PFOS, but in situ identification of 

PFOS with spatial information in mouse kidneys with CHCA as matrix was 

obtained by MALDI-MSI, which may help to illustrate possible mechanism of 

kidney toxicity induced by PFOS.   
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Figure 5.6 Identification and mapping of PFOS in the mouse kidney tissue after 

14 days’ exposure by CHCA-assisted MALDI-MSI. (A)Workflow of the sample 

preparation for PFOS analysis by MALDI-MSI and HPLC-MS/MS. (B) H&E 

staining image of the whole sections; (C) MALDI-MS image of CHCA deposition 

on the tissue section filtered with m/z 188.03±0.3; (D) MALDI-MS image of 

PFOS distribution analysis in the exposed mouse kidney filtered with m/z 

498.9±0.3. (E) Representative image of cortex region stained by H&E. (Yellow 

arrow stands for glomerular atrophy) 
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Figure 5.7 Chromatograph and mass spectra of PFOS and 13C8-PFOS analyzed 

by HPLC-MS/MS. (A) Chromatography for PFOS, (B) Chromatography for 

13C8-PFOS, and Product ion spectra for (C) PFOS, (D) 13C8-PFOS, (E) 

Correlation between the concentration of PFOS calibration standards and the 

signal intensity ratios of PFOS/13C8 PFOS measured by HPLC-MS/MS. 
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Table 5.2 The detail information of PFOS identification with HPLC-MS/MS. 

Name Mass RT/min Fragment ions 

PFOS 500.13 5.81 498.9[M-H]-, 129.7, 98.8, 79.7 

13C-PFOS 507.99 5.81 506.99[M-H]-, 98.8, 79.7 

 

5.4 Chapter summary 

MALDI-MSI with CHCA as matrix was successfully applied as a new approach 

to analyze the distribution of PFOS in kidney tissue. Meanwhile, as a 

conventional matrix, CHCA performed clean background with intense signal for 

MALDI-MSI detection of PFOS. It was the first time to localize and quantify 

emerging POP in kidney tissue using MALDI-MSI. With this method, in situ 

localization of PFOS in mouse kidney with high spatial resolution was obtained 

and can give an insight for the renal toxicity assessment induced by PFOS. This 

work reflects the potential of the MALDI-MSI technique for the investigation of 

distribution and in situ identification of organic small-molecule pollutants in 

animal or human organ tissues, and it would be helpful for the accurate 

assessment of pathological effects caused by POPs. 
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Chapter 6 Conclusion and perspective studies 

BDE-47 is the most abundant and toxic congener in PBDEs’ family, whereas its 

obesogenic effects on obesity and obesity-associated liver diseases were poorly 

documented. In this thesis, integration of mass spectrometry-based omics study 

and biological analysis has revealed the obesogenic effects of BDE-47 and 

investigated the role of BDE-47 in the progression of obesity-related fatty liver 

disease in vitro and in vivo. The other part of this thesis is about a method 

application for PFOS determination by MALDI-MSI in kidney tissue. 

To explore the obesogenic effects of BDE-47 in vivo, C57BL/6J mice with HFD 

intervention were exposed to BDE-47. After 15 weeks exposure, HFD 

significantly increased the mouse body weight and body size, while BDE-47 (H) 

exposure magnified the increase of body weight and body size in HFD mice. The 

average weight of white adipose tissue in HFD fed mice with BDE-47 exposure 

was also extraordinary higher than that in control mice as well as augmented 

adipocyte size. Moreover, BDE-47 exposure also elevated the level of serum 

triglyceride content in HFD mice. Nevertheless, no obvious increase of those 

parameters was detected in LFD mice with BDE-47 exposure. In addition, in vitro 

study showed that BDE-47 exposure can enhance the preadipocyte differentiation 

into adipocytes with lipid droplets accumulation and oxidative stress. During the 

differentiation of preadipocyte 3T3-L1 cells, BDE-47 exposure significantly 

elevated the gene and protein levels of transcription factor PPARγ and PGC-1α 

to activate adipogenesis via increasing the level of C/EBPα and FABP4, leading 

to the lipid droplets formed in cells. Additionally, both total production of ROS 

and mitochondrial ROS were significantly elevated by BDE-47 in the treated 
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adipocytes. Moreover, mitochondrial respiration was also upregulated by BDE-

47 exposure in the adipocytes via increasing spare mitochondrial respiration 

capacity and ATP production. Inhibiting the mitochondrial respiration and ROS 

generation with antioxidant TTFA can reduce the accumulation of lipid droplets 

in adipocytes. This has verified that BDE-47 exposure accelerated the adipocytes 

differentiation with lipid accumulation through increasing oxidative stress and 

upregulating mitochondrial respiration. Global metabolomics study has revealed 

that many pathways including purine metabolism, glutathione metabolism, citrate 

cycle, and glycolysis were involved in adipocyte differentiation after BDE-47 

exposure. Among those disturbed pathways, purine metabolism and glutathione 

metabolism were the most significantly disturbed pathways by BDE-47 exposure. 

Additionally, both pathways were involved in the regulation of oxidative stress in 

differentiated adipocytes. The metabolites, such as ATP, AMP, GDP, GMP, IMP, 

and uric acid, were significantly increased in BDE-47 exposed adipocytes. 

Inhibiting the key enzyme xanthine oxidase for uric acid synthesis with 

antioxidant allopurinol significantly decreased the ROS generation as well as 

reducing the accumulation of lipid droplets in differentiated adipocytes. Therefore, 

the in vitro results demonstrated that BDE-47 can facilitate the formation of lipid 

droplets in adipocytes via increasing oxidative stress to enhance adipocyte 

differentiation. The combination of the in vitro study with in vivo results revealed 

that BDE-47 exposure can accelerate the development of obesity with HFD 

through enhancing the differentiation and growth of adipocytes. 

NAFLD is the most common complication of obesity, we have also tried to 

investigate whether BDE-47 exposure also induced the progression of NAFLD 
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during the facilitation of the development of obesity. It was found that BDE-47 

exposure significantly increased the liver weight in HFD fed mice with increment 

of hepatic triglyceride content and accumulated lipid droplets, indicating the 

hepatic steatosis was worsened by BDE-47. On the other hand, lipidomics study 

and multiple gene analysis have revealed the mechanism of lipid dysfunction in 

liver with BDE-47 and HFD treatment. Higher abundance of lipids, such as PC, 

DAG, TG, and increasing levels of adipogenesis-related genes (FABP4 and 

GLUT4) were found in the mice treated with BDE-47 and HFD. Meanwhile, the 

genes targeted at fatty acid uptake for triglyceride synthesis were also 

significantly increased by BDE-47 in HFD fed mice, while the levels of genes 

related to fatty acid β oxidation, such as PPARα and CPT1a were obviously 

decreased by BDE-47 in HFD fed mice. Those results can contribute to the 

illustration for the mechanism of BDE-47-induced hepatic steatosis, that BDE-47 

impaired the fatty acid balance in liver through reducing fatty acid degradation 

and increasing triglyceride synthesis. In addition, the combination treatment of 

BDE-47 and HFD also induced the inflammation and fibrotic response in the liver 

of exposed mice. Increased fibrosis scars (protein of αSMA and collagen) and 

inflammatory cytokines (TNFα and IL-1β) were boosted by BDE-47 (H) in HFD 

fed mice. Moreover, BDE-47(H) also induced liver injury, which was indicated 

by the increase of serum levels of ALT and AST in HFD mice. The adipocytes 

differentiation assay showed that BDE-47 promoted adipocyte differentiation via 

increasing oxidative stress. In HFD mice, significant increase of MDA, the 

product of lipid peroxidation, was induced by BDE-47 (H). Interestingly, 

increasing level of fibrosis was also detected in hepatocytes (L02 cells) with 
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BDE-47 treatment along with the elevation of ROS production. Inhibiting the 

ROS generation in hepatocytes resulted in obvious reduction of the expression 

level of fibrosis genes in BDE-47-exposed hepatocytes. Therefore, those results 

demonstrated that exposure to BDE-47 aggravated the progression of NAFLD to 

NASH with fibrotic scars via increasing oxidative stress.  

To the best of our knowledge, this was the first time to systematically study the 

obesogenic effects of BDE-47 in vitro and in vivo through omics study and 

biological analysis. The application of metabolomics and lipidomics enabled the 

comprehensive analysis of obesogenic effects of BDE-47 in cell and animal 

model. Our results demonstrated that BDE-47 exposure can accelerate the 

development of obesity and obesity-associated liver diseases, which may be 

ascribed to the cause of oxidative stress and impaired lipid metabolism after BDE-

47 exposure. The work of this thesis expands the present understanding of the 

prevalence of obesity and obesity-associated diseases and offers a new direction 

for the toxicity cognition of BDE47 on human health. It also provides a new 

insight for the toxicity assessment of environmental pollutants on human health, 

which may be helpful for clinical study and diagnose.  

As we have successfully obtained the spatial distribution of PFOS in kidney tissue 

by the analysis of MALDI-MSI with CHCA matrix, for the perspective studies, 

the spatial information of BDE-47 in animal or human tissue should be 

investigated. Besides, the pathological effects of PFOS on kidney diseases should 

be illustrated. 
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