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ABSTRACT 

Polybrominated diphenyl ethers (PBDEs) are commonly used to prevent the 

development of fire in various factory products. Due to the adverse effects on 

human health and bio-accumulation capacity, PBDEs are considered as one kind of 

persistent organic pollutants. 2,2',4,4'-Tetrabromodiphenyl ether (BDE-47) is one 

of the most frequently detected PBDE congeners in humans. Although numerous 

studies have shown the close connection between BDE-47 and human health, few 

reports were related to breast carcinoma. In vivo study of the association between 

BDE-47 and breast cancer was also scarce. In this study, both in vitro and in vivo 

experiments were conducted to explore the influence of BDE-47 to breast cancer. 

Firstly, we performed the in vitro study by exposing different concentrations of 

BDE-47 (5, 10 µM) to MCF-7 breast cancer cells. Nontargeted metabolomics 

analysis was conducted by using ultra-high performance liquid chromatography 

coupled with mass spectrometry (UHPLC-MS). Results showed that the toxicity to 

MCF-7 cells gradually increased when the concentration of BDE-47 exceeded 1 

µM in the medium. Pyrimidine metabolism, purine metabolism and pentose 

phosphate pathway (PPP) were the most influenced metabolic pathways, and the 

metabolites in the three metabolic pathways were significantly downregulated. 

Moreover, the increase of reactive oxygen species was detected by using the 2’,7’-

dichlorodihydrofluorescein diacetate staining assay. Results suggested that the 

BDE-47 induced oxidative stress by downregulating the NADPH generation in PPP. 

The pyrimidine metabolism and purine metabolism might be downregulated by the 
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downregulation of mRNA transcripts. Therefore, BDE-47 could induce oxidative 

stress in breast cancer cells by inhibiting PPP and disordering the metabolism of the 

entire cell subsequently.  

Secondly, we constructed a breast cancer nude mouse model, performed in vivo 

exposure of BDE-47 to the mice, and conducted mass spectrometry-based 

metabolomics and lipidomics analysis to investigate the metabolic changes in mice. 

Results showed that the tumor sizes were positively associated with the dosage of 

BDE-47. Metabolomics and lipidomics profiling analysis indicated that BDE-47 

induced significant alterations of metabolic pathways in livers, including 

glutathione metabolism, ascorbate and aldarate metabolism, and lipids metabolism, 

etc. The upregulations of phosphatidylcholines and phosphatidylethanolamines 

suggested the membrane remodeling, and the downregulations of Lyso-

phosphatidylcholines and Lyso-phosphatidylethanolamines might be associated 

with the tumor growth. Targeted metabolomics analysis revealed that BDE-47 

inhibited fatty acid β-oxidation (FAO) and induced incomplete FAO. The inhibition 

of FAO and downregulation of PPARγ would contribute to inflammation, which 

could promote tumor growth. In addition, BDE-47 elevated the expression of the 

cytokines TNFRSF12A, TNF-α, IL-1β and IL-6, and lowered the cytokines SOCS3 

and the nuclear receptor PPARα. The changes of cytokines and receptor may 

contribute to the tumor growth of mice. 

Based on the findings from breast cancer cells and nude mouse assays, we noticed 

that fatty acid metabolism was influenced by BDE-47 exposure. To have a 
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comprehensive understanding of the impact, we performed targeted metabolomics 

analysis of fatty acids. Short-chain fatty acids (SCFAs) and hydroxylated short-

chain fatty acids (OH-SCFAs) are crucial intermediates related to a variety of 

diseases, such as bowel disease, cardiovascular disease, renal disease and cancer. 

We developed a global profiling method to screen SCFAs and OH-SCFAs by 

tagging these analytes with d0/d6-N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d] 

pyrimidine-2-amine (d0/d6-DHPP) and UHPLC-MS/MS in parallel reaction 

monitoring (PRM) mode. The derivatization procedure was simple and rapid. The 

targeted compounds could be derivatized within three minutes under mild condition 

and analyzed without the need of further purification. The derivatization 

significantly improved the chromatographic performance and mass spectrometry 

response. The d6-DHPP tagged standards were used as internal standards, which 

remarkably reduced the matrix effects. The use of high resolution PRM mode made 

it possible to identify unknown SCFA and OH-SCFA species. The developed 

method was successfully applied to the analysis of mouse feces, serum, and liver 

tissue samples harvested from the breast cancer nude mice that had been exposed 

to BDE-47. By using the developed method, 40 analytes (10 SCFAs and 30 OH-

SCFAs) were characterized. Semi-quantitative analysis indicated that the exposure 

of BDE-47 to the mice altered the SCFA and OH-SCFA metabolism, especially in 

the high dose group. 

In addition, medium- and long-chain fatty acids (MLFAs) are essential energy 

sources in cells and possess vital biological functions. Characteristics of MLFAs in 
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biosamples can contribute to the understanding of biological process and the 

discovery of potential biomarkers for relevant diseases. However, there are 

obstacles of the MLFAs determination because of the poor ionization efficiency in 

mass spectrometry and structural similarity. Herein, a derivatization strategy was 

developed by labeling with d0-DHPP and detecting with UHPLC-MS/MS in 

multiple reaction monitoring (MRM) mode. The parallel isotope labeled internal 

standards were generated by tagging d6-DHPP to MLFAs. The simple and rapid 

derivatization procedure and mild reaction conditions greatly reduced the potential 

of MLFA degradation. With the methodology, the chromatography performance 

was greatly improved, and the mass spectrum response was enhanced up to 1, 600 

folds. Finally, the developed derivatization method was applied to serum samples 

to analyze the alteration of MLFAs induced by BDE-47 exposure in breast cancer 

nude mice. The semi-quantitative results demonstrated that the BDE-47 exposure 

significantly influenced the MLFA metabolism. 

Together, mass spectrometry-based targeted and nontargeted metabolomics of in 

vitro and in vivo studies suggested that BDE-47 impacted multiple metabolic 

pathways and was positively associated with breast tumor growth in mice. This 

study might further our understanding of the health risks of BDE-47 to breast cancer. 
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Chapter 1 General introduction  

1.1 Polybrominated diphenyl ethers  

1.1.1 Basic information of polybrominated diphenyl ethers 

Polybrominated diphenyl ethers (PBDEs) are synthetic flame retardant additives 

which have been widely used in commercial products like furnishings, textiles, 

polyurethane foams, electrical products and building materials [1-3]. PBDEs 

consist of two aromatic rings with a different number of hydrogen atoms substituted 

by bromine atoms (Figure 1.1A). There are 209 PBDE congeners according to the 

number and the substitute sites of bromine atoms on the aromatic rings. 2,2′,4,4′-

Tetrabromodiphenyl ether (BDE-47, Figure 1.1B) is one of the PBDE congeners 

which researchers paid close attention to because of its extensive existence in the 

environment and its potential adverse health effects. The basic information about 

the physicochemical properties of BDE-47 is summarized in Table 1.1.  

 

 

Figure 1.1 Chemical structures of PBDEs (A) and BDE-47 (B). x and y represent 

the numbers of bromine atom numbers. The sum of x and y ranges from 1 to 10. 
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Table 1.1 Physicochemical properties of BDE-47 

Item Value 

CAS number  5436-43-1 

Chemical formula C12H6OBr4 

Molecular weight  485.79 

Lipophilicity (Log Kow) 5.9-6.2 

Melting point 79-82 oC 

Vapor pressure (Pa) 2.7-13 × 104 (20 oC) 

Water solubility  - 

Storage condition 2-8 oC 

-, no information is available.  

 

There are three major commercial formulations, namely Penta-BDE, Octa-BDE and 

Deca-BDE, which are mixtures of PBDE congeners [4, 5]. The main compositions 

of the three products are shown in Table 1.2 [6]. The predominant commercial 

product is Deca-BDE, which accounts for about 83% of the worldwide PBDEs 

production [6]. Because of the potential health risks of low-brominated PBDEs, the 

Stockholm Convention on Persistent Organic Pollutants (POPs) listed commercial 

Penta- and Octa-BDE formulations as POPs in May 2009. However, the Deca-BDE 

was not included in the restriction list.  
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Table 1.2 Compositions of the commercial PBDE formulations 

Formulation 

Tetra-BDE 

(%) 

Penta-BDE 

(%) 

Octa-BDE 

(%) 

Deca-

BDE(%) 

Penta-BDE 44.4–45 50–62 —a — 

Octa-BDE  — — 31–35 — 

Deca-BDE — — 0–1 97–98 

a: no information is available. 

 

1.1.2 Human exposure route of PBDEs 

PBDEs are easily escape from the products to the environment during production, 

usage and disposal because they are not chemically bonded to the materials [7]. 

PBDEs are widely detected in landfill sites, e-waste recycling sites, rivers, 

sediments and dust, etc. In the past decades, the uncontrolled e-waste recycling in 

developing countries became a severe PBDE pollution source to the environment 

and exposure source to the workers [8-10]. PBDEs are stable in the environment 

and could bioaccumulate in animal tissues and human bodies [11]. As estimated by 

Danon-Schaffer et al., even if PBDEs were banned immediately in all products, 

PBDEs would persist in landfills until 2080 [12]. PBDEs in the surface of materials 

are easily leached into the environment when materials percolating water. The 

disposal of PBDE-contained waste and outdoor materials (including insulating 

materials, etc.) are two contamination sources of environmental PBDEs in rivers 
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and sediments. The leachate of landfill usually contains a considerable amount of 

PBDEs which is mainly leached from PBDE-contained municipal solid waste. The 

concentrations of PBDEs were in the range of tens of micrograms per kg (dry 

weight) in landfill leachate samples [13, 14]. The landfill leachate could further 

contaminate the groundwater and finally reach humans living near the landfill sites. 

PBDEs in the waste could enter the air in different ways. One is volatilizing from 

waste when the landfills rise to high temperature (sometimes higher than 80 oC) due 

to aerobic degradation [15]. Another one is emission during the combustion of 

waste, such as landfill fires or waste incineration, especially when the temperature 

was not high enough to completely destroy PBDEs [16].  

PBDEs are easily leached from the materials and are resistant to degradation for 

years. Moreover, PBDEs are lipophilic compounds which could be bioaccumulated 

in organisms and be biomagnified through the food chain [17, 18]. Humans are 

exposed to PBDEs through various routes, including inhalation, food ingestion, soil 

ingestion, water drinking, etc., among which inhalation and dietary intakes are the 

predominant ones (Figure 1.2) [19].  
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Figure 1.2 Emission sources, environmental transport and exposure routes of 

PBDEs. Source: reference [13]. 

 

Inhalation exposure of PBDEs are mainly through gaseous and particulate phases. 

PBDEs in the indoor air and dust are mainly released from household products. 

PBDEs are more likely to be in the particulate phase (dust) in room temperature due 

to the low vapor pressures. Therefore, a large number of studies focused on the 

indoor exposure of PBDEs through inhalation of dust other than the air. On the other 

hand, Shoeib et al. reported that the ratio of PBDEs particulate and gaseous phase 

was positively related to the brominating degree. The percentage of particulate 

phase PBDEs were determined: BDE-47 (20%), BDE-99 (60-80%), BDE-153 

(80%) and BDE-209 (100%), etc. [20]. The results indicated that the gaseous phase 

of PBDEs in indoor air accounted for a large proportion of the total PBDEs, 

especially for the low brominated congeners. The indoor inhalation exposure 

related to the PBDE levels in the air, ventilation rate and exposure time. 
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PBDEs levels in indoor air were reported in numerous studies throughout the world. 

Hazrati et al. found that the PBDE levels in the office were closely related to 

computers, suggesting that computer was a vital source of PBDEs in the indoor air 

[21]. The domestic appliances, like televisions, refrigerators, and computers, with 

plastic housings, are the main sources of indoor air PBDEs. According to previous 

reports, indoor air PBDE levels in North American were much higher than that in 

Europe and China [22]. That may be because European countries had more stringent 

restriction of PBDE production and usage. In the UK and China, the total 

concentrations of indoor air PBDEs were ranged from 40 ng/g to 75 ng/g dust [23-

25]. In Germany, the concentrations range were between 25 ng/g and 55 ng/g dust 

[26, 27]. The PBDE concentrations in other reported European countries except for 

Sweden, including Belgium, Romania and Denmark, were below 40 ng/g dust [28-

30]. The concentration in Sweden reached about 100 ng/g dust, which was the 

highest concentration in the reported European countries [31]. However, the 

concentrations in the USA and Canada were much higher. The concentrations were 

higher than 1,500 ng/g and up to a striking 8,000 ng/g dust [32-34]. Moreover, the 

congeners BDE-47 and BDE-99 were the predominant compositions in indoor air, 

no matter in the North American, China or Europe. Other factors such as room size, 

number of electronic devices, and ventilation rate could also influence the indoor 

PBDE levels [35].  

The PBDE pollution of outdoor air was serious in some areas, such as e-waste 

recycling sites and PBDE manufacturing sites. There are numbers of e-waste 
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recycling sites in China, among which the recycling sites in Taizhou and Guiyu 

were well known because of series pollution. Han et al. reported that the PBDE 

concentration in outdoor air was 506 pg/m3 in summer, while the value triplicated 

in winter (1,660 pg/m3) [36]. A similar result was obtained in by Li et al. at this 

dismantle site. The detected PBDE concentration was 1,995 pg/m3 [37]. The 

situation of PBDE pollution was even worse in Guiyu, a south city in China. As 

reported by Chen et al. in 2009, the PBDE total concentration in the ambient area 

reached 11,700 pg/m3 in Guiyu [38]. As one of the main PBDE producing areas in 

China, PBDE concentrations in ambient air at Laizhou Bay were 17-1,170 pg/m3 

[39].  

The outdoor PBDE concentrations in different cities in China were reported (Table 

1.3). In the reported cities, Guangzhou and Hong Kong were in the highest and 

lowest PBDE concentrations, respectively. The outdoor PBDE concentrations in 

Guangzhou was even higher than that in the e-waste recycling site (Guiyu) and 

PBDE manufacturing site (Laizhou Bay area). In addition, there were seasonal 

variations in the gaseous PBDEs in ambient areas. The concentrations of low 

brominated PBDEs (e.g. BDE-47, BDE28) in summer were higher than in winter, 

while the concentration of high brominated congener (BDE-209) was higher in 

winter than in summer [35]. That seasonal variation trends may be because of the 

partitioning behavior of PBDEs. The vapor pressure of low brominated congeners 

is relatively high, leading to increasing of gaseous phase concentration when the 

temperature rises in summer. As for high brominated PBDEs, they are mainly 
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bounded to atmospheric fine particulate matters. The fine particulate matters are 

difficult to be diffused in winter due to the low atmospheric mixed height in cities, 

inducing the elevated concentrations of high brominated PBDEs. 

 

Table 1.3 Mean outdoor PBDE concentrations in China. 

Area ∑PBDEs 

(pg/m3) 

Congeners 

Guangzhou [40]  7740 BDE-209, 183, 138, 153, 154, 100, 99, 66, 47, 28 

Shunde [41] 692 BDE-209, 208, 207, 206, 196, 183, 154, 153, 100, 

99, 66, 49, 47, 28, 17 

Beijing [42] 207 BDE-209, 206, 183, 154, 153, 100, 99, 47, 28 

Dongguan [41] 209 BDE-209, 208, 207, 206, 196, 183, 154, 153, 100, 

99, 66, 49, 47, 28, 17 

Hong Kong [40] 195 BDE-209, 183, 138, 153, 154, 100, 99, 66, 47, 28 

 

In recent years, increasing evidence suggested that the leading route of PBDE 

exposure to human, except occupational exposure, was dietary ingestion [43, 44]. 

Various foods are polluted by PBDEs, including vegetables, meat, fruit and fish, 

and then people absorb PBDEs by consuming the contaminated food. The PBDE 

exposure levels from the diet in Korea was assessed by analyzing 96 raw and 

cooked representative foods [45]. PBDEs were detected in most of the food samples 

and the highest levels were found in oil and seafood (fish and shellfishes). Moreover, 

BDE-47 was the dominating congener in almost all kinds of foods, except meats 

[45]. Similar research was conducted to study the PBDE levels in fish, which is 
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viewed as high-quality food for its balanced nutrition. Bocio, et al. found that the 

consumption of fish and shellfish contributed to one-third of the total PBDEs 

dietary intake in Catalonia (Spain), becoming the main source of dietary PBDE 

source [43]. Domingo, et al. analyzed PBDE levels in 14 marine fish species and 

estimated that the daily dietary intake of PBDE was 20.8 ng through the fish 

consumption [46]. The research carried out by Pardo, et al. studied 206 fish and 

seafood samples, and determined that the PBDE concentrations were in the range 

of 970-3870 ng/kg wet weight. Besides, BDE-47 was the major PBDE congener in 

swordfish, salmon and mackerel fish [47]. Dietary intake of PBDEs through 

consumption of meat and eggs were also reported. A study in Hong Kong found 

that the daily intake of PBDEs of secondary school students from meat, eggs, and 

poultry were 33.1 ng, 7.15 ng and 20.9 ng, respectively [48]. Another study from 

China measured PBDEs in 191 food samples obtained around e-waste dismantle 

sites in Wenling city, and estimated that the PBDE intake from chicken, eggs, and 

pork were 13.0 ng/day, 4.8 ng/day and 23.2 ng/day, respectively. In addition, the 

PBDE daily dietary intakes levels around the dismantle sites were about 2-3 folds 

higher than that in the control sites [49-50].   

1.1.3 Health risks 

In the past decades, researchers found that PBDEs exposures were associated with 

various adverse health outcomes, including developmental neurotoxicity, 

developmental toxicity and thyroid hormone disorder [51, 52].  
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Neurodevelopmental toxicity of PBDEs was investigated from different 

perspectives by using PBDE commercial formulations and single congeners. 

Mounting evidence suggested that prenatal PBDE exposure might impact 

neurodevelopment [53]. The potential health risks for infants are also fraught 

because of the presence of PBDEs in breast milk and house dust [54]. Both prenatal 

and postnatal exposure to BDE-47, BDE-99, and BDE-153 were reported to 

associate with hyperactivity and alteration of habituation in rodents [55, 56]. 

Associations between prenatal PBDE exposure and adaptive behavior were 

observed using cord blood samples. Results suggested that prenatal exposure of 

PBDEs may impact infant neurodevelopment [57]. Similarly, another research 

about the influence of prenatal exposure using cord blood samples found that BDE-

100, BDE-99, and BDE-47 could negatively affect infant IQ and developmental 

indices, indicating that the exposure may impact infant neurodevelopment [58]. A 

study in Taiwan investigated the postnatal exposure of PBDEs through breast milk 

and found that BDE-209 levels were inversely related to infant cognitive ability, 

revealing that postnatal BDE-209 exposure may delay the neurodevelopment [59]. 

A large-scale cohort study recruited more than 600 pairs of mothers and children to 

assess the influence of pre- and postnatal PBDE exposure on the neurodevelopment 

in Salinas Valley (California, USA) [60]. The children’s attention, motor 

coordination, and cognition were evaluated and examined the correlation with 

PBDE levels detected from maternal prenatal and children serum samples. It was 

found that pre- and postnatal PBDEs were negatively associated with children’s 
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good attention, coordination and cognitive function, indicating PBDEs impaired 

children’s neurodevelopment [60]. 

PBDEs were also found to be an endocrine disrupter, especially for thyroid hormone. 

There was suggestive evidence showed that occupational exposure to Deca-BDEs 

through inhalation related to hypothyroidism [61]. A 13-week rat exposure study 

indicated that the commercial Octa-BDE reduced the thyroxin (T4) and elevated 

the thyroid stimulating hormone (TSH). Male rats were more sensitive to Octa-BDE 

exposure than female rats in terms of the elevation of TSH. [6]. The regulations of 

T4 and TSH were attributed to the hypothyroidism. Zhou et al. exposed rats with 

the Penta-BDE (DE-71) and evaluated the effect on thyroid hormones. Reduction 

of T4 in serum was in a dose-dependent manner on gestation day 20, postnatal day 

4 and day 14, supporting that DE-71 was a thyroid hormone disrupter [62]. Some 

commercial PBDE mixtures, including Bromkal 70-5DE and Bromkal 70, and 

single congener (BDE-47) were found the similar capability to reduce the total and 

free T4 in the serum of rats [63, 64].  

PBDEs were also reported to be associated with developmental and reproductive 

toxicity. PBDEs, especially lower brominated congeners like BDE-47, were widely 

detected in breast milk around the world. Therefore, infants and toddlers who 

mainly consume breast milk are more vulnerable to PBDE exposure than those who 

live on formula milk [65, 66]. Inverse associations between PBDE congeners 

(BDE-47, BDE-99, and BDE-100) in maternal blood and birth weight were reported, 

suggesting an adverse effect of PBDEs on fetus physical development [67]. PBDEs 
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also showed an impact on ovaries in rats. The histological difference was obtained 

in ovaries in a study exposing commercial formulation Octa-BDE to rats. The high 

dose exposure group of rats increased 30% of incidence to have corpora lutea 

deficiency compared with the control group [6]. The developmental toxicity of 

PBDEs was reported in numerous studies using commercial formula [68]. However, 

evidence in studies by using single congeners indicated that the developmental 

toxicity may not be induced by high brominated congeners but by lower brominated 

congeners. Hardy et al. investigated the developmental toxicity of commercial 

formulation Deca-BDE, which contains 97.34% Deca-BDE and 2.66% other low 

brominated congeners, on rats. However, no significant prenatal developmental 

toxicity was observed, even when the exposure concentration of Deca-BDE reached 

1,000 mg/kg/day [69]. BDE-99 was found to impact the development of testicular 

and ovarian in Wistar rats. The influences of the exposure to male offspring 

included significantly reduced spermatid number, sperm number, and daily sperm 

production. As for female offspring, degenerative changes were induced, including 

vacuolization, serosal epithelial cells necrosis and abnormal of stomal cells [70]. 

1.1.4 BDE-47 and breast cancer 

Breast cancer is one of the most prevalent cancers among women in the world 

[71,72]. According to the cancer statistic data from China in 2015, breast cancer 

incidence accounted for about 15% of all cases of cancers in women, and the 

mortality rate was increased in the past decade [72]. In America, breast cancer 
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accounted for 30% of new cancer cases in female, which became the dominant 

cancer in 2018. Moreover, the incidence rate of breast cancer increased from about 

105 cases per one hundred thousand population to about 135 cases per one hundred 

thousand population [71].  

 

 

 

Figure 1.3 Breast cancer data in China and USA. (A) Incidence rates of cancers in 

China, 2015. (B) Breast cancer new cases in America, 2018. Source: reference 

[71, 72]. 
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There was numerous research investigated the influences of BDE-47 on different 

diseases, but the studies relevant to breast cancer were limited and results seemed 

to be inconsistent with each other. In several reports, BDE-47 showed positive 

association to an earlier age of menarche and prolonged pregnancy, which were risk 

factors for breast cancer [73-75]. A case-control study about the PBDE levels in 

adipose tissue of Chinese women showed that BDE-47 levels were positively 

correlated with breast cancer risk [76]. However, another study about the PBDE 

levels in adipose tissue among women in the San Francisco Bay Area of California 

suggested a null association between BDE-47 levels and breast cancer risk [74]. In 

vitro study demonstrated that BDE-47 could stimulate breast cancer cell (MCF-7) 

proliferation in the presence of 17-estradiol [77]. To date, the in vivo study of the 

influence of BDE-47 on breast cancer is scarce. Therefore, the association between 

BDE-47 and breast cancer remains equivocal. 

1.2 Metabolomics 

1.2.1 Mass spectrometry-based metabolomics 

Metabolomics is an effective tool to monitor the status and alterations of organism 

or cell metabolisms from a global scale to depict the physiology and 

pathophysiology conditions. Both endogenous and exogenous constituents, mainly 

small molecules, are the objects of metabolomics. Mass spectrometry (MS)-based 

metabolomics analysis was firstly proposed by Pauling, et al in 1971, hoping to do 

a large-scale determination of hundreds of substances in a bio-sample, such as tissue, 

serum, and urine [78]. Compared with genes and proteins, metabolites are deemed 
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to be more effective to exhibit phenotype due to the rapid changes caused by stimuli, 

for metabolites could represent the current biological events. A metabolomics study 

could directly exhibit the alteration of the metabolic network that induced the 

changes of the metabolites and therefore provides vital information for the 

explanation of underlying biological mechanisms.  

In the past two decades, since people realized the significance of metabolites in 

biological processes and the mechanisms how metabolites influence biological 

systems, metabolomics has gradually become the mainstay in large-scale profiling 

in multiple research fields, such as diseases study and medicine discovery. The 

combination of gas chromatography (GC) and liquid chromatography (LC) with 

mass spectrometry greatly enhanced the progress of metabolomics for the platforms 

enables a global capture and map of the metabolite changes with extensive coverage. 

LC-MS-based metabolomics has revolutionized the research of small molecule 

metabolites and has been widely applied in the research of diseases, biomarker 

discovery, environmental toxicity, drug discovery, microbiology, etc [79-84]. In 

recent years, LC-MS/MS-based metabolomics has become increasingly popular 

because of its high sensitivity, convenient of metabolites identification, and no need 

for derivatization. LC-MS-based metabolomics is generally classified into two 

categories: targeted analysis and nontargeted analysis. The targeted metabolomics 

analysis is mainly used to quantitatively analyze a number of known metabolites 

with a pre-established approach, while nontargeted metabolomics is mostly applied 

to simultaneously measure a great many compounds without knowing the 
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information of the constituents. Comparing with nontargeted metabolomics, 

targeted analysis usually provides a deeper insight into the interested metabolic 

pathways for the targeted approach is more sensitive to detect interested metabolites.  

1.2.2 Targeted metabolomics  

Targeted metabolomics analysis is usually conducted based on the experimental 

conditions constructed using authentic standards. The platforms commonly applied 

for targeted metabolomics are triple quadrupole MS and the emerging orbitrap MS. 

The most utilized data acquisition modes were multiple reaction monitoring (MRM) 

and parallel reaction monitoring (PRM), which both provide tandem MS spectrum. 

The retention time, mass to charge ratio (m/z) and MS/MS spectra are confirmed as 

references in advance of targeted analysis. The advantages of targeted 

metabolomics include a lower limit of detection, the confidence of identification, 

accurate quantification, etc. The disadvantages of targeted metabolomics are that 

the construction of an analytical method using authentic standards is usually 

complex, and the number of detected analytes is limited by the availability of 

authentic standards.  

To analyze more compounds using the targeted approach and break through the 

limitation of authentic standards, two strategies were developed. One strategy is 

using the fragmentation pattern and typical product ions to analyze a series of 

homologous compounds with a few authentic standards. Homologs in biospecimen 

contained a same chemical functional group tends to have a similar fragmentation 
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pattern in MS/MS spectrum, and generate common product ions. For instance, 

phospholipids and acylcarnitines tend to generate fragments related to a phosphate 

group and a carnitine group, respectively. Xiang et al. developed a method to 

comprehensively analyze acylcarnitines in mouse samples based on the 

fragmentation pattern of acylcarnitines and typical product ion m/z 85.0284 using 

high-resolution PRM, making it possible to detect more than one hundred species 

in one injection with a limited number of authentic standards [85]. Another strategy 

is using chemical derivatization-based targeted analysis to monitor a set of 

metabolites which are homologous compounds or with similar structures without 

possessing authentic chemical standards. The derivatization reagents react with the 

functional chemical group and tag to homologs, therefore, could generate similar 

MS/MS fragment pattern and typical product ions, which facilitate the identification 

and quantification of the homologs. Tie et al. developed a derivatization strategy 

using 2,4-bis(diethylamino)-6-hydrazino-1,3,5-triazine to characterize fatty 

aldehydes in mice with MRM, and more than eighty fatty aldehydes were 

characterized [86]. The strategy using derivatization greatly enhanced the 

development of targeted metabolomics. The main limitation of the strategy is the 

complex derivatization procedure, including laborious reaction procedure and post-

reaction purifications. To remedy the limitations of the targeted analysis, 

researchers combined targeted and nontargeted approaches together: using 

nontargeted approach to find potential biomarkers and then use targeted method to 

accurately comprehensively analyze the metabolites in the involved pathways [87]. 
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1.2.3 Nontargeted metabolomics 

Nontargeted metabolomics is a strategy to globally screen metabolites, aiming to 

pinpoint the metabolic networks that involved in the interested biological process 

using a full scan of mass spectrometry. Thousands of features can be extracted from 

one injection of sample, which suggested that nontargeted analysis is a high 

throughput strategy to characterized compounds. Accompanied by the high 

throughput, nontargeted metabolomics is facing with the intractable difficulty of 

efficient separation of analytes in a single injection. There is no methodology which 

is capable to analyze all types of metabolites with diverse structures in one injection. 

Considering the polarity of metabolites, different types of chromatographic 

columns were applied, including reverse-phase columns, hydrophilic interaction 

columns, and ion pair chromatographic columns [88-90]. On the other hand, 

considering ionization mode in which metabolites are prone to be ionized, both 

positive and negative ionization modes are used in the nontargeted metabolomics 

to acquire a wider range of metabolites coverage. 

The general procedure of nontargeted metabolomics is shown in Figure 1.4. The 

first step is to prepare samples by using different techniques, including liquid-liquid 

extraction, enrichment, purification, etc., to obtain appropriate samples which 

contain the most interested fraction of metabolites. The organic/aqueous solvent 

extraction arguably is the most adopted approach in the nontargeted metabolomics 

[91]. Internal standards and quality control samples are prepared along with the 

samples to monitoring the stability and repeatability of the system. There are 
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numerous purification methods, among which solid phase extraction (SPE) may be 

the most popular one. Commercially available of different types of SPE columns 

greatly facilitated the purification procedure, and furthermore, the interested 

fractions can be enriched in the procedure.  

There are several platforms for the second step instrumental analysis, including LC-

MS, GC-MS, NMR, etc. [92-94]. Each of the platforms has its pros and cons. LC-

MS and GC-MS have broad coverage of metabolites, a high sensitivity, and 

varieties of open-source data analysis software. The limitations of these two 

platforms are that both have classes of organic compounds that could not be 

detected (e.g. hydrocarbons for LC-MS, and nonvolatile molecules for GC-MS). 

NMR could provide noninvasive measurement, but its sensitivity is low and have 

much less metabolite coverage [95]. In addition, capillary electrophoresis-MS (CE-

MS) and supercritical fluid chromatography-MS (SFC-MS) were also applied in 

nontargeted metabolomics [96, 97]. 

 

 

Figure 1.4 General procedure of metabolomics and applied platforms. 
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The data processing step includes statistical analysis and compound identification. 

Normalization is a primary step after peak alignment and feature extraction from 

raw data. Normalization is commonly conducted by using sum, median or a 

reference feature, etc. Multivariate statistical data analysis, such as principle 

component analysis (PCA), partial least squares-discriminant analysis (PLS-DA), 

and receiver operating characteristic (ROC) analysis, are performed to make an 

unbiased metabolic fingerprint to find out the relative changes of features in two or 

more groups [98]. The features with a fold change above 1.2 or under 0.83, and 

meanwhile the p-values are smaller than 0.05 are picked out for identification. The 

identification is based on comparing the MS/MS spectrum and accurate m/z with 

online spectra library or databases to find potential target metabolites followed by 

verifying with authentic standards. There are numerous open-access software 

packages which can be used in the procedure of data analysis. The databases Metlin, 

HMDB, NIST, and MassBank can be used in the identification of metabolites. The 

online software MetaboAnalyst, MAVEN and MSXelerator are capable to be used 

for statistical analysis. The MS instrument companies also developed their own 

software to do data processing (Thermo: SIEVE and Compound discover; Agilent: 

Mass Profiler; Waters: MarkerLynx; AB Sciex: Markerview) [99]. The challenge of 

metabolite identification is that the number of standard spectra is limited compared 

with the chemicals already registered. Only 25% or fewer features can be identified 

in nontargeted metabolomics [100].  

The data interpretation is the last step of metabolomics analysis which could be 



21 

 

realized using online software. The metabolomics pathway analysis can be 

combined with multiple omics data, including genomics and proteomics data, on 

analysis platforms like MetaboAnalyst and Mass Profiler.  

In summary, Metabolomics has made great progress in the past decades and there 

exists standard practice for the metabolic profiling. In the future, the metabolomics 

may advance toward higher coverage of metabolites, smaller sample size, and 

integrated multi-omics.  

1.3 Objectives 

Considering that the potential effect of BDE-47 on breast cancer has not been 

elucidated, and metabolomics is an effective tool to investigate the mechanism of 

influences from stimuli, mass spectrometry-based targeted and nontargeted 

metabolomics have been conducted to unveil the impact of BDE-47 on breast 

cancer. Both in vitro and in vivo experiments were performed in this study. The 

breast cancer cell line MCF-7 was used for the in vitro study, and breast cancer nude 

mice were used for the in vivo study. The in vitro results from the cells-based 

experiment could provide meaningful guidance for the in vivo experiments. In order 

to simulate the internal environment of breast cancer disease, we built breast cancer 

mouse models and then exposed the mice with BDE-47, followed by metabolomics 

analysis. 

(1) To study the metabolic changes with the exposure of BDE-47 by profiling in 

MCF-7 cells and find out the involved pathways and potential biomarkers. 

(2) To construct breast cancer mouse models by transferring breast cancer cells 
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MDA-MB-231 to nude mice. Exposing the mouse models with different 

concentrations of BDE-47 and exploring the influence of exposure on the 

development of breast cancer. 

(3) To analyze the metabolic changes in mice using nontargeted metabolomics to 

find out the potential mechanism of the influence. 

(4) To develop mass spectrometry-based targeted analytical method for quantitative 

analysis of short-chain fatty acids and hydroxylated short-chain fatty acids which 

have a close relation to cancer, and apply the method to the samples collected from 

the breast cancer mice. 

(5) To develop a semi-quantitative targeted LC/MS method by using derivatization 

reagents to analyze medium and long chain fatty acids in the mice.  
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Chapter 2 Metabolic profiling on the effect of 2,2',4,4'-tetrabromodiphenyl 

ether (BDE-47) in MCF-7 cells 

2.1 Introduction 

Polybrominated diphenyl ethers (PBDEs) have been widely used as flame 

retardants in textiles, furniture, plastics and electronic products for decades [101, 

102]. PBDEs can easily escape from the material surface, resulting in the increased 

levels in the environment [103, 104]. Moreover, PBDEs are highly resistant to 

degradation. The gradually accumulated retardants have an inclination of 

bioaccumulation through the food chain. The intrinsic characteristics of PBDEs 

make them to be a kind of typical persistent organic pollutants (POPs) [105]. Recent 

research showed that the presence of PBDEs in human bodies has increased 

dramatically, which possesses a huge potential to induce adverse effects on human 

health. Accumulated evidence suggested that PBDEs played a negative role in 

human health, such as endocrine disrupter [106, 107], developmental 

neurotoxicants [11, 108] and estrogen-like hormone [109]. Estrogen-like effects of 

PBDEs have been investigated by using different breast cancer cell lines. Kester et 

al. found that hydroxylated PBDEs exhibited estrogen activity by increasing the 

bioavailability of estrogens through the inhibition of sulfation of 17β-estradiol (E2) 

sulfotransferase enzymes [110]. Anna Karpeta et al. reported that BDE-47 could 

induce the upregulation of the protein expression of estrogen receptor β (ERβ) and 

the downregulation of the estrogen receptor (ERα) [111]. However, the overall 

inspection of PBDEs perturbation mechanism on breast cancer cells was scarce. 

MCF-7 cell line is one of the most commonly used breast cancer cell lines after it 
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was established in 1973. It is adjudged to be a suitable in vitro model for breast 

cancer investigations worldwide. The cell line has been used extensively in breast 

cancer mechanism research, anticancer drug development, cytotoxicity assay and 

environmental science [112-114]. 

There are 209 congeners of PBDEs named from BDE-1 to BDE-209 based on the 

variant of bromine atom numbers and positions on the two aromatic rings. PBDEs 

were detected in various types of human samples such as blood, adipose tissue and 

human milk. Consumption of contaminated seafood, ingestion of indoor dust and 

inhalation of polluted indoor air are the main exposure routes for non-occupational 

individuals [115]. 2,2',4,4'-Tetrabromodiphenyl ether (BDE-47) is one of the most 

frequently detected species in environmental and biological samples [116-119]. The 

relationships between BDE-47 and breast cancer attracted attention of researchers 

in the last decades. However, till now there is no specific evidence to show a 

positive association between BDE-47 and breast cancer (Holmes et al. 2014, 

Wielsoe et al. 2017). According to previous reports, BDE-47 showed toxicity to 

liver cells and neuron cells, but the potential toxicity to breast cells and its 

underlying mechanism is scarce. 

Metabolomics is an efficient and burgeoning strategy to monitor metabolic 

alterations by using ultra-high performance liquid chromatography coupled with 

mass spectrometry (UHPLC-MS). Metabolomics analysis could provide a global 

view of the metabolic changes after stimuli without pre-knowledge of targeted 

compounds. The strategy has been widely applied to biomarker identification, 
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disease diagnosis, medicine development, toxicology study and environmental 

science [120-123]. Compared to other methods, metabolomics greatly facilitates the 

research to monitor the entire biological alteration other than preselected limited 

variety of analytes. Therefore, the technique could greatly enhance the development 

of uncovering the adverse effect mechanism of environmental pollutants [124, 125].  

In this work, the toxicity mechanism of BDE-47 to breast cancer cell line MCF-7 

was studied by using metabolomics. Orbitrap MS was applied in the research, 

which greatly facilitated the metabolites identification combining with the 

databases because it could provide accurate m/z for each compound. Results from 

the in vitro study could provide a potential mechanism for the further study of the 

acceleration effect of BDE-47 on breast cancer development in vivo. 

2.2 Materials and methods 

2.2.1 Reagents and materials  

Bromobenzene, 1,3-dibromobenzene, phenol, sodium hydroxide, ethyl acetate, 

N,N-dimethylformamide (DMF) were purchased from Dieckmann ( Shenzhen, 

China). Ion powder, bromine, benzenoform, 3-Bromo-pheno, cuprous iodide and 

sodium hydride were purchased from Sigma-Aldrich (St. Louis, MO, USA). MCF-

7 cell line (ATCC NO.: HTB-22) was purchased from American type culture 

collection (ATCC, Manassas, VA, USA). Dimethyl sulfoxide (DMSO), formic acid, 

3-(4,5-dimethyl-thiazol-2-yl) -2,5-diphenyl-tetrazolium bromide (MTT) were 

bought from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified eagle 

medium (DMEM) high glucose cell culture medium, fetal bovine serum (FBS), 
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0.25% trypsin, streptomycin sulfate and penicillin were obtained from Gibco 

(Thermo Fisher Scientific, USA). Purified water was obtained from Milli-Q 

ultrapure water system (Millipore, Billerica, MA, USA). HPLC grade acetonitrile 

and methanol were purchased from TEDIA company (Fairfield, OH, USA). 96-well 

plates and 10 cm cell culture dishes were obtained from Corning (New York, USA). 

The light absorption at 495 nm was carried by using the instrument VICTOR X3 

(Perkin-EImer, USA). The sonication was conducted by using the instrument 

Sonics Vibra Cell (Madell Technology Corporation, USA).  

2.2.2 Synthesis of BDE-47, BDE-99, and BDE-153 

2,2’,4,4’-Tetrabromodiphenyl ether (BDE-47), 2,2’,4,4’,5-Pentabromodiphenyl 

ether (BDE-99), 2,2’,4,4’,5,5’- Hexabromobiphenyl ether (BDE-153) were 

synthesized based on the reported method [126]. The synthesize of 2, 2’,4,4’-

Tetrabromodiphenyl ether (BDE-47) included two steps. The first step was to 

synthesis intermediate product diphenyl oxide. Bromobenzene (1 g), phenol (0.2 g), 

cuprous iodide (0.04 g), sodium hydride (0.127 g) in DMF (anhydrous, 50 ml) were 

heated at 120 oC and stirred overnight. The air was evaporated by nitrogen gas 

before the reaction. Product was separated by silica chromatographic column with 

hexane as the mobile phase. As a result, 320 mg of colorless oil-like product was 

yielded. More intermediate product was collected by repeating this procedure. The 

second step was to synthesis BDE-47. Diphenyl oxide (1 g), Br2 (5.648 g), ion 

powder (0.033 g), carbon tetrachloride (50 ml) were refluxed for 4 hours. The 



27 

 

products were separated by using thin-layer chromatography (TLC) plates. This 

procedure was repeated for several times and finally 1.4 g of BDE-47 was collected 

(Scheme 2.1). Since the reactants and products are dangerous compounds, operator 

should be careful and strictly obey the rules of safety regulations. The purity of the 

synthesized BDE-47 was larger than 99% which was determined by using NMR 

and Gas chromatography -electron capture detector (GC-ECD) (Figure 2.2 and 

Figure S1). 

 

 

Scheme 2.1 Synthesis of BDE-47. DMF: dimethyl formamide. DMF: dimethyl 

formamide.  

 

 

Figure 2.2 Purity of the synthesized BDE-47. It was determined by using GC-

ECD. The insert is the peak at 12.57 min to show that it is a single peak. 
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Thin-layer chromatography (TLC) was performed on silica gel plates (DC 

Fertigplatten) from Merck (USA). Gas chromatography (GC) was performed on 

GC7890(Agilent Technologies) equipped with a 30 m x 0.25 mm, 0.25 µm film 

thickness and ECD detector. The injector temperature was 260 oC and temperature 

program was as follows: 80 oC for 1 min; 30 oC min-1 to 200 oC; 10 oC min-1to 280 

oC and hold for 10 mins. 1H NMR spectra were recorded in CDCl3 solutions on a 

Bruker Ultrashield TM 400 PLUS spectrometer (Germany).  

The synthesize of 2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99) included two 

steps. The first step was to synthesis 3-phenoxybromobenzene. 3-Bromophenol (1 

g), bromobenzene (2.732 g), sodium hydride (0.347 g), cuprous iodide (0.11 g) in 

DMF (50 mL) were heated and stirred at 120 oC overnight. The air in the system 

was evaporated by nitrogen gas before the reaction. The products were separated 

by a silica column using hexane as mobile phase. After repeating the synthesis 

procedure for several times, 1.0 g oily intermediate product was yielded.  

 

 

Scheme 2.3 Synthesis of BDE-99. DMF: dimethyl formamide.  

 

The BDE-99 was synthesized by using the intermediate product. 3-

phenoxybromobenzene (100 mg), Br2 (320 mg), ion powder (2 mg) in CCl4 (1 ml) 

were refluxed for 2 hours. Then more Br2 (60 mg) was carefully added to the 
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reaction system and refluxed for another 4 hours. Product was separated by using 

TLC plates. 100 mg BDE-99 was collected after several times of repeating the 

synthesis procedure (Scheme 2.3). The NMR spectrum was attached in the 

supplemental information (Figure S2). 

 

 

Scheme 2.4 Synthesis of BDE-153. DMF: dimethyl formamide.  

 

The synthesize of 2,2’,4,4’,5,5’-Hexabromodiphenyl ether (BDE-153) also 

included two steps. Firstly, the intermediate product 3,3’-dibromodiphenyl ether 

was synthesized. 3-Bromophenol (1 g), 1,3-dibromobenzen (4.12 g), sodium 

hydride (0.348 g), cuprous iodide (0.11 g) and DMF (50 mL) were heated and 

stirred at 140 oC overnight. The air in the system was evaporated by nitrogen gas 

ahead of the reaction. The procedure was repeated and finally 500 mg colorless oil-

like product was produced. The intermediate product 3,3’-dibromodiphenyl ether 

was used as the reactant. 3,3’-dibromodiphenyl ether (100 mg), Br2 (240 mg), ion 

powder (2 mg) and CCl4 (50 mL) were refluxed for 1 hour. After that, another 1.5 

equivalent Br2 was added to the system and reacted for another 2 hours. Products 

were separated by using TLC plates. BDE-153 (200 mg) was collected by repeating 

the reaction for several times (Scheme 2.4). NMR spectrum was attached in the 

Figure S3. 
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2.2.3 Cell culture and cell viability assay 

The MCF-7 cells were cultured in phenol red-free DMEM high glucose cell culture 

medium which contains 10% FBS. The concentration of streptomycin sulfate and 

penicillin in the culture medium was 100 units/mL and 100 µg/mL, respectively. 

The MCF-7 cells were seeded in 10 cm dishes and cultured in the incubator 

containing 5% CO2. The air atmosphere was humidity and maintained at 37 oC. 

Subculturing was carried out when the cells occupied about 80% of the whole 

bottom surface of the dish. The subcultivation ratio was 1:3 and the medium was 

renewed every 48 hours.   

The cell viability assay was conducted by using a 96-well plate. Two different 

concentrations (10% and 1%) of FBS in DMEM medium were utilized in the assay. 

The cells were maintained in the corresponding medium for 48 hours before 

harvesting by 0.25% trypsin digestion. After harvest from 10 cm dish, the cells were 

resuspended in fresh medium to reach a concentration of 105 cells /mL. 100 µL of 

the suspended cells were seeded in each well of the plate, and then the 96-well plate 

was incubated for 24 hours. BDE-47, BDE-99, and BDE-153 was dissolved in 

DMSO to get a stock solution at the concentration of 100 mM and then was serially 

diluted to 10 mM, 1 mM, 100 µM, 10 µM, 1 µM, 100 nM, 10 nM by DMSO. 5 µL 

of each BDE-47 solution was added to 5 mL fresh medium to reach the final 

concentration of 100 µM, 10 µM, 1 µM, 100 nM, 10 nM, 1 nM, 100 pM, and 10 

pM, respectively. The medium in the wells was replaced by the serial BDE-47-

contained medium. 0.5% DMSO-contained medium was used in control group. 
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Each concentration had six duplicates. After that, the plate was cultured for another 

72 hours. 10 µL of MTT (5 mg/mL) in PBS was added to each well and incubated 

in 37 oC for 4 hours. The medium was removed and 100 µL DMSO was added to 

dissolve the purple formazan precipitate. Finally, the light absorbance at 490 nm 

was measured by using the instrument VICTOR X3. 

2.2.4 Sample preparation  

The concentration of FBS in the medium during the exposure assay was 1%. Two 

concentrations (10 µM and 5 µM) of BDE-47 were applied to conduct the exposure 

assay. The final concentration of DMSO was 0.1% in these treatment groups. The 

same concentration of DMSO was added to the control group. Each group had 

seven duplicates. For these experimental and control groups, 2 × 106 cells were 

seeded in the dish in fresh medium without BDE-47 or DMSO, and subsequently 

cultured in the incubator. After 24 hours, the medium was changed to the ones 

containing the corresponding concentration of BDE-47 and DMSO. After 72 hours, 

cells were harvested by trypsin digestion and centrifugation at a speed of 1000 rpm. 

Cell numbers in each dish were determined by hemocytometer. The cell pellets 

collected from each plate were quenched by 600 µL chilled 80% methanol in 2.5 

mL Eppendorf tubes. The cell disruption was conducted by intermittent 

ultrasonication (5 s of ultrasonication then 10 s of interval) on ice for 10 min. After 

sonication, samples were centrifuged at 15 000 g for 10 min at 4 oC. The 

supernatants were collected, and 400 µL chilled 80% methanol was added to pellets 
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to repeat the extraction procedure. The supernatants were combined and then dried 

by nitrogen evaporation. The residuals were stored at -80 oC before analysis (Figure 

2.5). Based on the cell numbers counted after harvest, the residuals were redissolved 

in methanol/H2O (1:1, v/v) to the same concentration of 4 × 106 cells/mL. The 

samples were vortexed for 5 min, followed by centrifugation at 15000 g for 10 min 

at 4 oC. The supernatants were collected for analysis by UPLC-MS. Quality control 

(QC) samples were prepared by pooling 20 µL of solution from each sample in all 

groups. 

 

 

Figure 2.5 Procedure of sample preparation for metabolomics study.  

 

2.2.5 UHPLC-MS conditions 
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Data acquisition was accomplished on the instrument Ultimate 3000 Ultra-high 

Performance Liquid Chromatography (Thermos fisher scientific, USA) coupled 

with Q-Exactive ESI-Q-Orbitrap Mass Spectrometer (Thermos fisher scientific, 

USA) in both negative and positive ionization modes. For the chromatographic 

separation, the mobile phase A was 0.1% formic acid in water and mobile phase B 

was 0.1% formic acid in acetonitrile in positive ionization mode. While in negative 

mode, mobile phase A was 2 mM ammonium acetate in water and B was 2 mM 

ammonium acetate in acetonitrile. Separation was accomplished on T3 Acquity 

column (1.8 µm, 2.1 x 100 mm, Waters Corporation, Manchester, UK) and the 

column oven was maintained at 30 oC. Elution flow rate was 0.3 mL/min. The 

gradient was set as follows: 2% B held for 1 min, then linearly increased from 2% 

to 100% until the end of 21 min, followed by returning to 2% B within 0.1 min and 

held until the end of 25 min to stabilize the column pressure. The injection volume 

was 10 µL. QC samples were injected five times ahead of the whole sequence and 

one injection every four samples to equilibrate the system as well as to monitor the 

stability throughout the analysis.  

For MS analysis, the temperature of capillary and aux gas heater was 320 oC and 

350 oC, respectively. The aux gas and sheath gas flow rate were set at 10 arbitrary 

unit and 30 psi, respectively. The spray voltage was 3.5 kV in the positive ionization 

mode and 2.5 kV in the negative ionization mode. The resolution was set as 35 000. 

The collision energy was ramped from 10 eV to 40 eV in the MS/MS analysis while 

the scan range was m/z 50 -1000.  
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2.2.6 Data processing and multivariate statistical analysis 

SIEVE software 2.2 (Thermos fisher scientific, USA) was applied for 

chromatography peaks alignment and extraction. Partial least squares with 

discriminant analysis (PLS-DA) was conducted by using the software SIMCA-P 

V13 (Umetrics, Umea, Sweden). The volcano plots were constructed by plotting 

the negative log of the p-value on the vertical axis (base 10) versus the log of the 

fold change (base 2) on the horizontal axis. The p-values were calculated by t-test 

according to the peak intensities. The Human Metabolome Database 

(http://www.hmdb.ca/) and METLIN Database 

(https://metlin.scripps.edu/index.php) were used for metabolite searching and 

tandem mass spectrometry searching. Pathway analysis was carried out by KEGG 

(http://www. genome. jp/kegg/) and MetaboAnalyst 3.0 

(http://mirror.metaboanalyst.ca/). 

2.2.7 Biological validation of reactive oxygen species assay 

The level of intracellular reactive oxygen species was quantified using the Reactive 

Oxygen Species (ROS) Assay Kit. 2’,7’-Dichlorodihydrofluorescein diacetate 

(DCFH-DA) can be oxidized by reactive oxygen species in viable cells to 2’,7’-

dichlorofluorescein (DCF) which is highly fluorescent at 530 nm. The cells were 

washed three times with PBS. DCFH-DA, diluted to a final concentration of 10 mM, 

was added to medium and incubated for 30 min at 37 oC in the dark. After that, the 

relative levels of fluorescence were detected by using fluorescence microscope. The 
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excitation wavelength and emission wavelength were 488 nm and 525 nm, 

respectively. Exposure time was consistently set at 10 ms. 

2.3. Results and discussion 

2.3.1 Cytotoxicity assay 

The cytotoxicity assays of BDE-47, BDE-99, and BDE-153 on MCF-7 cells were 

conducted by MTT assay. The effects of BDE-47 concentrations under different 

FBS levels on MCF-7 cell viability were investigated to obtain the optimal exposure 

concentration together with minimal cell death for metabolomics study. The MCF-

7 cells were incubated with different concentrations of BDE-47 when the FBS 

concentration was 10% and 1%, respectively. The same treatment was conducted 

to the other three BDEs species. As shown in Figure 2.6, little difference in the 

viability between treatment and control groups was observed when the FBS 

concentration was 10% for all the BDE congeners and exposure levels, indicating 

that the toxicity of the BDE species to MCF-7 was indistinctive under the 

incubation condition. 
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Figure 2.6 Cell viabilities after incubation of BDE-47 (A), BDE-99 (B), and BDE-

153 (C) in the medium containing 10% FBS. The results were obtain using MTT 

assay. *: p < 0.05. **: p < 0.01. 
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Figure 2.7 Cell viabilities after incubation of BDE-47 (A), BDE-99 (B), BDE-153 

(C) in the medium containing 1% FBS (B). *: p < 0.05. **: p < 0.01. 

 

However, a noticeable impairment of cell viability was obtained when the 

concentration of FBS was 1% and the concentration of BDE-47 exceeded 1 µM 
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(Figure 2.7). For BDE-99, toxicity could be detected only when the concentration 

excess 10 µM. While at the same time, little change was observed for BDE-153 

even under the highest treated concentration (Figure2.7). Meanwhile, a low-dose of 

BDE-47 produced a relatively low cytotoxicity to cells. These results indicated that 

toxic sensitivity of MCF-7 cell to BDE-47 was increased after reducing the 

concentration of FBS. The increase of sensitivity might originate from the 

combination of BDE-47 with proteins such as bovine serum albumin (BSA) in FBS 

[127]. The combination could reduce the concentration of BDE-47 that were free 

in solution and thus impact the influence of BDE-47. It was noteworthy that the 

viability of MCF-7 cells was approximately 80% when the BDE-47 concentration 

was 10 µM, which was suitable for metabolomics analysis [120]. Therefore, the 

condition of 10 µM BDE-47 exposure (high-dose) was adopted in the following 

metabolomics experiment. Besides, 5 µM BDE-47 was set as the low-dose 

treatment group. Schreiber et al exposed neural cells with 1µM 14C-BDE-47 for 7 

days and compared the exposure level with that in vivo in the human body, reaching 

the conclusion that the exposure concentration might be of relevance to human 

exposure [108]. Though the cells they utilized and exposure duration were different 

from this research, the results could provide us a valuable reference. The limitation 

of this research is that the concentration of BDE-47 applied in this research 

(5µM,10µM) may be higher than that of reported human exposure level. But it 

reminds people to take measures to minimize the usage of BDE-47 to reduce health 

risk that induced by BDE-47. 
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2.3.2 Multivariate statistical analysis  

To uncover the metabolic changes between the control group and BDE-47 treated 

group, both positive and negative ionization modes were applied to profile the 

metabolites. A peak list with 3700 frames in positive ionization mode and 2715 

frames in negative ionization mode were acquired from SIEVE. Detailed 

information such as m/z, retention time and peak intensity were included. PLS-DA 

score plots in positive ionization mode (Figure 2.8 A) and negative ionization mode 

(Figure 2.8 B) show the distribution between BDE-47-treated and the control 

groups, as well as QC samples in two dimensions.  
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Figure 2.8 Partial least squares with discriminant analysis (PLS-DA) score plots 

of positive ionization mode (A) and negative ionization mode (B). “Control, 5 

µM, 10 µM” represent the control group, low-dose group and high-dose group, 

respectively. QC: quality control. Each dot in the figures represents one sample.  

 

It was observed from Figure 2.8 that QC samples were clustered tightly in a small 

area, indicating that the instrument was stable, and the analysis was reliable. In both 

positive and negative ionization modes, a distinct difference was observed between 

the control group and high-dose exposure group, demonstrating that high dose of 

BDE-47 treatment induced conspicuous perturbation of intercellular metabolites. 

Meanwhile, the low-dose group was hardly separated from the control group, 

suggesting that low-dose exposure of BDE-47 had little influence on the cell 

metabolism. Thus, the high-dose group was used for further investigation to 

uncover the altered metabolic pathways and biomarkers after the exposure to BDE-

47. The permutation plots verified that the PLS-DA model built for the high-dose 

group and the control group was robust and credible both in positive and negative 
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ionization modes (Figure 2.9 A and B). 

 

 

 

Figure 2.9 Validation plots for PLS-DA analysis based on high-dose group and 

control group of positive ionization mode (A) and negative ionization mode (B). 

 

Volcano plots were constructed to identify the differentiated metabolites between 

the control and treated groups. Volcano plot is widely applied in the data analysis 

of metabolomics, genomics as well as proteomics studies that usually possess 

thousands of date points [128]. In the plots, each point represents one component 

extracted from the chromatographic peaks by SIEVE.  

As shown in Figure 2.10, quantities of metabolites were upregulated (red dots) or 

downregulated (blue dots), especially in high-dose group. Moreover, the number of 



42 

 

significantly changed ions in high dose group were much more than that in low-

dose group both in positive and in negative ionization mode, indicating that the 

BDE-47 affected the MCF-7 cells in a dose-dependent manner. In the volcano plots, 

the further the data points are away from the origin, the more significant 

contributions they have for the discrimination of the two groups. Therefore, the 

points far away from the origin may be regarded as potential biomarkers of the 

BDE-47 exposure. In this study, those metabolites marked as blue and red dots were 

used for the identification. 
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Figure 2.10 Volcano plots. The negative Log10 - transformed p-values of the t-test 

were plotted against the log2- transformed fold change in the control-treatment 

experiment. The plots represent the changes at different exposure dose and MS 

detect mode (A) 5 µM BDE-47, positive ionization mode; (B) 5 µM BDE-47, 

negative ionization mode. (C) 10 µM BDE-47, positive ionization mode; (D) 10 

µM BDE-47, negative ionization mode. The blue dots represent the fold changes 

are smaller than 0.67 and the red squares represent the fold changes are larger than 

1.5, while the p-values < 0.05. 

 

2.3.3 Identification of discriminated metabolites 

Parallel reaction monitor mode (PRM) of MS was applied to obtain the tandem MS 

data. The accurate MS and tandem MS data were input into the HMDB and 
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METLIN database to search and match. The accuracy of MS and MS/MS data, the 

pattern of product ions, as well as isotopic distribution were taken into consideration. 

The mass error of all metabolites was less than 5 ppm. Based on this method, 19 

significantly changed ions were identified (Table 2.1) and some of the important 

compounds were further identified from the analysis and comparison of authentic 

standards (Table 2.1 and Figure 2.11-2.17). Among the identified metabolites, five 

metabolites (cytidine 5’-monophosphate (CMP), uridine monophosphate (UMP), 

uridine, cytosine and uracil) were involved in pyrimidine metabolism, while 

another five (5'-guanylic acid (GMP), inosine 5'-monophosphate (IMP), guanosine, 

hypoxanthine and guanine) were involved in purine metabolism. 6-

Phosphogluconic acid was involved in pentose phosphate pathway (PPP). 

Ophthalmic acid, S-adenosylhomocysteine, L-N-(3-Carboxypropyl) glutamine, 

and L-arginine were involved in the relevant amino acid metabolisms. 2-

Methylbutyroylcarnitine was involved in acylcarnitines metabolism. Choline and 

methacholine were involved in glycerophospholipid metabolism. 
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Table 2.1 Identification of significantly changed metabolites 

Compound name 

Measured mass 

 (m/z） 

Mass error 

(ppm) 

RT 

(min) 

Detection ion 

mode 

Cytidine 5’-monophosphatea 322.0449  0.9  1.06 Negative 

Uridine monophosphatea  323.0288  0.3  1.45 Negative 

Inosine 5'-monophosphate 347.0403  1.4  0.99 Negative 

6-Phosphogluconic acida 275.0167  2.5  1.14 Negative 

5'-Guanylic acid 362.0510  0.8  1.64 Negative 

Uridinea 243.0621  0.8  2.21 Negative 

Guanosine 282.0847  1.1  3.79 Negative 

N-lactoyl-phenylalanine 236.0927  0.4  7.91 Negative 

Hypoxanthinea 135.0299  2.2  1.71 Negative 

Choline 104.1073  3.8  0.91 Positive 

Methacholine 160.1331  0.6  0.98 Positive 

Cytosinea 112.0507  1.8  1.44 Positive 

Ophthalmic acid 290.1343  1.4  1.76 Positive 

L-N-(3-Carboxypropyl)glutamine 233.1129  1.3  1.86 Positive 

Uracil 113.0347  0.9  2.27 Positive 

S-Adenosylhomocysteine 385.1281  2.1  2.27 Positive 

Guaninea 152.0565  1.3  3.81 Positive 

L-Arginine 175.1187  1.7  1.08 Positive 

Methylbutyroylcarnitine 246.1696  1.6  6.00  Positive 
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Figure 2.11 Identification of cytidine 5’-monophosphate by using the standard. 

(A): Tandem MS spectrum of Cytidine 5’-monophosphate standard; (B): Tandem 

MS spectrum of Cytidine 5’-monophosphate in the sample. Inserts are the 

chromatograms. 

 

Figure 2.12 Identification of uridine monophosphate by using the standard. (A): 

Tandem MS spectrum of uridine monophosphate standard; (B): Tandem MS 

spectrum of uridine monophosphate in the sample. Inserts are the chromatograms. 
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Figure 2.13 Identification of uridine by using the standard. (A): Tandem MS 

spectrum of uridine standard; (B): Tandem MS spectrum of uridine in the sample. 

Inserts are the chromatograms. 

 

Figure 2.14 Identification of cytosine by using the standard. (A): Tandem MS 

spectrum of cytosine standard; (B): Tandem MS spectrum of cytosine in the 

sample. Inserts are the chromatograms. 
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Figure 2.15 Identification of hypoxanthine by using the standard. (A): Tandem 

MS spectrum of hypoxanthine standard; (B): Tandem MS spectrum of 

hypoxanthine in the sample. Inserts are the chromatograms. 

 

Figure 2.16 Identification of guanine by using the standard. (A): Tandem MS 

spectrum of guanine standard; (B): Tandem MS spectrum of guanine in the 

sample. Inserts are the chromatograms. 
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Figure 2.17 Identification of 6-phosphogluconic acid by using the standard. (A): 

Tandem MS spectrum of 6-phosphogluconic acid standard; (B): Tandem MS 

spectrum of 6-phosphogluconic acid in the sample. Inserts are the chromatograms. 

 

2.3.4 Pathway analysis 

The pathway analysis diagram was generated from MetaboAnalysis to illustrate the 

relationship between the metabolites. Each metabolic pathway was displayed as a 

colored circle in the diagram. The significance of the changed pathways in the 

perturbation of the whole metabolic system responding to BDE-47 exposure 

positively related to the color depth, the size and the distance from the origin of the 

circles. As shown in Figure 2.18, pyrimidine metabolism, purine metabolism and 

pentose phosphate pathways were the top three pathways that were impacted by the 

exposure of BDE-47. 
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Figure 2.18 Pathway analysis of the identified metabolites by MetaboAnalysis. 

The color and size of the circles are generated based on p-value from pathway 

enrichment analysis, and pathway impact value from pathway topological 

analysis, respectively. 

 

Based on the comparison of the control and high-dose groups, fold changes of the 

identified metabolites were calculated. It is noticed from Figure 2.19 that the 

metabolites involved in the pyrimidine metabolism and purine metabolism were 

significantly downregulated. Besides, 6-phosphogluconic acid, which was involved 

in pentose phosphate pathway, was reduced significantly.  
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Figure 2.19 Changes of identified metabolites in response to BDE-47 exposure. 

Fold changes of metabolites in pyrimidine metabolism (A), purine metabolism 

(B), and pentose phosphate pathway and others metabolic pathways (C). n = 7, * 

represents p < 0.05, ** represents p < 0.01.  

 

The upstream and downstream relationships between the metabolites in the 

pathways of pyrimidine and purine metabolism were shown in Figure 2.20. In the 

pyrimidine metabolism, CMP, UMP, uridine, cytosine and uracil were reduced 

significantly. The CMP and UMP are the direct hydrolysis products of CTP and 

UTP hydrolysis, respectively. Meanwhile, under the function of synthetase the 

reverse reaction occurred and thus CTP and CMP, as well as UTP and UMP were 

in dynamic equilibrium. Therefore, the reduction of the downstream metabolites 

reveals the downregulation of the whole pyrimidine metabolism. As for the purine 

metabolism, a similar mechanism could be applied. Briefly, GTP and GMP were in 
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dynamic balance. The reduction of downstream metabolites means the decline of 

the entire pathway, indicating that the purine metabolism was also downregulated.  

 

 

Figure 2.20 Interrelation among glycolysis pathway, PPP and oxidative stress. 

G6P: glucose-6-phosphate, CTP: cytidine triphosphate, UTP: uridine 

triphosphate; UMP: uridine monophosphate, CMP: cytidine monophosphate, 

GTP: guanosine triphosphate, GMP: guanosine monophosphate, IMP: inosine 

monophosphate. ROS: reactive oxygen species. 

 

It is well-known that the half-life of the majority of cellular RNA is several days 

[129]. Thus, the RNA degradation procedure in the cell continually takes place as 

long as the cell is alive because senescent RNAs should have been eliminated. 

Therefore, the degradation procedure in the cell will be kept at a relatively constant 

rate to keep the cell renew well. Moreover, the purine and pyrimidine metabolism 

are at the downstream metabolism of RNA degradation. Saquib et al. reported that 

BDE-47 induced downregulation of majority of mRNA transcripts in human liver 
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cells [104]. As we know, mRNAs degrade after completing their mission, the 

decrease of mRNA transcripts leads to the reduction of RNA degradation. Therefore, 

the downregulation of pyrimidine and purine metabolism probably means the 

reduction of RNA degradation amount. Moreover, the reduction of RNA 

degradation suggested the downregulation of mRNA transcription. 

Glycolysis pathway and pentose phosphate pathway are the two principal pathways 

related to the metabolism of glucose and they take place in the cytoplasm. As shown 

in Figure 2.20, firstly, glucose is phosphorylated to glucose-6-phosphate (G6P). 

Then, a portion of G6P is digested to pyruvate in glycolysis pathway and eventually 

enters the tricarboxylic acid cycle (TCA cycle) to generate energy [130]. Another 

portion of G6P enters the PPP to produce NADPH and metabolites with five, four 

or seven carbon atoms (C5/C4/C7), which are primarily raw materials for the 

synthesis of other large functional molecules such as DNA and RNA. The majority 

of NADPH is generated through the PPP, hence the expression of the PPP-related 

enzymes in cancer cells is usually upregulated to support the quick and constant 

proliferation [131, 132]. The proportion of the G6P entering glycolysis pathway and 

PPP is varied between tissues. For the breast tissue, PPP is the leading procedure of 

glucose catabolism. 6-Phosphogluconic acid is generated from glucose 6-phosphate 

(G6P) in the pentose phosphate pathway. The step from G6P to 6-phosphogluconic 

acid is the rate-determining step of the PPP. Thus, the reduction of 6-

phosphogluconic acid revealed the downregulation of the PPP. Because NADPH 

was generated simultaneously with 6-phosphogluconic acid in the first step of PPP, 
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the downregulation of 6-phosphogluconic acid indicated the reduction of NADPH. 

Generally, the reactive oxygen species (ROS) are reduced by two systems, namely 

the enzymes involved in the antioxidant system and the non-enzymatic scavengers. 

The superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase 

(GSH-Px) are the typical enzymes in the first system while vitamin C, vitamin E 

and glutathione (GSH) belongs to the latter one. The elimination of ROS by SOD, 

CAT and GSH-Px needs the presence of NADPH as the source of reduction ability 

and electron carrier [133]. Therefore, it is deduced that the decrease of NADPH 

could induce oxidative stress because the antioxidases could not remove all ROS 

efficiently at the circumstance of lacking reduction ability. Moreover, insufficient 

NADPH could influence the cell metabolism through some other pathways, for 

instance, fatty acid and lipid synthesis, because NADPH is the vital coenzyme in 

the metabolic procedures [134]. Perturbation of the involved pathways may induce 

disorder in the whole cell metabolism. Different species of PBDEs may have a 

different physiological effect on different cell lines. Li et al. reported that PBDE-

209 could promote proliferation of various cancer cells [3]. On the other hand, 

Costa et al. showed that BDE-47 could induce oxidative stress and ensue apoptotic 

cell death in mouse cerebellar granule neurons [135]. Therefore, the potential 

toxicity mechanism obtained from this research is necessary to show the effect of 

BDE-47 to MCF-7 breast cancer cells, other than copying mechanisms from other 

PBDE species or cell lines. 

2.3.5 Biological validation of reactive oxygen species assay 
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As it was believed that the decrease of the detected NADPH would eventually 

induce the increase of ROS, the ROS assay was conducted to verify the hypothesis. 

The fluorescence intensity of the cells is positively related to ROS level.  
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Figure 2.21 ROS levels in MCF-7 cells detected by using fluorescence staining 

assay. Each concentration of BDE-47 exposure have two duplicates. The figures 

on the left column were captured under visible light to show the positions of cells. 

The figures on the right column were captured under fluorescence. (A1) and (A2): 

the control group; (B1) and (B2): MCF-7 treated with 5 µM BDE-47; (C1) and 

(C2): MCF-7 treated with 10 µM BDE-47. 

 

As shown in Figure 2.21, with the increase of exposure dose, the fluorescence 

intensity of the cells increased dramatically, indicating that ROS level increased 

after the treatment with BDE-47. The result strongly supported our hypothesis that 

BDE-47 exposure could induce oxidative stress, which might initiate through the 

inhibition of the generation of NADPH in PPP in MCF-7 cells. According to the 

previous reports, the ROS is quite active and could react with different molecules 

in cell, leading to some baleful procedures such as RNA damage [136, 137].  

2.4. Chapter summary 

This study investigated the toxicity of BDE-47 to MCF-7 breast cancer cells by 
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using metabolomics strategy. The results suggested that multiple metabolic 

pathways were affected by the exposure of BDE-47. The involved metabolic 

pathway network revealed the potential mechanism of perturbation by the exposure. 

In general, BDE-47 exposure inhibited the generation of NADPH in the PPP. The 

inhibition could lead to NADPH shortage because PPP is the main routine for cells 

to generate NADPH. Lack of NADPH could influence multiple pathways, in which 

the ROS elimination system was involved. Because antioxidases could not clear up 

the ROS timely without NADPH, oxidative stress occurred and eventually resulted 

in damage to cells. BDE-47 may also inhibited the transcription of mRNA, leading 

to the downregulation of purine and pyrimidine metabolism. Thus, BDE-47 

exposure on MCF-7 cells could induce oxidative stress through the inhibition of 

NADPH generation in the pentose phosphate pathway. This study provides useful 

information for the in vivo study to unveil the adverse health effect mechanism of 

BDE-47 to breast cancer in the future. 
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Chapter3 Metabolomics and lipidomics study unveils the impact of 

polybrominated diphenyl ether-47 on breast cancer mice 

3.1 Introduction 

Polybrominated diphenyl ethers (PBDEs) are synthetic flame retardant additives, 

which have been widely used in commercial products like furnishings, textiles, 

polyurethane foam, electrical products and building materials [6, 138]. Because 

PBDEs are not chemically bond to the materials where they exist, they are capable 

to escape easily from the products to the environment during production, use and 

waste disposal [115]. PBDEs are stable in the environment and could bioaccumulate 

in animal tissues and human bodies. Different species of PBDEs have been found 

both in environmental abiotic samples (water, soil and dust, etc.) and biotic samples 

(fish, bird and human, etc.) [139]. The main exposure routines of PBDEs to human 

are inhalation of polluted indoor air and consumption of polluted food [54, 140]. 

Negative health effects of PBDEs have been observed that they can impair 

neurological development, reproductive system and induce endocrine dyscrasia [11, 

141-143].  

Polybrominated diphenyl ether-47 (2,2′,4,4′-tetrabromodiphenyl ether, BDE-47) is 

one of the PBDE congeners, to which researchers paid close attention, because of 

its extensive existence in the environment and adverse health effects. Zhao et al. 

explored the PBDEs burden among cancer patients living around an e-waste 

recycling site and found that BDE-47 was the dominating PBDE congener in the 

kidney, liver and adipose tissues [144]. Nguyen et al. assessed the dietary exposure 

of PBDEs in Korea and found that BDE-47 was the PBDE congener with the 
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highest concentration in the dietetically representative food, excepting meats [145]. 

Moreover, studies revealed that BDE-47 exposure probably related to different 

health issues like thyroid hormone disruption, neurotoxicity and diabetes [135, 142, 

146].  

Breast cancer is one of the most prevalent cancers among women in the world [71, 

72]. BDE-47 showed positive association with an earlier age of menarche and 

prolonged pregnancy, which were risk factors for breast cancer [73-75]. Types of 

research were conducted to study the relationships between BDE-47 and breast 

cancer, but their conclusions were inconsistent. A case-control study in Chinese 

women showed that the BDE-47 levels in adipose tissue were positively correlated 

with breast cancer risk [76]. However, another study suggested a null association 

between BDE-47 levels in adipose tissue and breast cancer among women in the 

San Francisco Bay Area of California [74]. In vitro study demonstrated that BDE-

47 could stimulate breast cancer cell (MCF-7) proliferation in the presence of 17-

estradiol [77]. Therefore, the association between BDE-47 and breast cancer 

remains equivocal. Moreover, to date, the in vivo study of the influence of BDE-47 

on breast cancer is scarce. 

Metabolomics is a powerful tool to monitor the alterations of metabolic networks 

in different biological samples, such as cells, animal tissues and human biofluids 

[147]. Lipidomics is an emerging strategy to investigate the level changes of lipids 

(glycerolipids, glycerophospholipids, sphingolipids, etc.) after stimuli or in diseases 

[148]. Metabolomics and lipidomics have been applied in multiple research fields: 
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environmental science, medicine development, toxicology study and disease 

diagnosis [120, 149, 150]. In our research, we constructed a breast cancer nude 

mouse model and exposed the mice with different dose of BDE-47 to investigate 

the relationships between BDE-47 exposure and breast cancer in vivo. Nontargeted 

metabolic and lipidomic profiling analysis by using ultra-high performance liquid 

chromatography coupled with mass spectrometry (UHPLC-MS) were applied to 

unveil the global metabolic network alteration of BDE-47 exposure in the mice. 

Targeted metabolomics and real-time PCR were conducted to show the influence 

of BDE-47 exposure on specific metabolic pathways in mice. The in vivo study may 

help to better understand the effects of BDE-47 exposure on breast cancer. 

3.2 Material and methods 

3.2.1 Chemicals 

BDE-47 was prepared in-house using the method in our previous report [151]. 

Dulbecco’s modified Eagle’s medium (phenol free) and TRIzol reagent were 

purchased from Thermo Fisher Scientific (Waltham, USA). SYBR Premix EX Taq 

and PrimeScript RT reagent kit were obtained from Takara (Toyobo, Japan). Formic 

acid, ammonium acetate and authentic fatty acid standards were bought from Sigma 

- Aldrich (St. Louis, USA). Isopropyl alcohol was purchased from Duksan Pure 

Chemicals (Gyeonggi-do, Korea). The solvents methanol and acetonitrile (HPLC 

grade) were purchased from TEDIA (Fairfield, USA). The purified water was 

acquired from the Milli-Q purification system (Millipore, UK). 
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3.2.2. Cell culture of MDA-MB-231 cells 

MDA-MB-231 cells were purchased from American Type Culture Collection 

(ATCC, Manassas, USA). The cells were cultured in phenol-free Dulbecco’s 

modified Eagle’s medium (10% FBS). The cells were digested with trypsin when 

they were grown to 80% confluence on the culture plates. The cells were 

resuspended in the medium (phenol and FBS free) to reach a concentration of 5 × 

107 cells per milliliter.  

3.2.3. Animal experiment  

Twenty-four female nude mice (4-5 weeks old, BALB/c) were randomly divided 

into four groups to construct the breast cancer nude mouse model. Each mouse was 

inoculated with 1 ×107 MDA-MB-231 cells (in 200 µL of medium) to the breast fat 

pad. The mice were kept in sterilized individual ventilated cages (IVC) and fed ad 

libitum. One week after the inoculation, the four groups of mice (control, low dose, 

medium dose, high dose) were exposed to BDE-47 though gastric infusion. The 

mice were infused with BDE-47 contained corn oil (200 µL) once daily at different 

dosage (0, 1, 10, 100 mg/kg body weight, respectively), five days a week for six 

weeks. The body weight and tumor size of the mice were measured every week. 

The animal experiment was conducted under the discipline of The Government of 

the Hong Kong Special Administrative Region Department of Health. 

3.2.4. Metabolomics analysis 

Each of the liver samples (20 mg) was homogenized in 400 µL prechilled 80% 
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methanol. After centrifugation at 12, 000 g for 10 min at 4 oC, the supernatant was 

collected. The supernatant was then evaporated to dryness using nitrogen gas and 

dissolved in 30 % methanol before analysis. The pooled samples were used as 

quality control (QC) and 4-cholrophenylalanine was used as the internal standard. 

The instrumental analysis and data analysis methods were conducted as described 

in our previous report [152]. 

3.2.5. Lipidomics analysis 

The method used for lipidomics analysis was modified on the basis of a previous 

method [153, 154]. Each of the liver samples (10 mg) was homogenized in 750 µL 

of chilled 80% (v/v) methanol. The homogenate was centrifuged at 15, 000 g for 10 

min at 4 oC and the supernatant was collected. The supernatant was then added 450 

µL of chloroform and 150 µL of H2O. After vortex of 1 min, the sample was 

equilibrated for 5 min at room temperature. Then the sample was centrifuged at 15, 

000 g for 15 min at 4 oC. The bottom layer solution was collected and dried in a 

freeze-dryer. The samples were re-dissolved in 200 µL of acetonitrile/isopropyl 

alcohol/H2O (65:30:5, v/v/v). The quality control (QC) sample was a mixture of 20 

µL of each re-dissolved sample. The phosphocholine (PC, 19:0/19:0) was used as 

an internal standard.  

The data was acquired on the ultra-high performance liquid chromatography 

(UHPLC, Ultimate 3000, Thermo Fisher Scientific, USA) combined with a high-

resolution mass spectrometer (Orbitrap Fusion, Thermo Fisher Scientific, USA). A 
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reverse phase C18 column (2.1 × 100 mm, 1.7 µm, Thermo Fisher Scientific, USA) 

was used for the chromatographic separation. The column oven temperature was 50 

oC. The mobile phase A was acetonitrile/H2O (60/40, v/v) and mobile phase B was 

isopropyl alcohol/acetonitrile (90/10, v/v). Both phase A and B contained 0.1% 

formic acid and 10 mM ammonium formate. The elution gradient was as follows: 

0-1.0 min, 30%B; 1.0-2.0 min, 30% to 45% B; 2.0-7.0 min, 45% to 75% B; 7.0-9.0 

min, 75% to 85% B; 9.0-17.0 min, 85% to 100% B; 17.0-19.0 min, 100% B; 19.0-

20.0 min, 100% to 30% B; 20.0-23.0 min, 30% B. The flow rate was 0.26 mL/min. 

The injection volume was 10 µL. The software LipidSearch (Thermo Fisher 

Scientific, USA) was used to extract and identify lipids from raw data. The online 

data analysis tool MetaboAnalyst (www.metaboanalyst.ca) and SIMCA (Version 

14.1, USA) were used for multivariate statistical analysis. 

3.2.6. Gene expression analysis  

Total RNA was extracted from liver samples using the TRIzol kit following the 

instruction of the manufacturer’s protocol. cDNA was obtained by reverse 

transcription using PrimeScript RT reagent kit according to the manufacturer’s 

protocol. Real-time PCR was conducted using SYBR Premix Ex Taq kit. The real-

PCR amplification system was as follows: 4 µL Taq Mix, 1 µL of 10 µM 

forward/reverse primer mix, 1 µL of cDNA and 2 µL of H2O. The relative fold 

change of expression of each gene was calculated by the ∆∆Cq between the control 

group and different exposure groups. The forward and reverse primers for the 

http://www.metaboanalyst.ca/
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enzymes and cytokines were listed in table 3.1  

 

Table 3.1 Sequences of q-PCR primers 

  Primer sequence 

Gene Forward (5' to 3') Reverse (5' to 3') 

Cpt1A CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT 

Cpt2 GTGGGCGAGCTTCAGCATA ATAGAGCTCAGGCAGGGTGA 

Acadm AGGGTTTAGTTTTGAGTTGACGG CCCCGCTTTTGTCATATTCCG 

Acadl TCTTTTCCTCGGAGCATGACA GACCTCTCTACTCACTTCTCCAG 

Ppar-γ TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 

Ppar-α AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 

Tnfrsf12A GACAGTTCTTGCCTCGGGAC GCGCCTGGTGCTTGCT 

Acadl TCTTTTCCTCGGAGCATGACA GACCTCTCTACTCACTTCTCCAG 

Il-1β ACGGACCCCAAAAGATGAAG TTCTCCACAGCCACAATGAG 

Il-6 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT 

Tnf-α TTCCGAATTCACTGGAGCCTCGAA TGCACCTCAGGGAAGAATCTGGAA 

Socs3  GCCTTTCAGTGCAGAGTAGTG  CGTAAGAGCAGGCGAGTGTA 

 

3.3 Results and discussion 

3.3.1 Evaluation of the effect of BDE-47 exposure on the breast tumor growth  

The breast tumor volumes of the mouse models were monitored every week when 
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the mice were exposed to different doses of BDE-47. The volumes of the tumors 

were calculated by the following equation: Tumor volume = (length × width2 × π)/6 

[155]. The changes of tumor volumes along with the exposure duration in the four 

groups of mice were shown in Figure 3.1. The tumor volumes at the beginning of 

exposure and body weight throughout the experiment in the four groups did not 

show significant difference (Figure 3.2). The tumors grew with the passage of the 

exposure time. The tumor growth rates in the treatment groups were higher than 

those in the control group, indicating that the exposure of BDE-47 promoted the 

growth of the tumors. Significant differences of tumor volumes were observed 

between the treatment groups and the control group at the end of the exposure week 

(Figure 3.1B), suggesting that BDE-47 exposure was positively associated with the 

development of breast cancer in mice.  
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Figure 3.1 Physiological data of the mice. The breast tumor volumes monitored 

each week after exposure of BDE-47 (A) and tumor volumes (calibrated using 

body weight) in each group at the end of the exposure week (B). “Control, Low, 

Medium and High” represent the mouse groups exposed of BDE-47 with 0, 1, 10, 

100 mg/Kg body weight per day, respectively. The data were analyzed using the 

student’s t-test. *: p < 0.05, **: p < 0.01. 
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Figure 3.2 Changes of mouse body weight in the four groups over the exposure 

period. “Control, Low, Medium and High” represent the mouse groups exposed of 

BDE-47 with 0, 1, 10, 100 mg/Kg body weight per day, respectively. 

 

3.3.2. Metabolomics analysis 

The metabolomics profiling analysis in liver samples was performed on the Q-

Exactive focus UHPLC-MS/MS system. The metabolites were identified by 

comparing the MS/MS spectra with the spectra in the HMDB database 

(http://www.hmdb.ca). Eighteen significantly altered metabolites from positive 

ionization mode and 12 from negative ionization mode were identified (Table 3.2). 

Different species of amino acids, ascorbic acid-related metabolites, glutathione-

related metabolites, lipids, and fatty acid β-oxidation intermediates, etc. showed 

significant variations after BDE-47 treatment in the breast cancer mice. The 

pathway analysis for those significantly changed metabolites was conducted by 

http://www.hmdb.ca/
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using the MetaboAnalyst (www.metaboanalyst.ca). The result showed that the 

glycerophospholipid metabolism, glutathione metabolism, and the ascorbate and 

aldarate metabolism were the most perturbed pathways (Figure 2A).  

 

Table 3.2 Significantly altered metabolites identified by metabolomics profiling.  

Compound name 

Ionization 

mode 

Retention 

time (min) Pathway involved 

Lysinoalanine Positive 0.99 alanine metabolism 

L-Proline Positive 0.78 Arginine and proline metabolism 

Proline betaine Positive 1.00 Arginine and proline metabolism 

D-Glucuronic acid Negative 0.93 Ascorbate and aldarate metabolism 

Dehydroascorbic acid Negative 1.07 Ascorbate and aldarate metabolism 

Ascorbate 2-sulfate Negative 1.52 Ascorbate and aldarate metabolism 

L-Aspartic Acid Positive 0.94 Aspartate metabolism 

Fucose 1-phosphate Negative 1.17 Fructose and mannose metabolism 

Glutathione, oxidized Negative 2.75 Glutathione metabolism 

2-(S-Glutathionyl)acetyl glutathione Positive 4.36 Glutathione metabolism 

S-(Formylmethyl)glutathione Negative 6.98 Glutathione metabolism 

Glycerophosphocholine Positive 0.94 Glycerophospholipid metabolism 

Glycerylphosphorylethanolamine Negative 1.04 Glycerophospholipid metabolism 

PC(20:5/0:0) Positive 13.77 Glycerophospholipid metabolism 

PC(18:3/0:0) Positive 13.90 Glycerophospholipid metabolism 

LysoPE(0:0/18:2) Negative 14.45 Glycerophospholipid metabolism 

LysoPE(0:0/20:4) Negative 14.52 Glycerophospholipid metabolism 

LysoPE(0:0/22:6) Negative 14.70 Glycerophospholipid metabolism 

LysoPE(0:0/22:5) Negative 15.11 Glycerophospholipid metabolism 

PC(0:0/18:1) Positive 15.57 Glycerophospholipid metabolism 

Gluconic acid Negative 0.93 Glycolysis 

N-Alpha-acetyllysine Positive 0.99 lysine metabolism 

Dihydrobiopterin Positive 2.18 Pterine Biosynthesis 

Adenine Positive 1.52 Purine metabolism 

Guanine Positive 1.59 Purine metabolism 

Uridine monophosphate Positive 1.50 Pyrimidine metabolism 

Kynurenic acid Positive 6.01 Tryptophan Metabolism 

N-Acetylvaline Positive 0.93 Valine metabolism 

Acetylcarnitine Positive 1.00 β-oxidation 

3-Methylglutarylcarnitine Positive 4.73 β-oxidation 

http://www.metaboanalyst.ca/
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Figure 3.3 Metabolic changes altered by BDE-47 exposure. (A) Pathway analysis 

by using the identified metabolites. The color and size of circles were generated 

based on p-value from pathway enrichment analysis, and pathway impact value 

from pathway topological analysis, respectively. (B) PLS-DA score plot of the 

four groups of mice using the identified metabolites in positive ionization mode. 

“C, L, M and H” represent control, low dose, medium dose and high dose group, 

respectively. (C) PLS-DA score plot of the four groups of mice using the 

identified metabolites in negative ionization mode. “C, L, M and H” represent 

control, low dose, medium dose and high dose group, respectively. Each sphere 

represents one sample. (D) The fold changes of the significantly changed 

metabolites in the three metabolic pathways in high dose exposure group relative 

to the control group. GSSG: Oxidized glutathione, SFMG: S-(Formylmethyl) 

glutathione, SGAG: 2-(S-Glutathionyl) acetyl glutathione, GPEA: 

Glycerylphosphorylethanolamine, GPC: Glycerophosphocholine. *: p < 0.05, **: 

p < 0.01. 

 

The PLS-DA score plots of the identified metabolites in positive ionization mode 

(Figure 3.3B) and negative ionization mode (Figure 3.3C) revealed that the 
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exposure of BDE-47 significantly altered the metabolism in mice in a dose-

dependent manner. The concentration fold changes of the significantly changed 

metabolites in the three most perturbed metabolic pathways were demonstrated in 

Figure 3.3D. Compared with the control group, oxidized glutathione (GSSG) and 

ascorbic acid-related metabolites were increased in the high dose BDE-47 treatment 

group. Considering that glutathione (GSH) and ascorbic acid are obligatory 

reducing equivalents to maintain the internal redox balance and defend the potential 

oxidative stress [156], the elevated levels of oxidative state of them in BDE-47 

exposed mice suggested that the cells were more vulnerable to oxidative stress, 

which was a risk factor to promote breast cancer cell proliferation [157]. For the 

metabolites involving glycerophospholipid metabolism, lysophosphatidylcholines 

(LPC), lysophosphatidylethanolamines (LPE), glycerylphosphorylethanolamine 

(GPEA) and glycerophosphocholine (GPC) were decreased in the exposure group 

relative to the control group, suggesting that the lipidome in the liver was perturbed 

by the exposure of BDE-47 in the mice. The lower level of lipids is closely 

connected with breast cancer [158]. Therefore, the decrease of LPC, LPE, GPEA 

and GPC detected in BDE-47 exposure group might promote the tumor cell 

proliferation. In addition, the acetylcarnitine, which regulates the uptake of acetyl-

CoA to mitochondria and plays a fundamental role in maintaining the energy 

homeostasis in mitochondria, showed a dose-dependent increasing trend in the 

exposure groups relative to the control group (Figure 3.4). The change of 

acetylcarnitine may suggest the disturbance of fatty acid oxidation (FAO) was 
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induced by BDE-47 exposure.  

 

Figure 3.4 Fold changes of acetylcarnitine levels in the four mouse groups. The 

figure was plotted using the data extracted from metabolomics analysis. “Control, 

Low dose, Medium dose and High dose” represent the mouse groups exposed of 

BDE-47 with 0, 1, 10, 100 mg/Kg body weight per day, respectively. **: p< 0.01. 

 

3.3.3 Lipidomics analysis 

Lipidome is comprised of all lipid species in a cell, an organ or a living organism. 

Lipids are the primary substances in cells with a variety of biological functions, 

including constructing biological membranes, regulating energy conversion and 

delivering cell signals, etc. Therefore, they are involved in multiple biological 

processes, such as cell growth and differentiation [150]. Previous studies reported 

that lipids were relevant to tumorigenesis and cancer cell metastasis [159, 160]. 

Thus, the study of lipids might be conducive to elucidate the impact and underlying 

mechanisms of the BDE-47 exposure on the mice.  

By using lipidomics strategy, 384 species of lipids were identified, including 
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phosphatidylcholine (PC), triacylglycerol (TG), phosphatidylethanolamine (PE) 

and phosphatidylglycerol (PG), etc. (Figure 3.5). All the identified lipids from the 

three BDE-47 treated groups were utilized to generate the volcano plots (Figure 3.6 

A, B, C). The volcano plots demonstrated that the number of significantly altered 

lipids was elevated with the increasing dosage of BDE-47, indicating that the BDE-

47 exposure perturbated the lipid metabolism in a dose-dependent manner. The fold 

changes of significantly altered lipids in the high dose exposure group were shown 

in Figure 3.7A (positive ionization mode) and Figure 3.7B (negative ionization 

mode). The levels of 13.1% of PCs and PEs (25 altered, 191 in total) were 

significantly altered in the high dose group. Most of the altered PCs and PEs were 

significantly increased, while the LPCs and LPEs were significantly decreased. The 

liver is the primary organ for lipid synthesis and secretion. However, the underlying 

effect of PCs and PEs on the functional change is not fully understood. Considering 

that PCs and PEs are the key constituents of the bilayer, the variation of PCs and 

PEs may reflect the functional alteration of the cell membrane to affect the ability 

of cell proliferation [161]. The decreasing trends of LPC/LPE in lipidomics analysis 

were in accordance with the results in metabolomics analysis. LPC and LPE are 

intermediates of lipid formation or degradation (Figure 3.7). Previous reports 

showed a lower concentration of LPC level in cancer [162], Ebola virus disease 

[163], sepsis [164] and dengue infection [165] patients, indicating that LPCs were 

correlated to adverse health outcomes. Therefore, the decreasing of LPCs by the 

exposure of BDE-47 might contribute to the progression of tumors in mice.  
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Figure 3.5 Lipids identified in the lipidomics analysis from liver samples. The 

numbers behind the lipid names represent the identified numbers of that lipid 

species. Cer: ceramide, DG: diacylglycerol, FA: fatty acid, LPC: lyso-

phosphatidylcholine, LPE: lyso-phosphatidylethanolamine, LPI: lyso-

phosphatidylinositol, LPS: Lyso-phosphatidylserine, MG: monoacylglycerol, PA: 

phosphatidic acid, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PG: 

phosphatidyl glycerol, PI: phosphatidylinositol, PS: phosphatidylserine, SM: 

Sphingomyelin, TG: triacylglycerol. 

 

 

Figure 3.6 The volcano plots of all the lipids identified in low dose (A), medium 

dose (B), and high dose (C) groups. The fold change of each lipid was calculated 

relative to the corresponding lipid in the control group. The blue squares and red 

dots represent significantly (p < 0.05) decreased and increased lipids relative to 

the control group, respectively. Black triangles represent lipids without significant 

change. 



76 

 

 

 

Figure 3.7 The fold changes of significantly altered lipids in positive ionization 

mode (A) and negative ionization mode (B) from the high dose exposure group 

relative to the control group. Each column was an average of six samples in the 

group. FC: fold change. LPC: lyso-phosphatidylcholine, LPE: lyso-

phosphatidylethanolamine, DG: diacylglycerol, PC: phosphatidylcholine, PE: 

phosphatidylethanolamine, PG: phosphatidyl glycerol, PS: phosphatidylserine, 

SM: Sphingomyelin. *: p < 0.05, **: p < 0.01. 
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3.3.4 Influences on fatty acid β-oxidation (FAO)  

Fatty acids are substrates and products of glycerophospholipids, glycolipids and 

sphingolipids, etc. which contain fatty acyl(s). The alterations of PCs, PEs and 

LPCs may reflect the dysregulation of fatty acid metabolism. FAO is the catabolic 

process of fatty acids which generates energy for cells. Considering acylcarnitines 

and acyl-CoA are the vital intermediates in the process of FAO, the targeted 

metabolomics analysis of acylcarnitine and acyl-CoA was conducted based on 

previously reported methods [166, 167]. Results showed that most acylcarnitines 

were increased while acyl-CoAs were decreased in the BDE-47 exposure groups 

relative to the control group (Figure 3.8 A and B). The accumulation of 

acylcarnitines and the reduction of acyl-CoAs may indicate the incomplete FAO in 

mitochondria in liver cells [168]. The results of receiver operating characteristic 

curve (ROC) analysis were shown in Figure 3.9. The areas under the curve (AUC) 

were increased with the increasing of BDE-47 dosage and AUC values in medium 

and high dose groups were greater than 0.9, indicating the accumulation of 

acylcarnitines in the liver may be a reliable diagnose biomarker of BDE-47 

exposure in mice.  
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Figure 3.8 Targeted analysis of acylcarnitines (A), acyl-CoA (B) in the four 

groups of mice. The heat maps were generated as average levels of six samples in 

the group. “C, L, M and H” represent the four groups of mice: control group, low 

dose, medium dose and high dose groups, respectively. “C” represents carbon; 

“OH” represents hydroxyl group; “DC” represents dicarboxylic group; The 

number of C indicates the number of carbons in esterified acyl groups; the number 

of “C:” indicates the number of double bounds; the number of “OH” indicates the 

number of hydroxyl groups. 
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Figure 3.9 Receiver operating characteristic curve analysis of acylcarnitine 

alteration in discriminating exposure groups and control group. AUC: area under 

curve. “Low dose, Medium dose and High dose” represent the control group, low 

dose, medium dose and high dose groups of mice, respectively. 

 

The increase of acylcarnitines was verified by monitoring the gene expressions of 

key enzymes involving the FAO. The q-PCR results showed that the gene 

expression of acetyl-CoA carboxylase beta (ACACB) was upregulated while the 

gene levels of carnitine palmitoyltransferase 1A (CPT1A), carnitine 
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palmitoyltransferase 2 (CPT2), medium-chain acyl-CoA dehydrogenase (ACADM) 

and long-chain acyl-CoA dehydrogenase (ACADL) were downregulated (Figure 

3.10). The enzyme ACACB catalyzes acetyl-CoA to malonyl-CoA, which is 

involved in the regulation of FAO. The upregulation of ACACB inhibited the 

CPT1A [169]. The CPT1A is the rate-limiting enzyme of FAO, which regulates the 

uptake of fatty acids into the mitochondria [170]. Therefore, the downregulation of 

CPT1A in BDE-47 treated group indicated that the inhibition of the FAO was 

induced by BDE-47 in mice. The CPT2 is an enzyme inside mitochondria to 

catalyze acylcarnitine into acyl-CoA, which is the direct substrate of FAO. In 

addition, ACADM and ACADL are two acyl-CoA dehydrogenases involving 

catalyzing acyl-CoA to enoyl-CoA, which is the first step of FAO. Thus, the 

upregulation of ACACB and the downregulation of CPT1A, CPT2, ACADL, and 

ACADM in FAO pathway indicated that BDE-47 induced insufficient FAO in 

breast cancer mice, which could help to explain the changes of FAO metabolic 

intermediates (acylcarnitines and acyl-CoA). 
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Figure 3.10 Targeted analysis of mRNA levels (A-L) in the four groups of mice. 

mRNA levels were determined by using q-PCR. “Control, Low, Medium and 

High” represent the control group, low dose, medium dose and high dose groups 

of mice, respectively.  

 

3.3.5. Influences of BDE-47 exposure on cytokines 

The increase of inflammation in mammary glands is closely correlated with breast 

cancer progression [171]. The gene expression of inflammatory cytokines, 

including TNF-α, IL-1β and IL-6, were detected using q-PCR. Results showed that 

the gene levels of TNF- α, IL-1β and IL-6 were significantly upregulated in the 

exposure groups compared with the control group, indicating the increase of 

inflammation, which might contribute to the growth of breast tumors (Figure 3.10). 

The cytokine suppressor of cytokine signaling 3 (SOCS3) was found to suppress 

the proliferation of breast cancer cells [172]. Thus, the decreased levels of SOCS3 

in BDE-47 exposure groups were conducive to the growth of tumors (Figure 3.10). 

The tumor necrosis factor receptor superfamily member 12A (TNFRSF12A) is a 

cytokine which could regulate the cell invasion of breast cancer [173]. The 

upregulation of TNFRSF12A in the exposure groups might promote the progress of 
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tumors. Peroxisome-proliferator-activated receptor alpha (PPARα) is a 

transcription factor which is a key regulator of fatty acid catabolism and also 

reported to be an inhibitor of breast cancer progression [174]. PPARα directly 

regulate Cpt1 and Cpt2. Therefore, the downregulation of PPARα could lead to a 

decrease of fatty acid transportation and mitochondria FAO, which was consistent 

with previous results that increase of acylcarnitines and drease of acylCoAs were 

induced by BDE-47. The peroxisome-proliferator-activated receptor gamma 

(PPARγ) negatively regulates inflammation [175]. Therefore, the upregulations of 

inflammatory factors (TNF-α, IL-1β and IL-6) might be resulted from the 

downregulation of the PPARγ (Figure 3.10). 

3.3.6. Analysis of BDE-47 exposure impacted pathways  

The alterations of metabolic pathways and underlying mechanisms were shown in 

Figure 3.11. Metabolomics and lipidomics profiling analysis indicated that the 

exposure of BDE-47 induced significant metabolic alterations in breast cancer nude 

mice. The glutathione metabolism and the ascorbate and aldarate metabolism were 

significantly perturbed, which might suggest the elevation of oxidative stress in the 

livers. The metabolomics study showed the lipid metabolism was also significantly 

altered, which was verified by the lipidomics study. A large proportion of the levels 

of PCs and PEs were changed, suggesting a phospholipid remodeling in the livers. 

In addition, most of the detected LPC/LPE were decreased, which might contribute 

to the tumor growth in mice. The increase of acylcarnitines and decrease of acyl-
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CoAs suggested the inhibition of FAO by BDE-47 exposure, which was further 

confirmed by the downregulation of CPT1A and PPARα and the changes of FAO-

relevant enzymes (CPT2, ACADM, ACADL, and ACACB). The elevation of 

inflammatory factors (TNF-α, IL-1β and IL-6) revealed the upregulation of 

inflammation, which may be resulted from the inhibition of FAO and 

downregulation of PPARγ in the liver cells. The increase of inflammation further 

promoted the tumor growth in the mice. Moreover, some cytokines, which related 

to the tumor growth, were altered by the exposure of BDE-47 in a dose-dependent 

manner. The upregulations of cytokine TNFRSF12A, which could promote the 

tumor growth, and downregulations of cytokines SOCS3 and PPARα, which could 

suppress tumor growth, might be conducive to the tumor cell proliferation in the 

mice (Figure 3.12). 
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Figure 3.11 Proposed pathways that were influenced by the BDE-47 exposure in 

mouse livers. PC: phosphatidylcholine, PE: phosphatidylethanolamine, LPC: lyso- 

phosphatidylcholine, LPE: lyso-phosphatidylethanolamine, FAO: fatty acid β-

oxidation, TCA cycle: tricarboxylic acid cycle, ACACB: acetyl-CoA carboxylase 

beta, ACADM: medium-chain acyl-CoA dehydrogenase, CPT1A: carnitine 

palmitoyltransferase 1A, CPT2: carnitine palmitoyltransferase 2, PPARα: 

peroxisome-proliferator-activated receptor alpha, PPARγ: peroxisome-

proliferator-activated receptor gamma. 
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Figure 3.12 Relationships between the detected cytokines, nuclear receptor and 

the tumor growth. TNFRSF12A: tumor necrosis factor receptor superfamily 

member 12A, SOCS3: cytokine suppressor of cytokine signaling 3. PPARα: 

peroxisome-proliferator-activated receptor alpha, PPARγ: peroxisome-

proliferator-activated receptor gamma, IL-1β: interleukin 1 β, IL-6: interleukin 6, 

TNF-α: tumor necrosis factor alpha. 

 

3.4 Chapter summary 

This study in this chapter was to explore the influence of BDE-47 exposure on 

breast cancer in nude mice by using nontargeted and targeted metabolomics and 

lipidomics profiling analysis. The exposure of BDE-47 significantly promoted the 

growth of breast tumor, and the tumor sizes were positively associated with the 

exposure dosages of BDE-47. Metabolomics and lipidomics profiling analysis 

indicated that the BDE-47 exposure significantly altered the metabolism in mice. 

The glutathione metabolism and the ascorbate and aldarate metabolism were 

upregulated and hence decreased the reducing capacity which made the cells more 

vulnerable to oxidative stress. The PE/PC alterations revealed the phospholipids 

remodeling, and the decreased LPCs/LPEs might contribute to the tumor growth in 

mice in the exposure groups. Targeted analysis of acylcarnitines and acyl-CoAs 
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indicated that the BDE-47 induced downregulated and incomplete fatty acid β-

oxidation. BDE-47 exposure also increased the gene expression of TNFRSF12A 

and the gene levels of inflammatory factors (TNF-α, IL-1β and IL-6), which could 

stimulate the tumor growth. In addition, the cytokines SOCS3 and nuclear receptor 

PPARα, which could inhibit tumor growth, were downregulated. Therefore, the 

dysfunctions of lipid metabolism, inflammation and tumor growth cytokines 

induced by BDE-47 might contribute to the tumor growth in the mice. This work 

may call for more attention to the possible regulations of BDE-47 exposure on the 

progression of breast cancer.  

The limitation of this research was that the protein levels of the key enzymes, 

cytokines, and nuclear receptors were only determined from gene expression 

prospective. It would be better to further confirm the data by using biological test, 

such as western blot from protein prospective.  
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Chapter 4 Derivatization strategy for the characterization of short-chain fatty 

acids and their hydroxylated derivatives in mouse using parallel reaction 

monitoring 

4.1. Introduction 

Short-chain fatty acids (SCFAs) are fatty acids with the carbon atom number 

ranging from two to six. Hydroxylated short-chain fatty acids (OH-SCFAs) are the 

SCFAs with one or multiple hydroxyl groups on the carbon chains. Straight-chain 

SCFAs are mainly generated from the diet in the large bowel by anaerobic gut 

microbiota and absorbed into the circulatory system, while branched-chain SCFAs 

and OH-SCFAs may be from fatty acids biosynthesis and amino acids metabolism 

in body cells [176, 177]. Both SCFAs and OH-SCFAs perform vital biofunctions in 

the body, and their disorder may be related to various diseases. SCFAs and OH-

SCFAs act not only as substance to provide energy for human body but also as 

essential modulators participating in multiple metabolism homeostasis. The SCFA 

butyrate was able to dominate the expression of indoleamine 2,3-dioxygenase-1 

(IDO-1, a gut homeostasis factor) in intestinal epithelial cells via two distinct 

pathways, decreasing the expression levels of signal transducer and activator of 

transcription 1 (STAT1) and inhibiting histone deacetylase (HDAC) activity [178]. 

The OH-SCFA, such as 3-hydroxy-isobutyrate (3-OH-IBT), released from muscle 

cells, was found to be a novel regulator of fatty acids trans-endothelial 

transportation. 3-OH-IBT could stimulate the transport and uptake of fatty acids, 

promote the accumulation of muscle lipid and insulin resistance in vivo [177].  A 

recent study revealed that propionate and 3-hydroxypropionate (3-HP) in rat liver 
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were involved in propionyl-CoA metabolism disorder, which was relevant to 

propionic acidemia [179]. An increasing amount of evidence suggested the linkages 

between SCFAs/OH-SCFAs and human health issues, including type 2 diabetes 

(T2D) [180, 181], cardiovascular disease [182], diarrhea [183], inflammatory bowel 

disease [184] and cancer [185]. Therefore, characterization of SCFAs and OH-

SCFAs in multiple biological matrixes could shed light on understanding of their 

complex interplay with the host metabolism homeostasis.   

2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) is one of the congeners of 

polybrominated diphenyl ethers (PBDEs) with the most concerning health risks 

[119, 146]. Our previous in vitro research indicated that BDE-47 could induce the 

disorders of breast cancer cell line MCF-7 [151]. In the present study, we exposed 

BDE-47 in vivo to breast cancer nude mice to explore whether BDE-47 would 

disturb the mouse metabolism homeostasis. Oral administration of BDE-47 may 

affect the stabilization of gastrointestinal tract microbial population of the mice 

because of its potential toxicity to bacteria [186]. We speculated that the SCFAs and 

OH-SCFAs generated in gastrointestinal tract might be subsequently affected by the 

alteration of the microbial population. Therefore, a comprehensive analysis of 

SCFAs and OH-SCFAs in mouse samples was critical for unveiling the possible 

alterations of these two types of analytes by BDE-47 exposure.  

Liquid chromatography coupled with mass spectrometry (LC-MS) has been used 

to monitor SCFAs in different biological samples. However, SCFAs could hardly 

be directly separated and detected by using conventional LC-MS due to the strong 
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hydrophilic properties and poor ionization in electrospray ionization (ESI) source. 

Therefore, various derivatization strategies were applied to improve the 

chromatographic separation performance and MS detection sensitivity of SCFAs on 

LC-MS [187-189]. Han et al. developed a derivatization method with the 12C/13C6-

3-nitrophenylhydrazine (3-NPH) to analyze ten types of SCFAs in human fecal 

samples. The on-column limit of detection (LOD) was 0.15 to 50 femtomole [190].  

Jiang et al. established a twins derivatization strategy by employing Dns-PP and 

Dens-PP (two structural analogues) to monitor free fatty acids in rat serum samples, 

with the lower limit of quantification (LLOQ) ranging from 2 to 20 nM [191]. Chan 

et al. reported a derivatization approach by labeling SCFAs with 12C/13C-aniline and 

analyzed 12 SCFA species in human infant stool, with the LOD from 0.1 nM to 5.7 

nM [176]. Although the above reported methods led to satisfactory quantification 

results, the widespread application of these methods was hindered by limitations, 

including the intricate derivatization procedures, prolonged reaction time and 

complicated post-treatments. In addition, the previous strategies mainly employed 

multiple reaction monitoring (MRM) mode in tandem mass spectrometry (MS/MS) 

analysis, which was time-consuming and laborious in the optimization procedure 

of MS parameters. Furthermore, to the best of our knowledge, there was no report 

on studies engaged in global profiling of SCFAs and OH-SCFAs.  

In the present study, we developed a novel derivatization method based on d0/d6-N, 

N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidine-2-amine (d0/d6-DHPP) and 

employed ultra-high performance liquid chromatography (UHPLC) coupled with 
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high-resolution tandem mass spectrometry (HRMS/MS) in parallel reaction 

monitoring (PRM) mode for the global characterization of SCFAs and OH-SCFAs 

in feces, liver and serum samples harvested from BDE-47 exposed mice. To 

perform the derivatization, 16 isotope-labeled internal standards were obtained 

using the isotopic reagent (d6-DHPP) tagged analyte standards. The developed 

method could be used to rapidly and robustly determine SCFAs and OH-SCFAs in 

complex biological samples. The application of high-resolution PRM mode not 

only minimized the rate of false positive detection but also greatly facilitated the 

identification of unknown SCFA and OH-SCFA species in complex biological 

matrices.  

4.2. Experiment section 

4.2.1. Chemicals and materials  

The SCFAs, including acetic acid, propionic acid, butyric acid, isobutyric acid, 

valeric acid, isovaleric acid, hexanoic acid and 2-ethybutyric acid were obtained 

from Sigma-Aldrich (St. Louis, MO, USA). The OH-SCFAs including 2-

hydroxyacetic acid, 5-hydroxypentanoic acid, 6-hydroxyhexanoic acid, 2-hydroxy-

2-methylbutanoic acid, 2-hydroxy-4-methylpentanoic acid, β-hydroxyisovaleric 

acid, 2-hydroxy-3-methylbutyric acid, and 2-hydroxybutyric acid were purchased 

from J&K Scientific Ltd (Hong Kong, China). The 1-hydroxy-7-azabenotriazole 

(HOAt), 1-hydroxybenzotrizole (HOBt) and 1-ethyl[3-

(dimethylamino)propyl]carbodiimide-HCl (EDCI) were provided by Tokyo 

Chemical Industry (TCI, Japan). The tert-butyl-2-amino-5H-pyrrolo[3,4-
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d]pyrimidine-6(7H)-carboxylate, iodomethane and d3-iodomethane were purchased 

from Nanjing Chemlin Chemical Industry Co., Ltd (Nanjing, China).  

The derivatization reagents d0/d6- N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d] 

pyrimidine-2-amine (d0/d6-DHPP) were synthesized in house. A two-step method 

was used for the synthesis of DHPP. Briefly, the commercially available reagent 

tert-butyl 2-amino-5H-pyrrolo[3,4-dpyrimidine-6(7H)-carboxylate was methylated 

by d0-/d3-iodomethane and followed by deprotecting reaction in TFA/DCM solution 

(Scheme 4.1). d0-DHPP and d6-DHPP were obtained using d0-iodomethane and d3-

iodomethane, respectively. 

 

 

X=H, d0-N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d] pyrimidin-2-amine (d0-

DHPP) 

X=D, d6-N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d] pyrimidin-2-amine (d6-

DHPP) 

Scheme 4.1 The synthetic route of d0/d6-DHPP. DMF: dimethyl formamide, TFA: 

trifluoroacetic acid, DCM: dichloromethane. 

 

Tert-butyl 2-amino-5H-pyrrolo[3,4-dpyrimidine-6(7H)-carboxylate (100 mg, 0.42 

mmol, 1 equiv.), sodium hydride (35 mg, 1.06 mmol, 3.5 equiv.) and iodomethane 

(91 µL, 1.06 mmol, 3.5 equiv.) were sequentially added to 6 mL anhydrous DMF. 

The mixture was maintained under room temperature for 10 h with mild stirring. 
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Then 100 mL H2O was added to quench the reaction. Hexane (2 × 30 mL) was used 

for the extraction. The combined extraction solution was concentrated by using 

rotary evaporator and then purified by silica gel chromatography (hexane/ethyl 

acetate, 3/1, v/v). The obtained solid was deprotected by TFA/DCM (3 mL, v/v) 

under room temperature for 3 h. The solution was evaporated by nitrogen gas and 

followed by silica gel chromatography purification (DCM/Methanol, 9/1, v/v). The 

resulting solid was the final product d0/d6-N, N-dimethyl-6,7-dihydro-5H-

pyrrolo[3,4-d] pyrimidin-2-amine (57.7 mg, 82%). 

 

The working solution A for the derivatization reaction was prepared by mixing d0-

DHPP and EDCI in methanol to reach the same concentration of 1.2 mg/mL. The 

breast cancer cell line MDA-MB-231 for breast cancer mouse model was purchased 

from American Type Culture Collection (ATCC, Manassas, VA, USA). Acetonitrile 

and methanol (HPLC grade) were bought from TEDIA company (Fairfield, OH, 

USA). The purified water used in the research was obtained through Milli-Q 

purification system (Millipore, Watford, UK).  

4.2.2. Derivatization Optimization 

A standard mixture in methanol containing the 16 types of SCFAs and OH-SCFAs 

(1 µg/mL, acetic acid, propionic acid, butyric acid, valeric acid, hexanoic acid, 

isobutyric acid, isovaleric acid , 2-ethybutyric acid, 2-hydroxyacetic acid, 3-

hydroxybutanoic acid, 5-hydroxypentanoic acid, β-OH-isovaleric acid, 2-hydroxy-

2-methylbutanoic acid, 2-OH-3-methybutyric acid, 6-hydroxyhexanoic acid, and 2-
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hydroxy-4-methylpentanoic acid) was used to optimize the derivatization 

conditions. The derivatization optimization took place in an aliquot of 100 µL 

methanol containing 10 µL of standard mixture, 10 µL of d0-DHPP (in methanol) 

and 10 µL of EDCI (in methanol). The reaction conditions including d0-DHPP final 

concentrations (0.4, 0.8, 1.2, 1.6 mg/mL), reaction time (10, 20, 30, 40, 50, 60, 120 

min), reaction temperature (10, 20, 30, 40, 50 oC), and catalysts (EDCI, HOAt, 

HOBt) were optimized. The reaction solutions were centrifuged (15000 g, 4 oC, 10 

min) and the supernatants were collected for LC-MS analysis. 

4.2.3. Synthesis of internal standards 

Sixteen SCFA and OH-SCFA standards (each analyte concentration was 1 µg/mL) 

were used for the synthesis of multiple isotope-labeled internal standards. One 

hundred microliter of standard solution, 100 µL of EDCI (1 mg/mL in methanol) 

and 100 µL of d6-DHPP (1 mg/mL in methanol) were added to 600 µL of methanol 

and vortexed for 10 s. Then the mixture was evaporated by nitrogen gas under 30 

oC. The dried derivatives were redissolved in 1 mL of 20% methanol (v/v) for 

further use.   

4.2.4. Construction of breast cancer nude mouse models 

The MDA-MB-231 cells were cultured as recommended on ATCC. After the 

digestion from culture plates, 1×107 cells were suspended in 200 µL of medium 

(FBS and phenol red free) and then kept on ice before use. The animal experiment 

was approved by The Government of the Hong Kong Special Administrative 
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Region Department of Health and conducted following the guidelines and ethics 

for animal use and care. The BALB/c female nude mice were purchased from the 

Laboratory Animal Services Centre of The Chinese University of Hong Kong. The 

mice were housed in a standard light-dark cycle (12 h light and 12 h dark 

photoperiod) with temperature and moisture controlled (23 ± 2 °C, 55 ± 5% relative 

humidity), and were fed ad libitum with sterilized diet and water in pathogen-free 

conditions. The 4/5-weeks-old nude mice were randomly divided into four groups 

(control group, low dose, medium dose and high dose group, n = 6). After one week 

of acclimation, the nude mice were inoculated with 200 µL of medium containing 

1×107 MDA-MB-231 cells to subcutaneous breast fat pad. The four groups of nude 

mice were infused with 200 µL of BDE-47 contained corn oil (0, 1, 10, 100 mg/kg 

body weight, respectively) by gavage each day, five days a week for six weeks. The 

mice were sacrificed and serum, liver tissue and fecal samples were collected.  

4.2.5. Biosample preparation 

For the serum samples, 50 µL of serum was precipitated with 150 µL of chilled 

methanol and then centrifuged at 15,000 g for 10 min at 4 oC. The supernatants 

were collected and then evaporated by nitrogen gas. For the liver samples, 5 mg of 

liver tissue sample was homogenized in 400 µL of precooled methanol (80%, v/v) 

and then centrifuged at 15,000 g for 10 min at 4 oC. The supernatants were collected 

and evaporated by nitrogen gas. For the feces samples, 20 mg of freshly collected 

feces was homogenized in 400 µL of precooled methanol and then centrifuged at 
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15,000 g for 10 min at 4 oC. The supernatants were collected for further use. 

4.2.6. Derivatization procedure for the biological samples 

For the serum and liver samples, each of the dried samples was added 100 µL of 

working solution A and vortexed for 1 min. Then the mixtures were dried by 

nitrogen gas under 30 oC. For the supernatants of feces samples, 10 µL of d0-DHPP 

(12 mg/mL in methanol) solution and 10 µL of EDCI (12 mg/mL in methanol) were 

added to each of the samples. Therefore, the final concentration of d0-DHPP and 

EDCI after reconstitution was 1.2 mg/mL. The mixture was vortexed for 1 min and 

then dried by nitrogen gas under 30 oC. Finally, the samples were reconstituted by 

100 µL of methanol (20%, with internal standards) before analysis. 

4.2.7. LC-MS/MS analysis 

The identification and quantitative analysis were conducted on the UHPLC coupled 

with high-resolution orbitrap fusion mass spectrometer (Ultimate 3000 RSLC-

Orbitrap Fusion, Thermos fisher scientific, USA). A Phenomenex polar C18 column 

(1.6 µm, 2.1 × 150 mm) was applied for the chromatographic separation. Mobile 

phase A was water with 0.1% formic acid and mobile phase B was acetonitrile. The 

elution program was as follows: 15% B was initiated and held for 2 min; mobile 

phase B was gradually increased to 40% at 8 min and then to 100% at 9 min, held 

for 2 min; mobile phase B was decreased to 15% in 0.1 min and maintained for 2.9 

min. The flow rate was 0.3 mL/min. The analysis time for one injection was 14 

mins. A six-way valve between the chromatographic column and the ion source 
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switched from a waste bottle to MS at 1.6 min. The column oven temperature was 

30 oC. The injection volume was 10 µL. The sample chamber temperature was 8 oC. 

The MS analysis was performed in positive ionization mode. The resolution was 

35,000. The MS parameters were as follows: the capillary temperature and aux gas 

heater temperature were 320 oC and 300 oC, respectively. The spray voltage was 3.5 

kV. The flow of the aux gas and sheath gas was 10 psi and 30 psi, respectively. The 

collision energy was 35 eV. The cycle time was 1 s to ensure that each peak 

contained 12 to 20 data points.  

4.2.8. Data processing and statistical analysis 

The software Thermo Xcalibur (version 4.1) was employed for raw data extraction. 

The relative concentration of each analyte was calculated from the peak area of 

“light” labeled SCFAs and OH-SCFAs divided by its corresponding “heavy” 

labeled IS peak area. For the analytes without standards, their peak areas were 

separately divided by the areas of the “heavy” labeled standards with the closest 

retention time. The peaks were extracted by the accurate mass-to-charge ratio (m/z) 

of precursor and product ions. The possible elemental composition of analytes was 

calculated by the elemental composition prediction. The mass tolerance was set at 

5 ppm. The minimum peak area was S/N=3. The Human Metabolome Database 

(http://www.hmdb.ca/) were used for the prediction and identification of unknown 

compounds. Partial least squares with discriminant analysis (PLS-DA) was 

operated on SIMCA-P (V14.0, Umetrics, Umea, Sweden). The heat maps were 

http://www.hmdb.ca/
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formed on the website MetaboAnalyst 3.0 (http://mirror.metaboanalyst.ca/). The 

two-tailed Student’s t-test was applied for the evaluation of the levels of 

significance of analytes among different exposure mouse groups, and p-value < 

0.05 was regarded as significant difference. 

4.3. Results and discussion 

4.3.1. Synthesis of the derivatization reagent 

Based on the synthetic method described in the section 4.2, we synthesized the 

derivatization reagent d0-DHPP. The synthesized products were confirmed by using 

NMR and high-resolution MS. 

The structure of d0-DHPP was confirmed as follows: 1H-NMR (methanol-d4, 

400MHz) δ: 8.30 (1H, s), 4.42 (2H, s), 4.28(2H, s), 3.17(6H, s) (Figure 4.1). 

 

 

  

Figure 4.1 The 1H-NMR (d4-methanol, 400MHz) of d0-DHPP. 

http://mirror.metaboanalyst.ca/
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Figure 4.2 The high-resolution MS spectrum of d0-DHPP. It was detected in 

positive ionization mode using orbitrap MS.  

 

The high-resolution MS spectrum of d0-DHPP was shown in Figure 4.2. The 

[M+H]+ was at m/z 165.1133, ∆ ppm = 1.2. Combined with the spectrum of NMR, 

we confirm our product as d0-DHPP. 

4.3.2. Derivatization optimization 

The derivatization strategy was based on the reaction of DHPP and the carboxyl 

group of SCFAs and OH-SCFAs (Scheme 4.2). To achieve the optimal 

derivatization efficiency, the reaction conditions (catalyst, reaction time, reaction 

temperature, d0-DHPP concentration) were optimized and monitored using LC-MS.  
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Scheme 4.2 Derivatization mechanism of SCFAs and OH-SCFAs. R group 

represents a carbon chain with or without hydroxyl group(s). EDCI: 1-ethyl-(3-

dimethylaminopropyl)carbonyldiimide hydrochloride. 

 

The effects of different catalysts (EDCI, EDCI/HOAt, EDCI/HOBt) on the 

derivatization reaction efficiency were compared. Figure 4.3A showed that the use 

of EDCI as a catalyst only could achieve better reaction efficiency than any of other 

catalyst groups. The optimization results of reaction temperature were shown in 

Figure 4.3B. The optimal reaction temperature was found to be 30 oC. The reaction 

efficiencies decreased when the temperature exceeded 30 oC. The decrease might 

result from the fast evaporation of the solvent and thus the insufficient 

derivatization. The reaction time was optimized with a time range of 10 - 120 min 

without the solvent evaporation or immediate evaporation by nitrogen gas after the 

mixture of the standards and derivatization reagents. Figure 4.3C showed that the 

group of samples dried by nitrogen gas achieved the highest reaction efficiency. The 

derivatization procedure of nitrogen-gas-dried group took less than 3 mins. 

However, the reaction efficiency was much higher than other groups which reacted 

for 10 - 120 mins. The higher reaction efficiency may result from the evaporation 

of solvent that condensed the derivatization reactants and hence enhanced the 

reaction (Figure 4.4). The concentrations of derivatization reagent DHPP were 

optimized by using mouse serum as a matrix. Finally, 1.2 mg/mL DHPP in the 
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reaction solution was used in the derivatization procedure (Figure 4.3D). By using 

the optimal reaction conditions, we tested the reaction efficiency using three 

standards (5-OH-valeric acid, β-OH-isovaleric acid and 6-OH-hexanoic acid). We 

spiked 10 µL of the three standards (1 µg/mL) to 50 µL serum and detected the free 

standards with and without the derivatization. The results showed that hardly any 

free standards were left after the derivatization, indicating that the SCFAs and OH-

SCFAs could react with the derivatization reagent completely (Figure 4.5).  
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Figure 4.3 Optimization of reaction conditions. The analytes were detected by 

using LC-MS in full scan mode. (A) Optimization of catalysts, “Ctrl” represents 

the control group without a catalyst, “E” represents the group using EDCI as a 

catalyst, “EA” represents the group using EDCI/HOAt as catalysts, “EB” 

represents the group using EDCI/HOBt as catalysts. (B) Optimization of reaction 

temperature. (C) Optimization of reaction time. (D) Optimization of DHPP 

concentration using 50 µL mouse serum. The standards applied in the assays (A), 

(B) and (C): (1) glycolic acid, (2) acetic acid, (3) 5-OH-valeric acid, (4) 2-OH-

butyric acid, (5) β-OH-isovaleric acid, (6) propionic acid, (7) 6-OH-hexanoic acid, 

(8) 2-OH-2methybutyric acid, (9) 2-OH-3-methybutyric acid, (10) isobutyric acid, 

(11) butyric acid, (12) 2-OH-4-methyvaleric acid, (13) isovaleric acid, (14) valeric 

acid, (15) 2-ethybutyric acid, (16) hexanoic acid. 
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The reaction was carried out in pure methanol, which facilitated the evaporation to 

complete within three minutes. The derivatization reaction was much faster and 

milder than the previous methods. Hence, it could minimize the loss and oxidation 

of targeted compounds [190, 192, 193]. The liquid eluted from the chromatographic 

column did not enter the ion source before 1.6 min. Therefore, the excessive 

derivatization reagent and catalyst were removed to the waste bottle and did not 

contaminate the ion source. Furthermore, due to the absence of high boiling point 

solvents in the reaction, such as dimethyl formamide (DMF) and dimethylsulfoxide 

(DMSO), it is unnecessary to perform purification afterwards [194].  

 

 

Figure 4.4 Reactants concentrated with the evaporation of the solvent. The solvent 

was pure methanol.  
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Figure 4.5 The extracted ion chromatograms of three standards without (A and B) 

and with (C and D) the derivatization. a, b, c represents the peaks of the free 

standards 5-OH-valeric acid, β-OH-isovaleric acid and 6-OH-hexanoic acid, 

respectively. (A) and (C) were the extracted ion chromatograms of 5-OH-valeric 

acid and β-OH-isovaleric acid; (C) and (D) were the extracted ion chromatograms 

of 6-OH-hexanoic acid. The detection was performed by applying selected ion 

monitoring (SIM) in negative ionization mode in by using high-resolution mass 

spectrometry. Only background noise was obtained in (C) and (D). 
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4.3.3. Improvement of chromatographic performance and MS detection by the 

derivatization 

The high hydrophilic and polar characteristics of SCFAs and OH-SCFAs lead to 

weak retention on reversed phase columns, resulting in poor chromatographic 

separation. This problem hinders the detection efficiency of SCFAs and OH-SCFAs 

by using UHPLC-MS. The derivatization strategy could well address the problem 

by increasing the hydrophobicity of the targeted compounds. As shown in Figure 

4.6A, the targeted SCFAs and OH-SCFAs bonding with DHPP could be analyzed 

within 14 mins with good chromatographic separation. 

The MS response of SCFAs and OH-SCFAs is relatively low due to a poor 

ionization efficiency in electrospray ionization (ESI) source, thereby reducing the 

sensitivity of detection. Taking our derivatization strategy, SCFAs and OH-SCFAs 

were tagged by the derivatization reagent DHPP. A mixture of SCFAs and OH-

SCFAs containing 1 µg/mL standards was analyzed with and without derivatization 

to study the sensitivity improvement by derivatization. Both the targeted analytes 

and their derivatives were detected by using UHPLC-MS in full scan mode. Figure 

4.6B showed two examples: free butyric acid and 5-OH-valeric acid were hardly 

detected without derivatization while the MS response was significantly improved 

with the derivatization. The on-column LODs of the derivatives ranged from 0.2 pg 

to 1.6 pg (Table 4.2). The good sensitivity made it possible to detect SCFAs and 

OH-SCFAs in complex matrices for potential biomarker discovery. The 

introduction of the pyridine ring group and the tertiary amine group into the 
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products exerted two main effects contributing to the MS response enhancement: 

firstly, it changed the ionization mode to positive ionization mode, in which the 

sensitivity was much higher than that in negative ionization mode; secondly, it 

increased the alkalinity of the targeted analytes, which could elevate the ionization 

efficiency, thereby improving the sensitivity. 

 

 



107 

 

 

Figure 4.6 Chromatographic performance and MS response before and after 

derivatization. 16 types of SCFA and OH-SCFA standards were used in the 

chromatographic separation assay. (A) The total ion chromatogram of the 

standards detected before derivatization in negative full scan mode. (B) The 

extracted ion chromatogram of the standards after derivatization in positive full 

scan mode. (C) and (D) showed the extracted ion chromatograms of two example 

compounds before and after derivatization. The standards of valeric acid and 6-

hydroxyhexanoic acid (1 µg/mL) were used. The standards were detected in 

negative full scan mode before derivatization and in positive full scan mode after 

derivatization. 
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Table 4.1 Accuracy and precision. 

Compound 

Concentration 

(ng/mL) 

Accuracy 

(%) 

Accuracy CV 

(%)   

Precision 

(CV, %) 

Glycolic acid  1.2 110.9% 12.9%   3.5% 

 12 105.3% 3.8%  4.9% 

 120 109.9% 2.3%  2.4% 

Acetic acid 1.2 114.4% 2.4%  3.3% 

 12 118.8% 1.2%  1.3% 

 120 94.7% 1.7%  2.3% 

5-OH-valeric acid 1.2 115.4% 9.1%  11.1% 

 12 111.2% 1.6%  3.4% 

 120 97.5% 2.8%  2.8% 

2-OH-butyric acid 1.2 117.5% 3.8%  8.4% 

 12 115.8% 0.7%  2.6% 

 120 91.0% 0.7%  1.3% 

β-OH-isovaleric acid 1.2 87.4% 10.8%  13.8% 

 12 113.4% 2.5%  2.4% 

 120 104.4% 1.6%  2.4% 

2-OH-3-methybutyric acid 1.2 87.1% 25.0%  14.8% 

 12 110.2% 2.0%  6.3% 

 120 97.7% 3.4%  1.6% 

Isovaleric acid 1.2 115.6% 4.8%  3.9% 

 12 114.2% 1.9%  1.8% 

 120 87.3% 2.4%  2.9% 

Valeric acid 1.2 80.8% 4.1%  8.9% 

 12 111.3% 3.2%  3.3% 

  120 84.1% 1.3%   4.1% 

 

Accuracy and precision were assessed by using eight standards as listed in the table. 

The peak area ratios of d0-DHPP tagged standards to their corresponding d6-DHPP 

tagged standards as IS were used. Five individual samples were used for each 

concentration of the standards. The accuracies were calculated by the concentration 

detected in the percentage of the real concentration in three levels. The precisions 

were assessed by reinjecting one sample for six times of three different levels. The 

results were showed by CVs. 

4.3.4. Method validation 
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The accuracy, precision and linearity of the method were tested by using eight 

standards. The ratios of the mass response of standard-d0-DHPP derivatives to 

relevant standard-d6-DHPP derivatives were used in the assays. The accuracies of 

the analytes in three different concentrations (1.2, 12, 120 ng/mL) were between 

80% and 120%, and the precisions of coefficient of variation (CV) values of the 

analytes were less than 14.8% (Table 4.1). The correlation coefficients (R2) of the 

calibration curves were greater than 0.99, indicating a good linearity of the 

quantification method (Table 4.2). The sample stability after derivatization was 

monitored by using 16 SCFA and OH-SCFA standards. The samples were stored 

under 4 oC before and after analysis. The relative standard deviations (RSD) of peak 

intensity for the standards of inter-day and intra-day in three concentrations (1, 10, 

200 ng/mL) were summarized in Table 4.3. The RSD ranged from 1.05% to 9.74%, 

indicating that the derivatization products of SCFAs were in excellent stability 

under the experiment conditions. 
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Table 4.2 Calibration data. 

 

Compound 

RT 

(min) Calibration curve R2 

Linear range 

(ng/mL) 

LOD 

(pg) 

LOQ 

(pg) 

Glycolic acid  2.63 Y = -0.0533151+0.14224*X    0.9992 0.4-200 1.60 4.00 

Acetic acid 4.01 Y = 0.0246761+0.117946*X   0.9964 0.25-200 0.80 2.50 

5-OH-valeric acid 5.20 Y = 0.0395858+0.107585*X    0.9965 0.1-200 0.40 1.00 

2-OH-butyric acid 6.00 Y = 0.00644971+0.116985*X    0.9961 0.25-200 0.80 2.50 

β-OH-isovaleric acid 6.34 Y = 0.0853903+0.112868*X    0.9992 0.1-200 0.40 1.00 

2-OH-3-methybutyric acid 7.88 Y = 0.12459+0.123975*X    0.9995 0.25-200 0.80 2.50 

Isovaleric acid 9.94 Y = 0.0162836+0.101794*X    0.9987 0.05-150 0.20 0.50 

Valeric acid 10.22 Y = 0.080102+0.115629*X    0.9917 0.1-200 0.40 1.00 

The calibration curves were constructed by using eight standards as listed in the 

table. The peak area ratios of d0-DHPP tagged analytes to their corresponding d6-

DHPP tagged IS was used to generate the calibration curves. 
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Table 4.3 Stability test. 

 

  Inter-day (RSD, %)   Intra-day (RSD, %) 

  

200 

ng/mL 

10 

ng/mL 

1 

ng/mL   

200 

ng/mL 

10 

ng/mL 

1 

ng/mL 

Glycolic acid 2.15 1.88 1.05   1.88 3.33 2.02 

Acetic acid 2.21 2.98 2.47   3.29 3.53 2.42 

5-OH-valeric acid 6.14 2.29 2.61   9.74 2.04 2.40 

2-OH-butyric acid 3.03 3.09 1.28   2.57 2.88 1.79 

2-OH-2-methybutyric acid 1.40 1.31 3.84   1.67 3.12 3.40 

β-OH-isovaleric acid 3.05 3.35 2.19   3.23 2.77 1.10 

Propionic acid 6.98 3.80 3.96   7.25 3.15 2.11 

6-OH-hexanoic acid 6.88 5.24 2.18   6.65 4.50 1.99 

2-OH-3-methybutyric acid 2.22 3.27 4.30   2.06 3.31 3.38 

Isobutyric acid 5.07 3.06 2.86   5.16 8.92 5.59 

Butyric acid 7.02 1.19 4.18   7.38 2.89 3.69 

2-OH-4-methyvaleric acid 2.86 4.01 7.15   2.88 2.77 4.50 

Isovaleric acid 3.96 1.64 1.82   4.38 1.70 2.39 

Valeric acid 1.84 1.80 2.97   1.65 2.17 2.54 

2-Ethybutyric acid 5.70 8.39 6.75   9.00 3.78 7.96 

Hexanoic acid 2.32 2.24 4.00   1.71 2.18 3.99 
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4.3.5. PRM conditions for the analysis of SCFAs and OH-SCFAs 

In PRM mode, the orbitrap mass analyzer generates a full scan of MS2 data after 

precursor ions are isolated in the quadruple and fragmentation in the HCD cell [195]. 

Hence, unlike single/multiple reaction monitoring (SRM/MRM) requiring the m/z 

of precursor and product ions to target beforehand, PRM only needs the information 

of precursor ions which can be obtained from databases or calculation by using their 

molecular formula [196]. By using PRM mode, the unknown analytes can be 

discovered and targeted quantitative analysis can be performed in one injection 

given the informative MS/MS spectra [197]. A set of general PRM conditions was 

defined based on the derivatization strategy. Eight SCFAs and eight OH-SCFAs 

were applied for the optimization of collision energy. With the constant optimized 

collision energy, the specific product ions were generated which could be used for 

the identification of the unknown analytes (Figure 4.7-10). The information of 

precursor ions of SCFAs and OH-SCFAs was obtained from the Human 

Metabolome Database (http://www.hmdb.ca). According to the detection strategy, 

the global profiling of SCFAs and OH-SCFAs could be performed and no longer 

constrained by the availability of standards.  

 

http://www.hmdb.ca/
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Figure 4.7 High resolution MS/MS spectrum of 5-OH-valeric acid in positive 

ionization mode. The spectrum was obtained by using orbitrap in PRM mode. ∆ 

ppm was calculated based on the proposed fragment structure. 

 

 

Figure 4.8 Proposed fragmentation pattern of 5-OH-valeric acid based on the 

fragments detected in PRM mode. 
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Figure 4.9 The high-resolution MS/MS spectrum of β-OH-isovaleric acid. The 

spectrum was obtained by using orbitrap in PRM mode. ∆ ppm was calculated 

based on the proposed fragment structure. 

 

 

Figure 4.10 Proposed fragmentation pattern of β-OH-isovaleric acid based on the 

fragments detected in PRM mode. 

. 

4.3.6. Reduction of the influence from endogenous metabolites 

The complicated endogenous metabolites in biological samples increased the risk 
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of false positive analyte identification. The risk could be greatly reduced due to the 

application of PRM mode in this strategy. In PRM mode, the high resolution and 

high mass accuracy achieved in full tandem spectra by the orbitrap MS analyzer 

make it possible to analyze targeted molecules with high selectivity and specificity. 

Those untargeted molecules which may react with DHPP (e.g. long chain fatty acids, 

bile acids) could be easily excluded from the candidate list of SCFAs and OH-

SCFAs because their retention time and the mass-to-charge ratio (m/z) are 

significantly different. Moreover, under the high-resolution PRM mode, false 

positive identification of analytes could be avoided while such false positive 

outcomes are still possible under the low-resolution mode [198, 199]. Figure 4.11 

showed an example peak extracted from a serum sample at a retention time of 4.34 

min. The analyte associated with the peak was likely to be identified as a OH-SCFA 

based on the low-resolution spectrum as the spectrum contained several specific 

product ions such as m/z 95.1, m/z 165.1, and m/z 209.1. Nevertheless, considering 

the high-resolution spectrum, it was impossible for the analyte m/z 253.1533 to be 

a OH-SCFA derivative according to elemental composition prediction.   
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Figure 4.11 An example of MS/MS spectrum of detected compound from high-

resolution MS. 

 

4.3.7. Application of internal standards by using isotope-labeled derivatization 

reagent 

Accurate determination of SCFAs and OH-SCFAs was challenging because of the 

matrix effects [200]. Although the use of isotopic internal standards (ISs) is a good 

strategy to minimize matrix effects, the corresponding standards for all targeted 

analytes are often unavailable, especially for those unknown compounds. Thus, we 

used isotope-labeled derivatization reagent to generate parallel ISs. “Heavy”-

tagged targeted analytes derivatized using d6-DHPP exhibited a 6-Da mass shift 

relative to “light”-tagged target analytes derivatized by d0-DHPP. A mixture of 16 

standards (eight SCFAs and eight OH-SCFAs, 1 µg/mL of each compound) was 

applied to generate ISs. The retention time shift induced by the “heavy” 

derivatization was less than 0.2 min (Table 4.4). For the semi-quantification of those 

detected unknown compounds, the “heavy”-tagged standard was used as the 

corresponding IS. As shown in Table 4.4, the retention time of the 16 ISs was 
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relatively evenly distributed from 2.50 min to 10.76 min. Therefore, each of the 

detected compounds could be assigned an IS within 1.3 min retention time.  
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Table 4.4 Detailed information of SCFAs and OH-SCFAs detected in mouse liver, serum and feces. 

NO. 
Compounds 

(formula [M+H+]) 

Abbreviation/ 

Name 

RT 

(min) 

Precursor 

(m/z) 

Δ 

ppm 

Product 

(m/z) 
IS Matrix MS/MS fragments (m/z) 

1 C12 H19 O4 N4 C4-3OH-a 1.93 283.1400 -0.4 223.1189 Glycolic acid-IS S 
61.0284, 95.0606, 165.1135, 

193.1084, 223.1189, 265.1292 

2 C11 H17 O3 N4 Glyceric acid 2.15 253.1293 -0.8 165.1134 Glycolic acid-IS S, F, L 
95.0605, 150.1026, 165.1134, 

193.1083, 207.1264, 223.1190 

3 C12 H19 O3 N4 C4-2OH-a 2.34 267.1453 0.4 165.1135 Glycolic acid-IS S, F, L 

61.0285, 85.0285, 95.0605, 138.1026, 

165.1135, 187.0983, 207.1241, 

249.1345 

4 C12 H17 O3 N4 C4:1-2OH 2.58 265.1284 -4.1 247.1181 Glycolic acid-IS L 
66.4902, 95.0599, 165.1128, 

219.1232, 247.1177 

5 C10 H15 O2 N4 Glycolic acid  2.63 223.1189 -0.4 165.1135 Glycolic acid-IS S, F, L 
71.0605, 95.0605, 150.1025, 

165.1135, 192.1006, 205.1085 

6 C11 H17 O2 N4 
3-OH-propionic 

acid 
2.81 237.1345 -0.4 207.1241 Glycolic acid-IS S, F, L 

73.0285, 95.0605, 138.1026, 

165.1135, 191.0921, 207.1241, 

219.1239 

7 C12 H19 O4 N4 C4-3OH-b 3.64 283.1399 -0.7 150.1025 Glycolic acid-IS S, F, L 

71.0604, 96.0605, 123.0553, 

150.1025, 167.1291, 193.1084, 

237.1346, 265.1279 

8 C11 H17 O2 N4 Lactic acid 3.66 237.1347 0.4 165.1135 Glycolic acid-IS S, F, L 

71.0604, 95.0605, 133.0759, 

148.0744, 165.1135, 193.1085, 

219.1241 

9 C12 H19 O2 N4 C4-OH-a 3.67 251.1503 0.0 165.1135 
2-OH-butyric 

acid-IS 
S, F  

69.0336, 95.0605, 138.1026, 

165.1135, 191.0928, 216.1133, 

233.1397 
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10 C10 H15 O N4 Acetic acid 4.01 207.1241 0.5 165.1135 Acetic acid-IS S, F, L 
68.0496, 95.0605, 120.0557, 138.126, 

165.1135 

11 C12 H19 O2 N4 C4-OH-b 4.18 251.1501 -0.8 221.1395 
2-OH-butyric 

acid-IS 
S, F  

59.0492, 95.0604, 138.1025, 

165.1134, 192.1005, 221.1395, 

233.1394 

12 C12 H19 O2 N4 C4-OH-c 4.28 251.1494 -3.6 165.1128 
2-OH-butyric 

acid-IS 
L 

69.0334, 95.0601, 165.1128, 

191.0921, 207.1232, 233.1391 

13 C12 H19 O2 N4 C4-OH-d 4.33 251.1503 0.0 207.1240 
2-OH-butyric 

acid-IS 
S, F  

68.0496, 95.0604, 138.1024, 

165.1134, 191.0927, 207.1240, 

233.1395 

14 C12 H19 O3 N4 C4-2OH-b 4.48 267.1449 -1.1 175.0976 Glycolic acid-IS S, L 
52.7455, 107.0618, 136.0885, 

175.0976, 193.1113, 249.1325 

15 C12 H19 O2 N4 C4-OH-e 5.03 251.1500 -1.2 193.1084 
2-OH-butyric 

acid-IS 
S 

59.0493, 95.0604, 150.1026, 

165.1134, 188.1182, 207.1240, 

233.1384 

16 C13 H21 O2 N4 
5-OH-valeric 

acid 
5.20 265.1656 -1.1 165.1129 

5-OH-valeric 

acid-IS 
F 

55.05431, 95.0601, 138.1023, 

165.1134, 191.0926, 202.0975, 

247.1550 

17 C12 H19 O2 N4 C4-OH-f 5.67 251.1500 -1.2 179.1291 
2-OH-butyric 

acid-IS 
S, F  

93.7210, 109.0760, 138.1023, 

165.1134, 207.1240, 233.1394 

18 C12 H19 O2 N4 C4-OH-g 5.72 251.1498 -2.0 165.1129 
2-OH-butyric 

acid-IS 
F 

69.4189, 95.0596, 133.5753, 

165.1129, 219.1244 

19 C13 H21 O2 N4 C5-OH-a 5.98 265.1654 -1.9 247.1540 
5-OH-valeric 

acid-IS 
S 

73.0648, 95.0604, 138.1024, 

165.1135, 191.0928, 221.1396, 

247.1540 

20 C12 H19 O2 N4 
2-OH-butyric 

acid 
6.00 251.1503 0.0 165.1136 

2-OH-butyric 

acid-IS 
S, F, L 

59.0492, 95.0605, 150.1026, 

165.1136, 193.1085, 233.1398 
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21 C12 H19 O2 N4 C4-OH-h 6.17 251.1499 -1.6 207.1240 
β-OH-isovaleric 

acid-IS 
S, F  

95.0605, 109.0760, 138.1027, 

165.1135, 179.1291, 207.1240, 

233.1394 

22 C13 H21 O2 N4 
β-OH-isovaleric 

acid 
6.34 265.1656 -1.1 235.1552 

β-OH-isovaleric 

acid-IS 
S, F, L 

59.0492, 83.0493, 95.0604, 138.1023, 

165.1134, 191.0927, 207.1240, 

247.1551 

23 C13 H21 O2 N4 C5-OH-b 6.41 265.1656 -1.1 247.1549 
6-OH-hexanoic 

acid-IS 
S, F 

83.0485, 95.0605, 165.1128, 

207.1233, 247.1549 

24 C11 H17 O N4 Propionic acid 6.43 221.1396 -0.5 165.1135 
Propionic acid-

IS 
S, F, L 

57.0336, 95.0605, 138.1026, 

165.1135, 192.1004, 221.1396 

25 C13 H21 O2 N4 C5-OH-c 6.45 265.1658 -0.4 247.1550 
β-OH-isovaleric 

acid-IS 
S, L 

67.7810, 95.0605, 136.0870, 

165.1136, 191.0927, 207.1240, 

247.1550 

26 C13 H21 O2 N4 C5-OH-d 6.51 265.1656 -1.1 247.1549 
6-OH-hexanoic 

acid-IS 
S, F 

95.0599, 138.1022, 165.1130, 

207.1231, 247.1549 

27 C14 H23 O2 N4 
6-OH-hexanoic 

acid 
6.74 279.1811 -1.8 261.1707 

6-OH-hexanoic 

acid-IS 
S 

69.0699, 95.0603, 138.1026, 

165.1135, 191.0927, 261.1707 

28 C13 H21 O2 N4 

2-OH-3-

methybutyric 

acid 

7.88 265.1656 -1.1 193.1083 

2-OH-2-

methybutyric 

acid-IS 

S 
73.0650, 95.0604, 146.0601, 

165.1135, 193.1083, 247.1181 

29 C12 H19 O N4 Isobutyric acid 8.04 235.155 -1.3 165.1134 
Isobutyric acid-

IS 
S, F, L 

71.0605, 95.0604, 138.1027, 

165.1134, 192.1004 

30 C12 H19 O N4 Butyric acid 8.37 235.1552 -0.4 165.1135 
Isobutyric acid-

IS 
S, F, L 

71.0492, 95.0605, 138.1026, 

165.1135, 192.1007 
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31 C14 H23 O2 N4 C6-OH-a 8.39 279.1815 -0.4 261.1707 
6-OH-hexanoic 

acid-IS 
S, F, L 

69.0720, 95.0605, 165.1134, 

187.0976, 207.1239, 

246.1349,261.1707 

32 C14 H23 O2 N4 C6-OH-b 9.51 279.1805 -3.9 165.1129 

2-OH-4-

methyvaleric 

acid-IS 

S, F 
69.0697, 95.0601, 150.1021, 

165.1129, 193.1077, 261.1698 

33 C13 H21 O N4 C5-acid 9.67 249.1709 -0.4 165.1134 
Isovaleric acid-

IS 
S, F, L 

57.0699, 95.0604, 138.1025, 

165.1134, 192.1005 

34 C14 H23 O2 N4 

2-OH-4-

methyvaleric 

acid 

9.67 279.1815 -0.4 207.1240 

2-OH-4-

methyvaleric 

acid-IS 

S, F, L 

69.0700, 95.0603, 150.1021, 

165.1130, 193.1082, 207.1240, 

247.1181 

35 C13 H21 O N4 Isovaleric acid 9.94 249.1709 -0.4 165.1134 
Isovaleric acid-

IS 
S, F, L 

57.0700, 95.0604, 138.1026, 

165.1134, 193.1083 

36 C13 H21 O N4 Valeric acid 10.22 249.1709 -0.4 165.1134 Valeric acid-IS S, F, L 
57.0700, 95.0605, 138.1026, 

165.1134, 192.1007 

37 C14 H23 O N4 C6-acid 10.47 263.1866 0.0 81.0700 
6-OH-hexanoic 

acid-IS 
S, F 

71.0856, 81.0700, 95.0605, 138.1028, 

165.1135, 192.1007 

38 C13 H19 O2 N4 C5:1-OH 10.54 263.1493 -3.8 192.0999 
2-Ethybutyric 

acid-IS 
F 

71.0488, 95.0601, 120.0553, 

163.0973, 192.0999 

39 C14 H23 O N4 
2-Ethybutyric 

acid 
10.67 263.1866 0.0 71.0856 

2-Ethybutyric 

acid-IS 
S, F, L 

57.0699, 71.0856, 95.0605, 138.1028, 

165.1135, 192.1004 

40 C14 H23 O N4 Hexanoic acid 10.79 263.1867 0.4 71.0856 
6-OH-hexanoic 

acid-IS 
S, F, L 

71.0856, 95.0605, 138.1027, 

165.1135, 192.1007 

41 - Glycolic acid-IS 2.50 229.1564 -0.9 171.1511 N.A. N.A. 
86.0976, 95.0616, 148.9500, 

171.1511, 211.1495 

42 - Acetic acid-IS 3.80 213.1617 0.0 171.1510 N.A. N.A. 
68.0503, 95.0604, 144.1403, 

171.1510 
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43 - 
5-OH-valeric acid-

IS 
5.01 271.2035 -0.4 171.1511 N.A. N.A. 

55.0543, 95.0604, 144.1403, 

171.1511, 194.1511, 197.1304, 

253.1930 

44 - 
2-OH-butyric acid-

IS 
5.80 257.1881 0.8 171.1507 N.A. N.A. 

57.5637, 103.4925, 159.0950, 

169.1361, 199.1465, 248.6912 

45 - Propionic acid-IS 6.24 227.1774 0.4 171.1512 N.A. N.A. 
57.0336, 95.0605, 144.1403, 

171.1512, 198.1380 

46 - 
β-OH-isovaleric 

acid-IS 
6.28 271.2033 -1.1 171.1512 N.A. N.A. 

83.0492, 142.1247, 171.1512, 

194.1555, 213.1616, 253.1963 

47 - 
6-OH-hexanoic 

acid-IS 
6.51 285.2189 -1.1 171.1511 N.A. N.A. 

69.0699, 95.0604, 144.1403, 

171.1511, 197.1304, 267.2086 

48 - 

2-OH-2-

methybutyric acid-

IS 

6.81 271.2038 0.7 171.1511 N.A. N.A. 

73.0657, 95.0615, 151.0955, 

169.1355, 171.1511, 199.1460, 

225.2018, 253.1997 

49 - 

2-OH-3-

methybutyric acid-

IS 

7.72 271.2036 0.0 171.1512 N.A. N.A. 
73.0648, 95.0605, 171.1512, 

199.1462, 225.1988, 253.1928 

50 - Isobutyric acid-IS 7.78 241.1929 -0.4 171.1512 N.A. N.A. 
95.0604, 144.1400, 171.1512, 

198.1383 

51 - Butyric acid-IS 8.20 241.1929 -0.4 171.1511 N.A. N.A. 
71.0493, 95.0604, 144.1401, 

171.1511, 198.1385 

52 - 
2-OH-4-

methyvaleric acid-IS 
9.43 285.2191 -0.4 171.1512 N.A. N.A. 

69.0699, 95.0605, 156.1403, 

169.1356, 171.1512, 199.1462, 

267.2090 

53 - Isovaleric acid-IS 9.80 255.2086 0.0 171.1511 N.A. N.A. 
57.0700, 95.0604, 144.1402, 

171.1511, 198.1386 

54 - Valeric acid-IS 10.08 255.2085 -0.4 171.1512 N.A. N.A. 
57.0708, 95.0620, 144.1428, 

171.1542, 198.1420 
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55 - 
2-Ethybutyric acid-

IS 
10.52 269.2243 0.0 171.1512 N.A. N.A. 

71.0856, 95.0605, 144.1403, 

171.1512, 198.1384 

56 -  Hexanoic acid-IS 10.76 269.2243 0.0 171.1512 N.A. N.A. 
71.0857, 95.0605, 144.1403, 

171.1512, 198.1384, 251.2133 

 

RT: retention time; IS: internal standard; S, F and L represent serum, feces and liver samples, respectively; -OH represents hydroxy group; N.A.: 

Not Applicable. The identified SCFAs and OH-SCFAs were named after their structure. For example, C4:1-2OH means the analyte is a OH-

SCFA contains four carbon atoms, two hydroxyl groups with one degree of unsaturation. If there is a suffix by lowercase letters, it indicates 

there are more than one isomerides. The suffix “acid” indicates the compound is a SCFA.             
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4.3.8. Profiling of SCFAs and OH-SCFAs in mouse serum, feces, and liver 

samples 

The novel derivatization strategy was applied for the characterization of SCFAs and 

OH-SCFAs in mouse feces, liver and serum samples harvested from BDE-47 

exposed breast cancer nude mouse models. The identification procedure of 

unknown analytes had three steps. Firstly, using characteristic fragmentation to 

identify an analyte as a DHPP derivative. Secondly, using the accurate m/z of the 

precursor ion to predict the elementary composition of the analyte. Thirdly, using 

the MS/MS spectrum to testify the prediction and propose the structure of the 

analyte. For example, the analyte with a retention time of 3.67 min was determined 

as a DHPP derivative for it contained the typical fragments of DHPP derivatives 

m/z 95.0605 and m/z 165.1135. The precursor ion was m/z 251.1503, of which the 

elementary composition was predicted to C12 H19 O2 N4. Therefore, the elementary 

composition of the tagged compound residue was C4H7O2 after removing the DHPP 

residue C8H11N4. According to the MS/MS spectrum, the existence of the product 

ion m/z 233.1397 was due to the loss of a H2O, indicating the presence of a hydroxyl 

group. After losing a H2O molecule and form a double bond, the analyte fragmented 

at the amide bond could generate the product ion m/z 69.0366, which was found in 

the MS/MS spectrum. Therefore, the DHPP-tagged compound at a retention time 

of 3.67 was identified as C4-OH (a hydroxy saturated fatty acid contains four 

carbon atoms and one hydroxyl group). By using the identification strategy, 40 

species of SCFAs and OH-SCFAs in total were detected from mouse serum, feces 
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and liver samples. The extracted peaks with their precursor and product ions in 

different samples were listed in Table 4.4. Among them, 19 species were found in 

the three types of samples, while some species were only detected in one or two 

types of samples (Figure 4.12A). The 3D score plots of PLS-DA model 

distinguished the control group from the treatment groups based on the changes of 

the targeted compounds (Figure 4.12B, 4.13 and 4.14). All the detected SCFAs and 

OH-SCFAs species were used in the PLS-DA model. The control group and 

treatment groups were clearly distinguishable for the three kinds of samples, 

revealing that the exposure of different dosages of BDE-47 altered the metabolism 

of SCFAs and OH-SCFAs in mice. The heatmaps were constructed to visualize the 

changes of relative concentrations of SCFAs and OH-SCFAs in mouse liver, feces, 

and serum. In the liver samples, the concentrations of vast majority of the targeted 

analytes increased relative to the control group, while most of the others were 

decreased with the increasing of BDE-47 dosages, indicating that the exposure of 

BDE-47 perturbed the metabolism of the targeted analytes in liver (Figure 4.12C).  
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Figure 4.12 Statistical analysis of detected SCFAs and OH-SCFAs in mouse liver, 

serum and feces samples. (A) Different species detected in three types of samples. 

The numbers in the figure were the number of detected analytes. (B) The 3D score 

plot of PLS-DA based on the detected analytes in liver samples; 1-4 represents the 

control group, low dose group, medium dose group and high dose group, 

respectively. Each sphere represents one sample. (C) The heat map shows the 

relative concentration of analytes in different groups in liver. Each of the 

concentrations was an average of six samples in the groups. The identified SCFAs 

and OH-SCFAs were named after their structure. For example, C4:1-2OH means 

the analyte is a OH-SCFA contains four carbon atoms, two hydroxyl groups with 

one degree of unsaturation. If there is a suffix by lowercase letters, it indicates 

there are more than one isomerides. The suffix “acid” indicates the compound is a 

SCFA.             
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Figure 4.13 PLS-DA score plot based on the detected analytes in serum samples. 

Each sphere represents one sample. “Control, Low, Medium and High” represent 

the control group, low dose group, medium dose group and high dose exposure 

group of mice, respectively. 

 

 

Figure 4.14 PLS-DA score plot based on the detected analytes in feces samples. 

Each sphere represents one sample. Control, Low, Medium and High represent the 

control group, low dose group, medium dose group and high dose exposure group 

of mice, respectively. 
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In the fecal samples, approximately more than half of the analytes (e.g. acetic acid 

and glycolic acid) were down-regulated in all BDE-47 exposure groups. On the 

other side, some of the analytes like propanoic acid and hexanoic acid reached the 

highest concentrations in the medium dosage group (Figure 4.15). The lack of 

association of changing tendency with the exposure dose may be due to the 

imbalance of intestinal flora caused by BDE-47(even in the low dose group) [201]. 

The alteration of dominated population of bacteria as a result of the imbalance 

induced the change of fermentation products. In contrast to alteration of analytes in 

feces, most analytes reached peak concentrations in the high dosage group in the 

serum samples (Figure 4.16). 
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Figure. 4.15 Heatmap of the detected SCFAs and OH-SCFAs in feces samples. 

Each of the concentrations was an average of six samples in the groups. “Control, 

Low, Medium and High” represent the control group, low dose group, medium 

dose group and high dose exposure group of mice, respectively. The identified 

SCFAs and OH-SCFAs were named after their structure. For example, C4:1-2OH 

means the analyte is a OH-SCFA contains four carbon atoms, two hydroxyl 

groups with one degree of unsaturation. If there is a suffix by lowercase letters, it 

indicates there are more than one isomerides. The suffix “acid” indicates the 

compound is a SCFA. 
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Figure 4.16 Heatmap of the detected SCFAs and OH-SCFAs in serum samples. 

Each of the concentrations was an average of six samples in the groups. “Control, 

Low, Medium and High” represent the control group, low dose group, medium 

dose group and high dose exposure group of mice, respectively. The identified 

SCFAs and OH-SCFAs were named after their structure. For example, C4:1-2OH 

means the analyte is a OH-SCFA contains four carbon atoms, two hydroxyl 

groups with one degree of unsaturation. If there is a suffix by lowercase letters, it 

indicates there are more than one isomerides. The suffix “acid” indicates the 

compound is a SCFA. 

 

The analytes in serum samples generally come from two sources: intracellular 

metabolism and intestinal absorption. The metabolite levels in serum tended to be 
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correlated to the analyte source which plays a decisive role in determining the serum 

metabolite concentration. The majority of the analytes in serum was quite similar 

to the analytes in the liver in terms of the variation tendency of concentrations. 

Therefore, the results might suggest that, compared with metabolites absorbed from 

intestines, the metabolites secreted from cellular metabolism had greater influence 

on the concentration of targeted analytes in serum. In addition, some analyte species 

reached their highest level in low (e.g. 2-OH-3-methybutyric acid) or medium 

exposure dose (e.g. Isovaleric acid). For those metabolites, the non-distinctive 

dosage effect of BDE-47 exposure might indicate that different BDE-47 dosages 

affected diverse metabolic pathways in body cells. The differences of the targeted 

analytes concentrations between the control and exposure groups were statistically 

analyzed by a bilateral t-test in liver, feces, and serum samples. As shown in Figure 

4.17 A-C, the concentrations of a total of 18 SCFAs and OH-SCFAs species (7 in 

feces, 7 in liver, and 4 in serum) were significantly different between the control 

group and exposure groups. Therefore, SCFAs and OH-SCFAs are important 

metabolites participating in multiple metabolomics pathways. Thus, the profiling 

of these metabolites with high throughput is of great importance. One of the 

limitations of the present study is that the limited mouse number in each group (n 

= 6) and considerable individual differences restricted the exploration of 

significantly changed metabolites. 



133 

 

 

Figure 4.17 Significantly changed SCFAs and OH-SCFAs in feces (A), liver (B) 

and serum samples (C), respectively. The four columns of each analyte (from left 

to right) represent the analyte detected from the control group, low dose group, 

medium dose group and high dose group, respectively. The identified SCFAs and 

OH-SCFAs were named after their structure. For example, C4:1-2OH means the 

analyte is a OH-SCFA contains four carbon atoms, two hydroxyl groups with one 

degree of unsaturation. If there is a suffix by lowercase letters, it indicates there 

are more than one isomerides. The suffix “acid” indicates the compound is a 

SCFA. #: p < 0.05, ##: p < 0.01. 
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4.4. Chapter summary 

In the present study, a robust, fast and high-throughput method of UHPLC-PRM 

MS combined with the novel derivatization using d0/d6-DHPP was developed for 

the comprehensive characterization of SCFAs and OH-SCFAs. SCFAs and OH-

SCFAs could be labelled efficiently by the derivatization reagent d0-DHPP within 

three minutes in mild conditions. Isotopic internal standards were applied by using 

d6-DHPP labeled standards. The limit of detection (LOD) was 0.2 pg to 1.6 pg on 

column. General PRM parameters were used for the global profiling of SCFAs and 

OH-SCFAs. The high-resolution mass spectrometric analysis of the typical product 

ions in PRM mode greatly facilitated the identification of the targeted analytes. The 

method was successfully applied in biological matrices from mouse experiments. 

Eventually, 40 SCFA and OH-SCFA species were characterized in the liver, feces, 

and serum samples obtained from the BDE-47 exposure experiments with the breast 

cancer mouse model. The results demonstrated that most of the detected SCFA and 

OH-SCFA levels were altered after the exposure of BDE-47, especially in the high 

dose exposure group (100 mg/kg). Significant changes of the SCFA and OH-SCFA 

levels were found in samples from the experiments between the control and 

exposure groups (7 in the feces, 7 in the liver, and 4 in the serum samples), 

indicating that SCFAs and OH-SCFAs were vital metabolites perturbed by the 

exposure of BDE-47. The developed method might be applied to the investigations 

on SCFAs and OH-SCFAs associated metabolic dysfunction diseases, such as 

intestinal diseases and carcinoma, which might be promising for better 
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understanding the pathophysiology of the diseases. 

The limitation of the developed strategy to identify SCFAs and OH-SCFAs is that 

the structures of unknown species were not determined because of the existence of 

isomerides. This issue could be further addressed by deducing from the MS2 spectra 

and verifying by using authentic standards in the future.  
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Chapter 5 Derivatization strategy for semi-quantitative analysis of medium- 

and long-chain fatty acids using multiple reaction monitoring 

5.1 Introduction 

Medium- and long-chain fatty acids (MLFAs) are fatty acids with more than six 

carbon atoms. MLFAs are critical molecules in the body and involved in multiple 

biological processes. They are vital energy source [202], building blocks of the cell 

membrane [203] and signaling molecules [204]. Palmitoleic acid and oleic acid 

were able to downregulate the expression of metainflammatory CCAAT‐enhancer‐

binding protein (EBP) homologous protein (CHOP), thus provided protection 

against lipotoxicity stress [204]. Linoleic acid, an ω-6 fatty acid, was found to be 

the most significant biological fatty acid, which involved in pro-inflammatory 

response [205] and was a fundamental element for brain and retina development 

[206, 207]. Palmitic acid could induce a temporary elevation of plasminogen 

activator inhibitor-1 (PAI-1) antigen level, leading to the fibrinolytic activity 

impairment [208, 209]. According to previous reports, the disorder of MLFAs was 

associated with multiple diseases, including diabetes [210, 211], cardiovascular 

diseases and Alzheimer’s disease. Therefore, analyzing MLFAs is of critical 

importance to achieve a better understanding of the molecular mechanism of 

diseases and find potential biomarkers. 

Given the vital roles of MLFAs in the metabolic homeostasis, multiple analytical 

methods have been developed based on capillary electrophoresis [212], gas 

chromatography-mass spectrometry (GC-MS), etc [213]. With the development of 

analytical methods, liquid chromatography coupled with mass spectrometry (LC-
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MS) has become a powerful platform for the analysis of MLFAs. However, the poor 

ionization efficiency in electrospray ionization source (ESI) impedes the direct 

analysis of MLFAs. A variety of derivatization methods were developed for the 

measurement of MLFAs. Yang et al. developed a method for the quantitative 

analysis of fatty acids by using 2-bromo-1-methylpyridinium iodide and 3-carbinol-

1-methylpyridinium iodide. In that research, a quaternary amine group was attached 

to each of the FAs, enhancing the detection sensitivity to 10 pg/injection [187]. Mok 

et al. methylated FAs with trimethylsilyldiazomethane (TMSD) and detected 16 

FAs in liver and 11 FAs in plasma samples [214]. Jiang et al. tagged FAs with the 

twins derivatization reagents diethylamino-naphthalene-1-sulfonyl piperazine 

(Dens-PP) and 5-dimethylamino-naphthalene-1- sulfonyl piperazine (Dns-PP). The 

sensitivity increased up to 1500 folds, enabling global detection of short-, medium- 

and long-chain FAs in serum samples [191]. However, complexed post-treatment 

after derivatization and prolonged analysis time in previous methods limited the 

application, especially for its applications in high-throughput analysis. Moreover, 

the utilization of high boiling point solvent such as dimethylsulfoxide (DMSO), 

enlarged the possibility of mass spectrometer ion source contamination [189, 215]. 

Polybrominated diphenyl ethers (PBDEs) are widely used as flame retardants 

because of the remarkable flame retardant property [216]. 2,2’,4,4’-

tetrabromodiphenyl ether (BDE-47) is the most representative of PBDEs which 

attracted people’s attention due to its adverse effects on the environment and human 

health [217]. Our previous results showed that BDE-47 might induce reduced 
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nicotinamide adenine dinucleotide phosphate (NADPH) shortage in MCF-7 breast 

cancer cell [151]. NADPH is a fundamental element for the de novo synthesis of 

MLFA in cells. Therefore, the fatty acid metabolism would probably be affected by 

BDE-47. To verify our hypothesis, we exposed breast cancer nude mice in vivo to 

different doses of BDE-47 to investigate the possible influence on MLFA 

metabolism.  

In this study, a rapid and convenient derivatization strategy was developed based 

on d0/d6-N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d]pyrimidine-2-amine (d0/d6-

DHPP) for the relative quantification of MLFAs by using UHPLC-MRM. The 

pooled samples were tagged with d6-DHPP to generate parallel isotope-labeled 

internal standards for each of the targeted analytes. The developed method was 

applied to the mouse serum samples collected from the breast cancer mice, which 

were exposed to different doses of BDE-47.  

5.2 Experimental 

5.2.1 Reagents and materials 

MLFA standards were obtained from Sigma-Aldrich (St. Louis, MO, USA). The 1-

hydroxy-7-azabenotriazole (HOAt), 1-hydroxybenzotrizole (HOBt) and 1-ethyl[3-

(dimethylamino)propyl]carbodiimide-HCl (EDCI) were provided by Tokyo 

Chemical Industry (TCI, Japan). The tert-butyl-2-amino-5H-pyrrolo[3,4-

d]pyrimidine-6(7H)-carboxylate, iodomethane and d3-iodomethane were 

purchased from Nanjing Chemlin Chemical Industry Co., Ltd (Nanjing, China). (d0-

/d6-DHPP) was synthesized based our methods described in chapter 4. The breast 
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cancer cell line MDA-MB-231 for breast cancer mouse model was purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA). Acetonitrile and 

methanol (HPLC grade) were bought from TEDIA company (Fairfield, OH, USA). 

The purified water used in the research was obtained through Milli-Q purification 

system (Millipore, Watford, UK). 

5.2.2 Optimization of derivatization conditions 

The reaction mechanism was shown in scheme 5.1. Eight MLFA standards (myristic 

acid, decanoic acid, octanoic acid, palmitoleic acid, linoleic acid, oleic acid, 

eicosanoic acid, and heptadecanoic acid) were applied for the optimization of the 

derivatization reaction conditions. The eight standards were mixed to get a mixture 

containing 1µg/mL of each MLFA in methanol. The derivatization reaction time, 

temperature, d0-DHPP concentration and catalyst were optimized. The 100 µL 

reaction solution contained 10 µL of d0-DHPP, 10 µL of catalyst, 10 µL of the 

standard mixture and 70 µL of methanol. Glass tubes were used in whole procedure 

and were baked in 400 oC for four hours before use.  

 

Scheme 5.1 Reaction mechanism of DHPP to MLFAs. R represents alkyl or 

hydroxylated alkyl group. X = H, d0-DHPP; X = D, d6-DHPP. 

 

5.2.3 Mouse models and sample collection 
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The BDE-47 exposed breast cancer mouse models were constructed based on the 

reported method [218]. The nude mice (BALB/c, female) were kept in the 

individually ventilated cages (IVC). The temperature and moisture of the animal 

room were maintained at 23 ± 2 oC and 55 ± 5 relative humidity, respectively. The 

light-dark cycle was 12 h in each day. The MDA-MB-231 cells were digested from 

the culture plates and suspended in fetal bovine serum (FBS)- and phenol red-free 

high-glucose DMEM medium. The five-weeks-old nude mice were subcutaneously 

transplanted MDA-MB-231 cells to the armpits. Each mouse was implanted 1 × 107 

cells. Twenty-four mice were randomly divided into four groups: the control group, 

low dose group, medium dose group and high dose group (n=6 for each group). The 

four groups of mice were gastric infused BDE-47 in corn oil (0, 1, 10, 100 mg/kg 

body weight, respectively) once daily, five days a week for six weeks. The mice 

were sacrificed by using CO2. Serum samples were collected and stored at -80 oC 

before use. The animal study was conducted under the discipline of The 

Government of the Hong Kong Special Administrative Region Department of 

Health.  

5.2.4 Sample preparation 

The d6-DHPP tagged standards were used as the isotopic internal standards (IS) for 

each of the targeted analytes. Five microliters of each of the mouse serum were 

pooled together and deproteinized by adding four times the volume of pooled serum. 

After centrifugation, the supernatant was collected and evaporated. The evaporated 
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pooled serum was mixed with d6-DHPP and EDCI solution. Then the derivatization 

mixture was evaporated to dryness by nitrogen gas at 35 oC. The dried IS was 

redissolved in 5 mL 40% methanol (v/v) and stored at -20 oC before use. Ten 

microliters of serum were mixed with 40 µL of chilled methanol and vortexed for 

10 s. The mixture was then centrifuged at 15, 000 g for 10 min to collect the 

supernatant. The supernatant was evaporated by using nitrogen gas. One hundred 

microliters of EDCI (1.6 mg/mL in methanol) and 100 µL of d0-DHPP (1.6 mg/mL 

in methanol) were sequentially added to the dried samples. The samples were 

vortexed for 1 min followed by nitrogen gas evaporation at 35 oC. The dried 

samples were redissolved by 100 µL IS contained solution.  

5.2.5 LC-MS/MS analysis 

The MRM conditions were optimized by using MLFA standard derivatives. The 

derivatives were prepared in 50% methanol (v/v) and were infused into the mass 

spectrometer at a flow rate of 5 µL/min. The collision energy and transition ion 

pairs were optimized. The acquisition of raw data was performed by a system 

equipped with a UHPLC (Ultimate 3000, Thermos fisher scientific, USA) and a 

triple-quadruple mass spectrometer (TSQ Quantiva, Thermos fisher scientific, 

USA). A C8 reverse-phase column (100 × 2.1 mm, 1.7 µm, Waters, USA) was 

applied in this study. Mobile phase A was water with 0.1% formic acid and mobile 

phase B was acetonitrile. The LC elution gradient was as follows: 45% B from 0 to 

1 min, 60% B at 2 min, 90% B at 6 min, 100% B at 10 min and hold for 1 min, 45% 
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B at 11.2 min and hold for 1.8 min. The flow rate was 0.3 mL/min. The parameters 

of MS were as follows: Heater temperature was 320 oC; Sheath gas and Aux gas 

were 30 and 10 arb, respectively; Spray voltage was 3 kV in positive ionization 

mode; Capillary temperature was 300 oC.   

5.2.6 Data analysis 

The acquired data were analyzed by using Xcalibur. Firstly, the peak areas were 

extracted from the raw data. Secondly, the peak areas the d0-DHPP labeled MLFA 

were divided by their corresponding d6-DHPP labeled MLFA peak areas to generate 

a set of new values. The new values were applied for PLS-DA by using SIMCA-P 

(V14.0, Umetrics, Sweden). The website MetaboAnalyst 4.0 

(https://www.metaboanalyst.ca/) was used for the construction of the heat map. The 

two-sided independent Student’s t-test was used to evaluate the levels of 

significance between the control and treatment of mouse groups. The p-value less 

than 0.05 was deemed as a significant difference. 

5.3 Results and discussion 

5.3.1 Simple and mild derivatization 

MLFAs, especially the unsaturated species may be unstable in critical conditions, 

such as high temperature and strong acidic/alkaline conditions. Therefore, the 

derivatization procedure should be in mild conditions and quick. In the research, 

different reaction conditions were tested. Catalyst can greatly influence reaction 

efficiency which can reduce the reaction time. As shown in Figure 5.1A, the MS 

https://www.metaboanalyst.ca/
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intensity in EDCI group was much higher than that in other groups, indicating EDCI 

was the optimal catalyst. The derivatization reagent d0-DHPP concentration was 

optimized with mouse serum sample. The derivatization reached the highest yields 

when the concentration was higher than 1.6 mg/mL (Figure 5.1B). Therefore, the 

d0-DHPP concentration of 1.6 mg/mL was applied in the following research. Figure 

5.1C showed the MS intensity with or without evaporation of the reaction solvent. 

The groups without evaporation were reacted for 10 - 120 mins, while the 

evaporation group was evaporated the solvent immediately after the mixture of 

reactants. The derivatization efficiency of the evaporation groups was much higher 

than in other groups. The result indicated that the evaporation procedure improved 

the reaction to a large extent. The evaporation could be done within 3 min because 

the solvent was in good volatility (methanol). The reaction temperature was 

optimized from 15 oC to 55 oC. The yields of derivative products at 35 oC were the 

highest (Figure 5.1D). Generally, the reaction rate increases with the temperature 

rise. However, the reaction efficiency was decreased when the temperature was 

higher than 35 oC. The decrease might be attributed to the insufficient reaction 

caused by the fast evaporation of the solvent. The high reaction activity of d0-DHPP 

and evaporation procedure did not require high reaction temperature and shorten 

the reaction time, which not only simplified the derivatization procedure but also 

minimized the risk of oxidation or degradation of MLFAs. The derivatization 

reagent d0/d6-DHPP and catalyst EDCI had weak retention on the reverse-phase 

chromatographic column, making it possible to drain the excessed amount of 
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derivatization reagents to waste at 2 min by applying a six-way valve ahead of 

ionization source. Therefore, the residual derivatization reagents did not interfere 

with the detection of the target analytes, allowing no post-purification after the 

derivatization procedure.  
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Figure 5.1 The optimizations of reaction conditions. The optimization of catalyst 

(A), reaction time (C) and reaction temperature (D) was conducted by using eight 

MLFA standards (1 µg/mL). “Control” represents no catalyst was in the reaction, 

“E” represents using EDCI as the catalyst, “EA” represents using EDCI/HOAt as 

catalysts, “EB” represents using EDCI/HOBt as catalysts. “Evaporated” 

represents the reaction solution was evaporated by N2 after the mixture of 

reactants. The fatty acids applied were as follows. a: myristic acid, b: decanoic 

acid, c: octanoic acid, d: palmitoleic acid, e: linoleic acid, f: oleic acid, g: 

eicosanoic acid, h: heptadecanoic acid. The optimization of DHPP concentration 

was conducted by using mouse serum (B). The derivatized standards were 

detected by using MRM in positive ionization mode.  

 

The reaction efficiency was also tested by monitoring the residual free MLFAs after 

the derivatization. Four MLFA standards (10µL, 1mg/mL) were spiked in mouse 

serum (10 µL) and then analyzed before and after the derivatization. Results were 

shown in Figure 5.2, no detectable free MLFAs were monitored after the 

derivatization, suggesting that MLFAs were converted to DHPP-derivatives with 

high reaction efficiency. 
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Figure 5.2 Detected free MLFAs in serum before (upper) and after (lower) the 

derivatization. The analytes were detected using pseudo-MRM in negative 

ionization mode.  
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5.3.2 Chromatographic performance improved by the derivatization 

Strong retention on reverse-phase column caused by the high hydrophobic character 

of MLFAs leads to prolonged analysis time and broaden chromatography peaks, 

resulting in poor sensitivity and efficiency. The problem was well solved by using 

the derivatization strategy combined with C8 reverse-phase column. As shown in 

Figure 5.3A, the derivatization greatly enhanced the chromatographic performance 

of MLFAs. The peak widths of the derivatives were within 0.2 min, which was 

suitable for quantitative analysis. In addition, the analysis could be done within 13 

mins, which spent less than half the time required in previous methods. Compared 

with the reported methods, this strategy is time- and labor-saving, which enables 

high throughput analysis of MLFAs. 
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Figure 5.3 Chromatographic separation of the 17 MLFAs after derivatization (A) 

and the chromatographic peaks of decanoic acid before (B) and after (C) 

derivatization. The concentrations of the standards were 1 µg/mL. Free decanoic 

acid was detected by pseudo multiple reaction monitoring (MRM) in negative 

ionization mode (B); decanoic acid-DHPP derivative was detected in MRM in 

positive ionization mode (C). 

5.3.3 Sensitivity improved by the derivatization 

The ionization efficiency of MLFAs is poor in the electrospray ionization (ESI) 

mode, leading to low analysis sensitivity in MS. The low sensitivity may hinder the 

application of the analysis method to complex samples, such as mouse serum and 

tissue samples. In this study, the MLFAs were tagged with DHPP to enhance the 

ionization efficiency. A mixture of 17 MLFAs standards (1 µg/mL of each one) was 

used for studying the ionization improvement. Ten microliters of the mixture were 

analyzed with or without derivatization by using UHPLC-MS. After the 

derivatization, the MS responses of MLFAs were significantly improved. Figure 

5.3B showed decanoic acid as an example. The MS response of the decanoic acid 

derivative was about 1600-fold higher than that of the free decanoic acid. The good 
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sensitivity enables the application of the method to complex matrices for the 

discovery of potential biomarkers. The improvement of MS response may originate 

from three sources. 1. Converting the MS detection mode from negative to positive 

ionization mode; 2. Increasing the alkalinity of the analytes by introducing a 

pyridine ring and tertiary amine group, thereby improving the ionization efficiency. 

3. High proportion of organic phase when eluting analytes from the reverse-phase 

column.  

5.3.4 Sample stability assessment 

The intra-day and inter-day stability of the samples after derivatization were tested 

by using 17 MLFAs standards. Three concentrations of MLFA standards (1, 10, 100 

ng/mL) were derivatized by DHPP and kept in the instrument sample chamber 

before and after analysis which was set at 4 oC. The analytes were detected by using 

UHPLC-MRM. The relative standard deviation (RSD) of the peak intensities were 

calculated (Table 5.1). The intra-day and inter-day RSD ranged from 3.52% to 

14.21%, suggesting that the MLFAs derivatives were stable under the specified 

experimental condition. 

5.3.5 Reduction of matrices influence 

The accuracy and efficiency of quantitative analysis are greatly impacted by the 

coeluted matrix, especially when the sample is complex biosample. Applying an 

isotopic internal standard for each of the targeted analytes is an ideal approach to 

eliminate the matrix effects. However, it is unpractical to do so especially when 
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there are too many target analytes, or some of the isotopic standards are 

unprocurable. Therefore, we developed a parallel isotope labeled internal standards 

strategy by tagging d6-DHPP to analytes. The pooled samples were derivatized with 

d6-DHPP and spiked in each sample as parallel IS. The d6-DHPP labeled MLFAs 

had a 6 Da mass shift compared with d0-DHPP labeled ones. As shown in Figure 

5.3A, the retention times of isotope labeled ISs were very close to the d0-DHPP 

labeled analytes. The coelution of analytes and ISs guaranteed similar ionization 

conditions efficiency, resulting in more accurate quantification results. 
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Table 5.1 Stability of the MLFA derivatives. 

  Intra-day (RSD,%)   Inter-day (RSD,%) 

  

100 

ng/mL 

10 

ng/mL 

1 

ng/mL   

100 

ng/mL 

10 

ng/mL 

1 

ng/mL 

Heptanoic acid (C7:0) 6.50 4.80 9.83 
 

4.92 5.79 4.46 

Octanoic acid (C8:0) 4.91 4.33 6.74 
 

5.29 5.44 3.79 

Nonanoic acid (C9:0) 6.29 4.55 7.05 
 

5.28 5.94 3.78 

Decanoic acid (C10:0) 4.73 4.24 9.06 
 

6.02 5.40 4.97 

Hendecanoic acid (C11:0) 5.14 4.30 8.75 
 

6.24 5.96 3.52 

Lauric acid (C12:0) 5.96 11.81 7.70 
 

6.44 5.28 4.82 

Tridecanoic acid (C13:0) 6.80 10.17 8.53 
 

7.03 5.15 6.53 

Myristic acid (C14:0) 6.77 9.81 8.91 
 

7.18 7.14 5.06 

Palmitoleic acid (C16:1) 6.47 9.60 10.40 
 

8.97 9.00 6.91 

Isocetic acid (C15:0) 7.05 9.44 9.73 
 

10.65 6.61 6.65 

Linoleic acid (C18:2) 7.62 10.74 12.66 
 

12.30 12.86 8.93 

Palmitic acid (C16:0) 13.91 6.87 9.39 
 

11.29 9.61 7.38 

Oleic acid (C18:1) 13.37 9.04 8.32 
 

12.39 11.92 9.86 

Heptadecanoic acid (C17:0) 12.04 9.75 14.01 
 

11.02 7.21 9.00 

Stearic acid (C18:0) 13.00 9.56 6.92 
 

14.20 12.86 9.43 

Eicosanoic acid (C20:0) 11.82 10.76 12.22 
 

12.93 11.48 13.82 

Decosanoic acid (C22:0) 14.03 13.70 10.83   14.21 9.79 10.34 
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5.3.6 MRM conditions applied to MLFAs 

MRM is widely applied in the quantitative analysis because of its high sensitivity 

and selectivity. The two selection procedures of precursor ion and product ion 

provide high specificity of analytes. The targeted analytes were fragmented by 

using collision-induced dissociation (CID).  

 

Figure 5.4 Fragmentation pattern of palmitic acid at different collision energy 

(eV). It was detected in negative product ion mode. The concentration of the 

palmitic acid was 1µg/mL. 

 

The MLFAs hardly generated fragment ions at low CE but were fragmented to 

pieces of low m/z product ions when CE rise a little bit, inducing low intensity of 

product ion (Figure 5.4), thereby hampering the detection sensitivity by using 

MRM mode. This phenomenon can be addressed by the derivatization. Specific 

product ions related to the tags could be generated from MLFA derivatives with 
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high MS response. As shown in Table 5.2 the MLFA derivatives generated a 

common product ion at m/z 165.0 as a result of losing the MLFA residues. The CE 

and quantification ion pairs were optimized, and the results were listed in Table 5.2. 

With the increase of molecular weight of MLFAs, the optimal CE values increased, 

indicating that the alkyl chain influenced the stability of the amide bond.  

5.3.7 MLFAs detected in mouse serum samples 

The developed derivatization method was used to investigate the MLFA alteration 

in serum related to BDE-47 exposure in breast cancer nude mice. Four groups of 

breast cancer nude mouse models (control, low, medium and high dose group, n=6) 

were exposed to different dose of BDE-47 (0, 1, 10, 100 mg/kg body weight). Five 

microliters of serum from each mouse were pooled together and derivatized with 

d6-DHPP to generate the parallel isotope labeled IS. Each of the mouse serums was 

reacted with d0-DHPP and spiked IS in advance of the instrumental analysis.  

The targeted MLFAs were successfully detected in all mouse serum samples. Based 

on the relative quantification data, the PLS-DA model was applied to analysis the 

separation among the four groups. As shown in Figure 5.5A, the four groups of 

mice could be distinguished from each other on the plot, indicating the exposure of 

BDE-47 affected the MLFA metabolism in a dose-dependent manner. 
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Table 5.2 Parameters of MRM mode for the detection of MLFA-DHPP-derivatives 

Compound name 

Precursor 

ion (m/z) 

Collision 

Energy (eV) 

Quantification 

ion pair (m/z) 

Retention 

time (min) 

Heptanoic acid (C7:0) 277 20 277 > 165 2.82 

Heptanoic acid-IS 283 20 283 > 171 2.74 

Octanoic acid (C8:0) 291 20 291 > 165 3.72 

Octanoic acid-IS 297 20 297 > 171 3.66 

Nonanoic acid (C9:0) 305 20 305 > 165 4.35 

Nonanoic acid-IS 311 20 311 > 171 4.31 

Decanoic acidC (10:0) 319 25 319 > 165 4.92 

Decanoic acidC-IS 325 25 325 > 171 4.87 

Hendecanoic acid (C11:0) 333 25 333 > 165 5.45 

Hendecanoic acid-IS 339 25 339 > 171 5.41 

Lauric acid (C12:0) 347 25 347 > 165 5.95 

Lauric acid-IS 353 25 353 > 171 5.91 

Tridecanoic acid (C13:0) 361 30 361 > 165 6.42 

Tridecanoic acid-IS 367 30 367 > 171 6.39 

Myristic acid (C14:0) 375 30 375 > 165 6.87 

Myristic acid-IS 381 30 381 > 171 6.84 

Palmitoleic acid (C16:1) 401 30 401 > 165 7.13 

Palmitoleic acid-IS 407 30 407 > 171 7.10 

Isocetic acid (C15:0) 389 30 389 > 165 7.29 
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Isocetic acid-IS 395 30 395 > 171 7.27 

Linoleic acid (C18:2) 427 30 427 > 165 7.38 

Linoleic acid-IS 433 30 433 > 171 7.35 

Palmitic acid (C16:0) 403 30 403 > 165 7.70 

Palmitic acid-IS 409 30 409 > 171 7.66 

Oleic acid (C18:1) 429 30 429 > 165 7.90 

Oleic acid-IS 435 30 435 > 171 7.88 

Heptadecanoic acid (C17:0) 417 35 417 > 165 8.09 

Heptadecanoic acid-IS 423 35 423 > 171 8.06 

Stearic acid (C18:0) 431 30 431 > 165 8.45 

Stearic acid-IS 437 30 437 > 171 8.42 

Eicosanoic acid (C20:0) 459 30 459 > 165 9.21 

Eicosanoic acid-IS 465 30 465 > 171 9.18 

Decosanoic acid (C22:0) 487 35 487 > 165 9.96 

Decosanoic acid-IS 493 35 493 > 171 9.95 

 

The relative quantification results of each MLFA were showed in Figure 5.5B. The 

exposure of BDE-47 induced concentration alterations of most targeted MLFAs. 

Moreover, the alteration trends varied among MLFAs with carbon chain length and 

saturation. The level of even carbon medium-chain fatty acids tended to decrease 

(e.g. octanoic acid (C8:0) and decanoic acid (C10:0)), while odd carbon medium-

chain fatty acids showed no apparent tendency (e.g. heptanoic acid (C7:0) and 
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nonanoic acid (C9:0)). The saturated long-chain fatty acids were inclined to be 

lessened (e.g. decosanoic acid (C22:0) and heptadecanoic acid (C17:0)), whereas 

the unsaturated were likely to be elevated (e.g. palmitoleic acid (C16:1) and linoleic 

acid (C18:2)). The clustering analysis of the four groups suggested that comparing 

with the medium and high dose groups, the low dose group exerted less impact on 

MLFA metabolism in the mice. Correlations analysis (Pearson r) showed that 

palmitoleic acid (C16:1) negatively correlated to long-chain fatty acids such as 

eicosanoic acid (C20:0), stearic acid (C18:0) and docosanoic acid (C22:0) (Figure 

5.5C). That might be because palmitoleic acid (C16:1) shared the precursor 

molecule of biosynthesis with the long-chain fatty acids, thereby having opposite 

variation tendency. Positive correlations were observed among long-chain fatty 

acids eicosanoic acid (C20:0), stearic acid (C18:0) and docosanoic acid (C22:0), 

and among medium-chain fatty acids with seven to ten carbon atoms.  
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Figure 5.5 MLFAs detected in mouse serum samples. (A) PLS-DA score plot based 

on the MLFAs detected in mouse serum samples; (B) Relative concentrations of 

MLFAs. Each of the concentrations was an average of six samples in the groups. 

“C, L, M, and H” represent the control, low, medium and high dose exposure groups, 

respectively. (C) Correlation analysis of the 17 MLFA species by using their relative 

concentrations.  
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5.4 Chapter summary 

In this research, a relative quantification strategy based on a fast and simple 

derivatization was developed for MLFA analysis using UHPLC-MRM. The MLFAs 

were labeled with the derivatization reagent d0-DHPP in mild conditions within 

several minutes. The method needed no post-derivatization purification as the 

derivatization reagents and solvents won’t contaminate the ion source or impact the 

detection. By tagging with d0-DHPP, the chromatography performance and 

analytical sensitivity were significantly improved. Compared with free MLFAs, the 

MS responses after derivatization enhanced up to two orders of magnitude. Parallel 

isotope labeled internal standards were formed by using d6-DHPP, which ensured 

the accuracy and reliability of the quantification. The developed strategy was 

successfully applied to analyze MLFAs in mouse serum, which was harvested from 

BDE-47 exposed breast cancer mouse models. Results showed that the exposure to 

BDE-47 altered the metabolism of MLFAs in the mice, and the variation tendency 

was related to carbon chain length and saturation. This strategy could be applied to 

the research about metabolic analysis and biomarker discovery in the diseases 

relevant to metabolic disorders.  

The limitation of the semi-quantitative method is that authentic standards for all the 

targeted MLFAs are needed, because the information of precursor and product ions 

of the analytes is necessary to construct the MRM-based method. 
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Chapter 6 Conclusions and future work 

In this research, we studied the influence of BDE-47 on breast carcinoma using 

mass spectrometry-based targeted and nontargeted metabolomics with breast 

cancer cell and mouse models.  

The in vitro experiment indicated a dose-dependent toxicity of BDE-47 to MCF-7 

breast cancer cells. Nontargeted metabolomics analysis showed that several 

metabolic pathways were altered significantly, which may be the potential 

mechanism of the impact. The exposure of BDE-47 decreased the generation of 

NADPH in the pentose phosphate pathway (PPP). The decrease of NADPH may 

lead to a shortage of reduction ability in cells. NADPH is essential for the 

elimination of ROS. Thus, the shortage of NADPH made the cell more vulnerable 

to ROS. The purine and pyrimidine metabolism were downregulated, which might 

be originated from the inhibition of the transcription of mRNA. The fluorescent 

staining revealed the elevation of ROS induced by BDE-47 exposure. Therefore, 

BDE-47 induced oxidative stress through the inhibition of NADPH generation in 

the pentose phosphate pathway.  

The in vivo study was conducted by using breast cancer nude mouse models. 

Results indicated that BDE-47 promoted the growth of breast tumors in vivo in mice 

models. Mass spectrometry-based metabolomics and lipidomics analysis showed 

that BDE-47 induced significant alterations of metabolic pathways in livers, 

including glutathione metabolism, ascorbate and aldarate metabolism, and lipids 

metabolism, etc. Lipidomics profiling analysis indicated the lipid changes induced 
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membrane remodeling and contributed to tumor growth. Targeted metabolomics 

analysis revealed BDE-47 inhibited fatty acid β-oxidation (FAO) and induced 

incomplete FAO, which could promote tumor growth. In addition, BDE-47 

upregulated the gene expressions of cytokines TNFRSF12A, TNF-α, IL-1β and IL-

6, but lowered the gene expressions of cytokines SOCS3 and the nuclear receptors 

PPARα and PPARγ. The changes of cytokines and receptors may also promote the 

tumor growth of mice. 

Targeted metabolomics of fatty acids was conducted because BDE-47 exposure is 

closely related to fatty acid metabolism. We reported a global profiling method to 

screen short-chain fatty acids (SCFAs) and hydroxylated short-chain fatty acids 

(OH-SCFAs) by tagging with d0-N, N-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-d] 

pyrimidine-2-amine (d0-DHPP) and using UHPLC-MS/MS in parallel reaction 

monitoring (PRM) mode. SCFAs and OH-SCFAs could be labeled efficiently by 

the derivatization reagent d0-DHPP within three minutes in mild condition and 

analyzed without the need for further purification. The derivatization significantly 

improved the chromatographic performance and mass spectrometry response. The 

high-resolution mass spectrometric analysis in PRM mode greatly facilitated the 

location of unknown SCFA and OH-SCFA species. The method was successfully 

applied to biological matrices from the BDE-47 exposure experiments with the 

breast cancer mouse model. Eventually, 40 SCFA and OH-SCFA species were 

characterized in the liver, feces, and serum samples. The results demonstrated that 

BDE-47 exposure altered most of the detected SCFA and OH-SCFA levels, 
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indicating that SCFAs and OH-SCFAs were vital metabolites perturbed by the 

exposure of BDE-47. 

Targeted metabolomics was also applied to analysis medium- and long- chain fatty 

acids. We developed a fast and simple derivatization method by tagging with d0-

DHPP and detecting use UHPLC-MRM. The derivatization procedure facilitated 

the preparation of samples for it could complete the reaction in several minutes and 

need no post-purification. The chromatographic performance and MS response 

were promoted significantly by the derivatization. Isotope-labeled internal 

standards ensured the accuracy and reliability of the quantification. The developed 

derivatization method was applied to the mouse serum, which was obtained from 

the BDE-47 exposed mice. Seventeen species of fatty acids were semi-quantified 

in the serum samples. The impact of BDE-47 exposure of MLFAs in mice was 

related to carbon chain length and saturation.  

Metabolomics study has provided us informative evidence that BDE-47 would 

associate with breast tumor growth. However, we should move forward to make it 

clear how these metabolic changes, directly or indirectly, influence the growth of 

breast cancer tumors. There are several research directions that can go forward. The 

first one is to improve the mouse models. The exposure dosage is relatively high 

while the exposure duration is relatively short. Nevertheless, results showed that 

the low dose exposure (1 mg/kg/d) also promoted the tumor growth significantly. 

Therefore, in order to well simulate the real situation of people exposure to BDE-

47, we can lower the dosage and prolong the exposure period. The second one is 



163 

 

that targeted metabolomics by derivatization using DHPP could further applied in 

multiple strategies. Derivatization-based non-targeted metabolomics can be applied 

to screen significantly altered carboxyl-contained metabolites. Finally, MALDI-

imaging can be conducted to visualize the distribution of altered metabolites and 

find potential biomarkers combined with GC/LC-MS/MS. 
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Appendix 

 

 

Figure S1 1H NMR (400 MHz) spectrum of BDE-47 in CDCl3. 
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Figure S2 1H NMR (400 MHz) spectrum of BDE-99 in CDCl3. 
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Figure S3 1H NMR (400 MHz) spectrum of BDE-153 in CDCl3. 
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