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ABSTRACT 

Triclosan (TCS), an antiseptic, has been ubiquitously incorporated in consumer 

goods and personal care products, which raises people’s concerns for its 

continuous detection in the environment as well as human biofluids and tissues. 

It has been well-reported that TCS-mediated toxicity includes disruption of 

hormone homeostasis, carcinogenicity, apoptosis, and inflammation. Recently, 

the occurrence of TCS in human brain attracts people’s attention on its 

neurotoxicity. There are few studies on neurotoxicity related to TCS, therefore, 

more studies addressing this chemical-mediated effect on the central nervous 

system are urgently needed to fill in the data gaps. Dermal contact with TCS is 

one of the main human exposure ways. However, serious skin lesions were 

observed after repeated topical treatment of TCS in animals and TCS is 

considered as a moderate irritant. Hence, it is of importance to investigate the 

mechanisms of dermal toxicity related to TCS. Moreover, TCS and its chlorinated 

derivatives (CTDs) can be photochemically transformed in the surface water, 

yielding a range of polychlorodibenzo-p-dioxins (PCDDs) which are known as 

dioxins with toxicity and carcinogenicity. The generation of dioxins from TCS 

and CTDs is of obvious concern. Food chain and consumption are the main 
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sources of dioxin exposure in human. Daily dioxin exposure is hard to explore, 

and the relevant toxicity is difficult to confirm. Mass spectrometry (MS)-based 

omics analysis is a credible tool to gain a landscape of biological changes after 

environmental exposure. In our study, we integrated liquid chromatography-mass 

spectrometry (LC-MS) based metabolomics, lipidomics, isobaric tag for relative 

and absolute quantitation (iTRAQ) proteomics to explore the TCS-induced 

dermal and neuro effects with the hope to depict the underlying mechanisms. We 

also applied multi-omics approaches to investigate the molecular changes in 

human serum and to delineate the biomarkers and potential health risks associated 

with daily dioxin exposure. 

TCS in acetone with concentrations of 0, 0.3%, and 1.5% (w/v) were topically 

administered on the shaved back of female ICR mice five times weekly for 20 

weeks. We conducted behavior tests spanning sucrose preference test, elevated 

plus maze test and step through passive avoidance test to assess the TCS effects 

on neurofunctions in mice. Our results noted for the increased anxiety-like 

responses and impaired learning and memory ability. Quantification of TCS and 

its biotransformation products in serum, tissues and different brain regions were 

further conducted. It was noted that the levels of TCS are high in liver, thyroid, 
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hypothalamus, hippocampus, and corpus striatum. Thinking of the functions of 

hippocampus and thyroid hormones (THs) in brain, we hypothesized potential 

reasons for the behavioral abnormality in the TCS-treated mice: one is that TCS 

affected the thyroid functions and disrupted circulating TH homeostasis leading 

to brain dysfunction mediated by the reduction of brain THs; the other is that TCS 

performed toxic effects on hippocampus directly.  

To verify the hypothesis, we combined metabolomics and iTRAQ proteomics to 

investigate the TCS effects on mouse hippocampus. Our metabolomics results 

revealed that TCS exposure increased energy demands in hippocampus, leading 

to disturbances in energy homeostasis and purine metabolism. We noted for the 

reconfiguration of energy metabolism from pentose phosphate pathway to 

glycolysis caused by the increased energy demands. The shift may impair the 

hippocampal ability in reducing reactive oxygen species (ROS), aggravating the 

oxidative stress which is extensively reported to induce anxiety and cognition 

impairment in hippocampus and associate with brain diseases. Additionally, we 

found that TCS is likely to disrupt long-term potentiation, reduce level of 

acetylcholine and disturb GABAergic neurotransmission, which are proved to be 

related to the impaired learning and memory ability and increased anxiety. 
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Subsequently, global metabolic profiling and iTRAQ proteomics were conducted 

to investigate the TCS interferences on thyroid in mice topically exposed to TCS 

for 20 weeks. The levels of THs and thyroid stimulating hormone (TSH) in serum 

were measured to evaluate the TCS effects on TH homeostasis. We also 

quantified the levels of THs in different brain regions including cerebral cortex, 

hypothalamus, corpus striatum, hippocampus, middle brain, and cerebellum. The 

decreased levels of serum THs and the increased TSH levels were noted in both 

TCS treated groups, indicating the occurrence of hypothyroidism, which is 

usually a result of reduction of TH synthesis and release due to thyroid gland 

impairment. Based on the results of metabolomics and proteomics, our research 

revealed that TCS exposure disrupted the synthesis and the release of THs by 

affecting the uptake of iodine, the synthesis of thyroglobulin, the production and 

reduction of H2O2 and the levels of lysosomal enzymes. As the dominating TH 

crossing the adult blood-brain barrier, thyroxine (3,5,3’,5’-tetraiodothyronine; T4) 

did not show significant changes in brain. While the active form triiodothyronine 

(3,5,3’-triiodothyronine; T3) converted from T4 via deiodinases, decreased 

significantly in hypothalamus, hippocampus, corpus striatum and middle brain, 

where also noted for the accumulation of TCS. Based on these results, we 
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conjectured that TCS is likely to affect brain functions and induce behavioral 

disorders via affecting the deiodinases in brain instead of affecting the circulating 

TH homeostasis, which needs further confirmation. 

We also conducted in vitro experiments integrating MS-based metabolomics and 

lipidomics analysis to explore how TCS causes dermal toxicity by interfering with 

metabolic pathways. The obtained data suggested that purine metabolism and 

glutathione metabolism were upregulated, amino acid metabolism was 

downregulated, and lipid metabolism were disturbed in keratinocytes. Our 

biological measurements pointed out that these disturbances led to the 

overproduction of ROS and accumulation of ammonia, resulting in increased 

oxidative stress in human keratinocytes. The levels of proinflammatory cytokines 

(IL-1β, IL-6, IL-8, IL-10, TFN-α) excreted from HaCaT cells were all 

significantly higher after exposed to TCS, indicating the increased oxidative stress 

triggered inflammation and apoptosis in human keratinocytes. 

Finally, we integrated nontargeted metabolomics, nontargeted lipidomics and 

targeted analysis of acyl-CoAs and free fatty acids (FFAs) to study the global 

molecule changes in human serum towards daily exposure of dioxins. Our results 

revealed the links of dioxin exposure with triglyceride accumulation, ceramide 
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overproduction, glycerophospholipid remodeling, and FFA metabolism, 

providing the evidence for adverse health outcomes or health risks associated with 

dioxin exposure, such as cardiovascular diseases non-alcoholic fatty liver disease, 

inflammation, apoptosis and so on. 
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Chapter 1 General Introduction 

1.1 Triclosan 

1.1.1. Identity, physical and chemical properties 

Triclosan (TCS), known as 5‐chloro‐2‐(2,4‐dichlorophenoxy) phenol, is a diphenyl 

ether and is structurally similar to polybrominated diphenyl ethers (PBDEs), 

bisphenol A, dioxins and thyroid hormones (THs), with two aromatic rings (Figure. 

1.1). TCS is stable with a boiling point between 280-290 °C and is easily soluble in 

various organic solvents [1]. TCS is found mainly as ionized form in water while its 

un‐ionized form causes the majority of TCS toxicity [2]. It processes antibiotic and 

antimycotic properties by blocking fatty acid synthesis via inhibiting enoyl 

reductase enzyme. 

 

Figure 1.1 The structural similarity of TCS (A) to PBDEs (B), bisphenol A (C), 

dioxins (D), and thyroid hormones (E).  
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1.1.2. Use and regulations 

TCS has been used globally for more than 40 years as an antiseptic and disinfectant 

[3]. TCS has been ubiquitously added in health care devices (e.g., surgical gloves, 

surgical hand scrubs, implantable medical devices), personal care products (e.g., 

soaps, detergents, skin creams, shampoo&hair conditioners, toothpaste, mouth 

wash, cosmetics), household items (e.g., fabrics, bedding, paints, kitchen utensils, 

dish washing products), medical devices, and sport items (e.g., shoes, socks), 

typically at concentrations of 0.1-0.3% [4]. 

 

Figure 1.2 Various applications of TCS [5]. 

National regulations of China (2007), Canada (2015), and the European Union 

(2009) stipulate that the amount of TCS added in personal care products should not 

exceed 0.3% (w/w). Also, TCS is banned for use in soaps by the U.S. Food and 
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Drug Administration (FDA) in 2016. European Biocidal Products Committee (BPC) 

also banned the addition of TCS in human hygiene biocidal products starting in 

2017. However, it is still allowed in many other personal care products like 

toothpastes, mouthwashes, and hand sanitizers. 

1.1.3. Occurrence in the environment 

TCS are readily rinsed off after use and rinsed down the drain, ending up in local 

wastewater treatment plants (WWTP). Although more that 90% of TCS can be 

removed through sorption or biodegradation in conventional WWTPs, TCS persists 

through treatment and into surface waters [6, 7]. TCS was also found to residue in 

sediments, indicating the widespread existence of TCS in surface waters [8]. With 

the long-term use of the personal care products, the introduction of TCS into the 

surface waters continues. Hence, aquatic biota will continuously expose to the 

residual TCS and its degradation products, causing their accumulation in the 

organisms, which is easily to be delivered up through the food chain (Figure 1.3). 

Consequently, accumulation of TCS has been widely observed in the tissues of 

aquatic organisms captured from the natural water bodies [9], such as algae [9], snails 

[10], fish [11], and marine mammals [12]. 

1.1.4. Generation of dioxins from TCS 

In WWTPs, TCS can be chemically transformed into chlorinated TCS derivatives 

(CTDs) after the water disinfection with free chlorine, yielding CTDs including 4,5-

dichloro-2-(2,4-dichlorophenoxy)phenol (4-Cl-TCS), 5,6-dichloro-2-(2,4-

dichlorophenoxy)phenol (6-Cl-TCS), and 4,5,6-trichloro-2-(2,4-
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dichlorophenoxy)phenol (4,6-Cl-TCS) [13, 14]. After chlorination of the wastewater, 

the remaining TCS and formed CTDs are discharged into surface waters. Therefore, 

TCS and CTDs are commonly detected in aquatic systems [15], [16]. In surface waters, 

TCS and CTDs are photochemically transformed into various polychlorodibenzo-

p-dioxins (PCDDs) [17] (Figure 1.4), with TCS yielding 2,8-dichlorodibenzop-

dioxin (2,8-DCDD) and CTDs yielding 2,3,7-trichlorodibenzo-p-dioxin (2,3,7-

TriCDD), 1,2,8-trichlorodibenzo-p-dioxin (1,2,8-TriCDD), and 1,2,3,8-

tetrachlorodibenzo-p-dioxin (1,2,3,8-TCDD), respectively [18]. PCDDs are a class 

of compounds known to be toxic and carcinogenic [19], thus, their generation from 

TCS and CTDs is of obvious concern.  
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Figure 1.3 Residual path of TCS in the environment [20]. 
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Figure 1.4 Photodegradation products of TCS [21].  
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1.1.5. Human exposure 

The common routes of human exposure to TCS are through the oral ingestion, 

dermal contact with products, inhalation of antimicrobial-laden house dust, post-

harvesting from antimicrobial-containing packaging materials, the consumption of 

contaminated food and drinking water (Figure 1.5). For example, an important route 

of human exposure is the use of TCS-containing toothpaste [22]. 

TCS has been detected in human urine or blood samples from different regions of 

the world at concentrations of nanomolar (nM). To illustrate, TCS was detected in 

approximately 80% of urine samples from USA population ranging from 2.3 to 

3,620 μg/L [23]; in over 80% of maternal urine samples with an average of 21.61 

μg/L and 60% of infant urine samples with a mean of 2.8 μg/L in Canada [24]; in 

96.7% and 97.9% of the urine samples with mean concentrations of 7.06 and 6.41 

ng/mL from urban and suburban regions in China [25]. Relative low levels of TCS 

were noted in serum samples collected in Belgium with a mean of 0.52 μg/L [26] and 

Australia with a range of 0.01-354 μg/L [27]. TCS was also identified in human 

breast milk, which was reported to occur in 51 out of 62 samples from the US Breast 

Milk Banks, at concentrations of 100-2,100 μg/kg lipid [28]. The detection of TCS 

in human breast milk and the reported adverse effects of TCS in utero [29] attract 

people’s attention on the possible influence on development of fetuses and infants. 

It must be noted that TCS was reported to be detected in human liver with an 

average of 0.44 ng/g, adipose tissue with an average of 0.28 ng/g, and in one brain 

sample (0.23 ng/g) [30]. The diversity of exposure routes and sources spanning the 

contact with personal care products, the consumption of TCS-containing foods and 
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water, as well as the bioaccumulation potential, pose challenges to the safety of 

TCS addition. 

 

Figure 1.4 Routes of human exposure to TCS [31]. 

1.1.6. TCS toxicokinetics 

It has been well-reported that TCS can reach circulation via absorption through the 

mucous membranes of the oral cavity [32], gastrointestinal tract after ingestion [33], 

and through the skin [34]. After the ingestion, TCS was absorbed rapidly in 

gastrointestinal tract and 54% can be excreted in urine within 4 days [35]. Oppositely, 

less than 10% TCS is absorbed through skin, which is thought to be the second main 

exposure route of TCS [36]. Following daily use of a dermal spray containing TCS 

by 4 healthy males, TCS was detected in blood at concentrations ranging from 0 to 

189 ng/mL. Approximately 0.4-64 nmol of TCS per milligram of human skin tissue 

protein is found in human skin following one hour exposure to a typical consumer 

product [37]. 

TCS was mainly distributed in liver, lung, kidney, gastrointestinal tract, gallbladder. 
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The metabolism of TCS mostly happened in liver and polar TCS metabolites were 

detected in liver [34]. By using liver fractions from human and rat, an in vitro studies 

revealed the formation of glutathione adducts, and aromatic hydroxylation products 

of TCS in phase I and sulphation and glucuronidation of TCS in the phase II [38]. 

Additionally, glucuronide and sulfate of TCS were detected from rat skin in vivo, 

indicating the local metabolism of TCS in skin cells [39]. According to US FDA, 

more than 90% of the permeated TCS was metabolized. 

TCS is mainly excreted as TCS-glucuronide (TCS-G) and TCS-sulphate (TCS-S) 

through urine [40]. In addition, 2,4-dichlorophenol and 4-chlorocatechol that were 

found in rat urine and feces resulting from the cleavage process [39]. Regardless the 

route of exposure, TCS is mainly excreted via urine, with the elimination half-life 

of approximately 11 h [36]. 

1.1.7. Toxicity 

Because of the TCS presence in urine, plasma, and breast milk in global populations, 

TCS has been considered as a contaminant of emerging concern, meaning it is under 

investigation for public health risks. Acute studies with mammals demonstrated that 

TCS had a high threshold for severe toxicity [41]. A recent review also suggested 

that TCS has no acutely toxic to mammals [42]. While aquatic species such as algae 

and certain types of fish are extremely sensitive to TCS [43], and the acute toxicity 

depends on the life stage of the organism, with juveniles tend to be more susceptible 

to toxicity. Although TCS is considered to have non-acute toxicity to mammals, the 

adverse effects of continuous, long-term, and low-level exposure remain unclear 

and are of significant concerns. Consequently, studies on the subacute and chronic 
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toxicity of TCS in mammals are extensive. A series of in vivo, in vitro, and 

epidemiological studies have conducted to evaluate the biological and physiological 

effects of TCS. TCS has been associated with various adverse health effects 

spanning genotoxicity, endocrine disruption, reproductive and development 

toxicity, carcinogenicity, immunotoxicity, neurotoxicity and skin irritation (Figure 

1.6). 

Yueh et al. found the TCS treatment-related tumors in the liver of male and female 

mice as indicated by the occurrence of hypertrophy and vacuolization [4]. A mouse 

model in the tumorigenesis study strongly supported that long-term TCS exposure 

is associated with liver fibrogenesis enhancement and tumor promotion [44]. 

Additionally, an array of studies using different experimental models demonstrated 

some potential mechanisms underlying the carcinogenesis of TCS, including the 

induction of oxidative stress [45, 46], promotion of cell proliferation and fibrogenesis 

[47], epigenetic modification [48], and immune function disturbance [49]. 

Besides, the potential of TCS as an endocrine disruptor in different organisms has 

been investigated, with many studies reporting the reproductive and developmental 

toxicity and endocrine-disrupting effects of TCS using in vitro and in vivo models. 

TCS is determined to be an agonist of estrogen receptor (ER) and exhibits 

estrogenic activities in several in vivo studies [50, 51]. TCS also exhibited estrogenic 

and androgenic activity in breast cancer cells at environmentally relevant 

concentrations [52]. Considering the structural similarity between TCS and thyroid 

hormones, the propensity of TCS to disrupt thyroid homeostasis is also investigated. 

Epidemiologic studies showed that the content of TCS in human urine was 

negatively correlated with that of circulating thyroid function biomarkers, thus 
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proving that TCS may affect thyroid homeostasis [53, 54]. Consistently, in vivo 

studies also found the comparable reduction in THs induced by TCS [55, 56]. There 

is emerging evidence of association between TCS and reproductive and 

developmental disorders. TCS exposure was found to reduce semen quality [57], 

reduce inhibin B and luteinizing hormones in men [58] and associate with longer 

pregnancy duration in a large retrospective study of pregnant women [59].  

 

Figure 1.5 Adverse health effects associated with TCS. 
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1.2 Advances in TCS-associated dermal and neurotoxic effects 

1.2.1 TCS-induced dermal effects 

Dermal contact to consumer goods is one of the primary routes for human exposure 

to TCS. Thus, the TCS-induced dermal effects should take the priority. A variety 

of in vivo studies was conducted to investigate the dermal toxicity of TCS. For 

instance, severe skin irritants occurred in a 14-day repeated-dose study with rats 

and mice [39]. While in a 90-day subchronic toxicity study with 0.5% TCS propylene 

glycol administered at a dose of 2 mL/kg/body weight, reversible skin irritation was 

observed [60]. Moreover, TCS was classified as a moderate irritant as it induced a 

corrosive effects on intact skin and abraded skin of rabbits [61]. However, there is 

short of delineations about the mechanism of TCS-related dermal toxicity. 

Weatherly et al. [62] pointed out that TCS caused mitochondrial uncoupling in 

primary human keratinocytes and affected numerous functions via this mechanism. 

They further conducted experiments on mice and found that dermal exposure of 

TCS induced caspase-1 activation and IL-1β secretion in the draining lymph nodes 

and in the skin [63]. However, study about molecular mechanism of dermal toxicity 

related to TCS exposure is limited. 

1.2.2 TCS induced neurotoxic effects 

TCS was reported to be detected in one of the eleven analyzed human brain samples， 

at a concentration of 0.23 ng/g [30]. Additionally, TCS was found in the brain of fish 

with concentrations ranging from 13-88 ng/g wet weight [64]. Escarrone et al. [65] 

reported that the average concentration reached 17.51 μg/g wet weight in brains of 

fish Poecilia vivipara after a 14-day exposure to TCS at concentration of 0.16 mg/L. 
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In mice, low chemical brain concentrations (< 20 nmol/g of tissue) were detected 

12 hr after the topical application of TCS [66]. In summary, TCS has been detected 

in brains of human, fish, and mice. Despite the accumulation of TCS in brain is 

limited, its presence, even in infinitesimally small amounts, can be harmful. 

There are few studies on the neurotoxicity induced by TCS. Even so, existing 

studies have demonstrated deleterious effects of TCS on the central nervous system. 

A series of studies have revealed the apoptotic effects of TCS on a variety of nerve 

cells. Szychowski et al. noted that TCS caused apoptosis via activation of Fas 

receptor and aryl hydrocarbon receptor (AhR) [67] in primary cultures of mouse 

neocortical neurons. The neural apoptosis of TCS is also reported on neural stem 

cells [68]. Szychowski et al. [69] further reported that TCS induced apoptosis and 

neurotoxicity via transient degradation of N-Methyl-D-aspartate receptor 

(NMDAR) subunits in mouse neurons. NMDARs, glutamate-gated ion channels, 

are widely expressed in the central nervous system and play critical roles in 

excitatory synaptic transmission. Several in vivo studies also reported the 

neurotoxicity of TCS. Arias-Cavieres et al. [70] reported the inhibition of long-term 

potentiation by adding TCS to hippocampal slices, prevention of dendritic spin 

remodeling and the emergence of spontaneous oscillatory Ca2+ signals in TCS-

treated primary hippocampal cells, and the impairment of spatial memory in rat 

with intra-hippocampal injection. Huang et al. [71] reported that TCS exposure 

disturbed the metabolism pathways of energy, amino acids, and purines in the 

hypothalamus, contributing to neuronal dysfunction in mice. Moreover, multiple 

neurobehavioral disturbances induced by TCS were determined in mice [72, 73], 

including anxiety-related behaviors, impaired rotarod performance, reduced the 
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social dominance, reduced social interaction, and impaired memory formation. 

Nonetheless, the exposed quantity used in these studies were relatively high (4000 

mg/kg or 100 mg/kg) when compared with estimated daily intake of TCS in human 

[42], which challenges the physiological relevance of observed effects. 

In addition to the direct impacts of TCS on brain, the potential associations of TCS 

exposure with cognitive decline and hypothyroidism have been proposed [74]. In 

humans, THs are critical for brain development and brain function maintenance. 

Epidemiologic studies reported that the serum TH reduction can be related to the 

declined motor and cognitive performances in children [75, 76], which might severely 

affect brain development according to experimental data [77]. However, the role of 

TCS on this process is largely unclear. 

1.3 Multi-omics study 

1.3.1 Metabolomics 

Mass spectrometry (MS)-based metabolomics that measures changes in small 

molecule downstream of the genome, transcriptome and proteome can capture the 

terminal dynamic alteration of metabolites in response to external stressors [78]. 

Compared with other omics techniques including proteomics, transcriptomics, and 

genomics, metabolomics shows a few advantages (Figure 1.7). To illustrate, 

metabolomics is the chemical reflection to the biological phenotype so that we can 

easily find perturbations from the changed metabolome. Besides, metabolites are 

easy to be detected and of limited variety. Current developments in metabolomics 

aim to investigate links between exposure and health issues, identify markers of 

toxicity, and explore pathways for adverse outcomes. Consequently, this technique 
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has been expanded quickly and used to investigate biological effects of many 

environmental contaminants in humans. The methodology of metabolomics 

contains targeted and non-targeted metabolomics. While non-targeted 

metabolomics is frequently applied to gain a global profiling of metabolites. LC-

MS-based metabolomics is the most frequently used among other technologies such 

as GC-MS and nuclear magnetic resonance (NMR).  

The workflow of LC-MS based non-targeted metabolomics typically includes 

metabolite extraction, instrument analysis, ion feature picking and alignment, 

significant ion screening, biomarker identification and pathway analysis (Figure 1.8) 

[79]. When it comes to metabolite extraction, a satisfactory sample preparation 

should cover a wide range of metabolites with simple procedures and is 

reproducible. Thus, direct extraction using organic solvents is widely used because 

of its low cost, high throughput, and high recovery (minimum loss of analytes). As 

for instrument analysis, LC conditions including analytical column and gradient are 

essential for obtaining comprehensive profiles of the metabolites with a wide range 

of polarities. High-resolution MS (HRMS) including orbitrap, time-of-flight and 

flourier transform ion cyclotron resonance, are useful for identifying the unknown 

compounds by providing the information of accurate mass and isotopic distribution. 

When it comes to data analysis, multivariate statistical analysis including principal 

component analysis (PCA), partial least squares (PLS) and orthogonal-partial least 

squares (OPLS), is an effective and robust statistical tool for evaluating the 

significance of metabolites. Identification of metabolites corresponding to the ions 

highlighted as potential biomarkers can be a significant challenge. In LC-MS based 

non-targeted metabolomics analysis, biomarkers are identified by matching the 
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extract molecular mass and MS/MS spectra in METLIN (http://metlin.scripps.edu/) 

and Human Metabolome Database (http://www.hmdb.ca/). The further 

confirmation is achieved by using authentic standards. 

 
Figure 1.6 The advantages of metabolomics over other omics [80]. 
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Figure 1.7 Workflow for the MS-based metabolomics of tissues showing the 

procedures involved in preparing and analyzing both the QC sample and study 

samples [79]. 

1.3.2 Lipidomics 

Lipidomics is an emerging and potent method to study the complete lipidome in 

biological systems and facilitate a comprehensive understanding of the lipid 

metabolism. Although lipidomics is a branch of the more general field of 

"metabolomics", lipidomics is itself a distinct discipline due to the uniqueness and 

functional specificity of lipids relative to other metabolites. The chemical structure 

of lipids is more complex than that of small metabolites. According to their 

structural characteristics, lipids can be generally categorized into the following 

subgroups: phosphatidylcholines (PC), phosphatidylethanolamines (PE), 

lysophosphatidylcholine (LysoPC), lysophosphatidylethanolamines (LysoPE), 

sphingolipids (Cer and SM), glycerolipids (DG, MG, and TG) and acylcarnitine. 

With new and improved mass spectrometric instrumentation, it has been possible 
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to isolate and characterize lipids in biological systems. Consequently, lipidomics 

has ushered in a wide variety of applications. Therefore, lipidomics is becoming a 

critical tool for investigating the effects of environmental stimuli on human health 

[81]. For example, Li et al. [82] applied lipidomics method study the effects of 

inhalation exposure to polycyclic aromatic hydrocarbons of C57BL/6 mice and 

found remarked alternations of lipids related to hepatotoxicity. 

The workflow of lipidomic analysis of biological samples is similar to the 

metabolomics, including sample preparation, MS-based analysis, and data 

processing [83]. Instead of the direct extraction in metabolomics analysis, liquid-

liquid extraction (LLE) is used for global lipid extraction to improve extraction 

efficiency [84]. One well-developed method for lipid extraction is modified from 

Bligh & Dyer method, which used chloroform/methanol/H2O (1:1:0.9, v/v/v) as the 

extraction solvent. However, due to the retention of total lipids in the bottom 

chloroform phase, water-soluble impurities would be introduced when collecting 

the organic phase. Another commonly used solvent system for lipid extraction is 

methyltert-butyl ether (MTBE)/methanol/water (5:1.5:1.45, v/v/v), in which MTBE 

is on the top layer after phase separation, and therefore makes it feasible to operate 

(Figure 1.9). In terms of instrumental analysis, HRMS achieved a great 

improvement in the separation and characterization of lipids. Besides, the data-

dependent analysis and LipidSearch software (Thermo Fisher) enable the 

identification and quantification of lipids in a single run. Nonetheless, the 

identification of chiral and positional isomers as well as the quantification of 

numerous intermediate lipids are still hard to implement. 
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Figure 1.8 MTBE lipid extraction method. Comparison of phase distribution in the 

MTBE and Folch methods. NR, insoluble (protein) residue; O, organic phase; W, 

water phase [84].  
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1.3.3 Proteomics 

With the hope to eliminate the biases caused by single omics approach, multiple 

omics analyses are integrated, which can provide a comprehensive readout of the 

biological processes. Multi-omics analyses combining bioinformatics tools have 

been gradually used to monitor the molecule changes happening after 

environmental exposure and provide with information of potential toxic 

mechanisms. 

Protein information is undeniably valuable for understanding physiological state in 

organisms. Breakthroughs in protein ionization methods have played an essential 

role in the advancement of MS-based proteomics. With the development of a range 

of identification and quantification tools, MS-based proteomics has become popular 

in measuring the expression levels of proteins in biological samples. There are four 

stages in the procedure of a general MS-based proteomics experiment. The firs one 

is the isolation of proteins from the biological samples through fractionation or 

enrichment. The next step is the digestion of proteins into peptides using trypsin 

because peptide is more sensitive that intact protein in MS. This is followed by 

instrumental analysis with a nanoLC-HRMS system. Finally, the identification of 

peptides is achieved by searching the obtained fragmentation data against database 

and the annotated peptides are further classified to proteins through a series of 

algorithms. Thanks to the two approaches: label-free quantification and isotope 

labeling, the quantification of global proteome come true. The advantage of stable 

isotope labeling lies in its high quantitative accuracy. The stable isotope labels 

allow samples with different treatments to be mixed early before instrumental 

analysis, which decrease the introduction of bias.  
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Recently, stable chemical peptide labeling probes with multiplex labels, e.g., 

tandem mass tag (TMT) and isobaric tag for relative and absolute quantification 

(iTRAQ), have been gradually used, which make experimental design more flexible 

[85]. As shown in Figure 1.10, an iTRAQ probe is composed of a reporter group, a 

balance group, and a peptide reactive group. Reporter groups and balance groups, 

both with a series of mass, together form an isobaric tag with a total mass of 305. 

Peptide reactive group can bind to primary amines on N terminal and the side chain 

of peptides. Due to the serial isobaric tags, peptides from different groups are 

labeled diversely, but are eluted to be one single peak in MS1 spectrum. The peptide 

information and reporter ions will be released in MS2 spectrum for relative 

quantification. Further, fractionation is used before instrumental analysis to 

minimize the interference of the peptides with similar mass. 
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Figure 1.9 Chemical structure of the 8-plex iTRAQ probes and their labeling 

schematic as well as the workflow of a typical 8-plex iTRAQ experiment [85].   
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1.4 Study objectives 

Objectives: Study the molecule changes induced by TCS to unveil the mechanisms 

of TCS-induced dermal and behavioral effects. Figure out the biomarkers and 

health risks associated with dioxin exposure. 

Hypotheses: Continuous, long-term, and low concentration TCS exposure can 

cause neurobehavioral changes in mice. The behavioral effects of TCS may result 

from the direct toxic disturbances towards brain or the disruption of TH 

homeostasis. TCS exposure induces skin irritation by disturbing metabolic 

pathways. Daily dioxin exposure can induce molecular changes in human serum. 

We arranged the following studies based on the hypotheses and objectives: 

(1) Study the behavioral changes induced by continuous, long-term, and low 

concentration exposure through a 20-week dermal TCS exposure in mice at 

doses of 0, 6 and 30 mg/kg body weight/day and further investigate the specific 

regions with TCS interferences by the distribution of TCS and its metabolites 

in different organs and brain regions. 

(2) Investigate the global molecule changes associated with TCS exposure in 

hippocampus and thyroid gland using metabolomics and proteomics and further 

study the associations of TCS exposure, the induced hypothyroidism, and the 

behavioral effects by the quantification of THs in circulation and different brain 

regions. 

(3) Investigate the metabolic and lipidomic changes induced by TCS in human 

keratinocytes. 

(4) Investigate the molecular changes in human serum associated with daily dioxin 

exposure.  
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Chapter 2 Behavioral disorders in mice after long-term dermal 

exposure to TCS 

2.1 Introduction 

Concerns on possible neurotoxic effects of TCS have arisen due to the presence of 

TCS in brain samples of fish [11], mouse [86] and human [87]. The behavioral toxicity 

of TCS in mice was studied through intragastric administration of TCS (1000, 2000, 

and 4000 mg/kg) for 14 consecutive days [73] and adding TCS (0, 50, and 100 mg/kg) 

into drinking water for 42 days [72]. However, as dermal contact of TCS is the most 

frequent way of TCS exposure in human and the addition of TCS in consumer goods 

is at concentrations of 0.1-0.3%, the existed animal experiments might not be able 

to simulate the actual situation of human exposure, which may cause questions 

towards the physiological relevance of observed effects. What’s more, the adverse 

effects of sustaining, long-term and low-level exposure are of significant concerns 

and in need of detailed investigations. Additionally, there are few investigations on 

TCS-affected organs and brain regions. 

The goal of this chapter was to demonstrate the behavioral disturbances in mice 

after long-term dermal TCS exposure and to figure out the potential target organs 

and brain regions of TCS in mice. We used a 20-week dermal exposure to mimic 

real human exposure, during which 0, 0.3 and 1.5 % (weight/volume) TCS solutions 

in acetone (approximately at the equivalent to 0, 6 and 30 mg/kg body weight) were 

pipetted onto the shaved back of mice five times weekly. Sucrose preference test, 

elevated plus maze test and step-through passive avoidance test were conducted to 

measure the depressive response, anxiety-like response and learning and memory 
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ability. TCS and its glucuronide (TCS-G) and sulfate (TCS-S) conjugates were 

quantified using UHPLC-triple quadrupole MS. 

2.2 Methods and materials 

2.2.1 Reagents and materials 

TCS standard was purchased from TCI (purity 98.0%, Tokyo Chemical Industry, 

Japan). Sucrose and form Standards of TCS biotransformation products including 

triclosan sulfate (TCS-S) and triclosan glucuronide (TCS-G) were synthesized as 

recorded in our previous study [88]. All solvents, including acetone, methanol 

(MeOH), and acetonitrile (ACN) were of HPLC grade and obtained from Merck 

(Darmstadt, Germany). Deionized water used throughout the experiment was 

purified by a Synergy Water Purification System (Billerica, MA). 

2.2.2 Mouse experiment 

Female ICR mice aging from 4 to 6 weeks were brought from the Laboratory 

Animal Services Center, Chinese University of Hong Kong. The mice were kept 8 

per cage under a 12 h light/dark cycle with ad libitum access to water and food. 

They were divided into three groups of 16 mice per group after a week of 

domestication. Then, a 20-week dermal exposure was conducted in which 0, 0.3 

and 1.5 % (w/v) TCS solutions in acetone (approximately at the equivalent to 0, 6 

and 30 mg/kg body weight) were pipetted onto the shaved back of mice five times 

weekly. Female mice were used because women are thought to expose with TCS 

more often by using more personal hygiene products and cosmetics [5, 89]. TCS in 

consumer products is limited to less than 0.3% [90]. Therefore, our study used a 
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lower dose (0.3%) that is like those used in consumer products, as well as a high 

dose (1.5%) that produces more measurable effects. Additionally, the exposure 

experiment was set to 20 weeks, which is believed to be long enough to simulate 

long-term exposure. 

Feces were harvested once a week. After TCS treatment for 20 consecutive weeks, 

there were only 45 mice left with 14 in control group, 15 in TCS (0.3%) group, and 

16 in TCS (1.5%) group because of carelessness during the exposure. Three 

behavioral tests were implemented a month before the end of the exposure 

experiment. At week 20, mice were sacrificed 24 hours after the last treatment. The 

mice were anaesthetized by inhalation of isoflurane. Blood samples were firstly 

collected from aorta abdominals. Then, transcardiac perfusion with saline (0.9% 

NaCl water solvent) was conducted to eliminate the blood from the organs and leave 

the brain in good shape. Mice tissue samples including dorsal skin, liver, kidney, 

heart, and spleen were collected. Also, the brains of eight mice in each group were 

dissected and brain regions including striatum, midbrain, cerebellum, hippocampus, 

hypothalamus, and cortex were collected. The rest of intact brains were kept for 

morphological study and mass spectrometry imaging (MSI). Blood samples were 

collected from aorta abdominals, and serum samples were collected by 

centrifugation (3,500 ×g, 10 min) after 1 hour standing at room temperature. All 

samples were kept at -80 °C before further analysis. The animal experiments were 

approved by the Animal Experimentation Ethics Committee of the Hong Kong 

Baptist University and carried out in accordance with guidelines of the Department 

of Health, Hong Kong Special Administrative Region. 

2.2.3 Sucrose preference test 
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Sucrose preference test (SPT) was adopted to estimate depressive behavior of the 

mice at week 14-15. SPT is based on the animal's natural preference for sweet foods, 

assuming that this preference is proportional to the pleasure the animal feels when 

eating sweets. Anhedonia is the core symptom of depression and SPT is 

recommended as the most ideal method for the evaluation of anhedonia in mice [91], 

thus, we used SPT for the evaluation of the depressive behaviors. The procedures 

referred to a protocol [92] with minor modifications to adapt the conditions of our 

lab. 

SPT comprised adaptation, baseline measurement, and the preference test. During 

sucrose solution adaptation (day 1 morning-day 3 morning), the mice were kept in 

their home cage and were provided with two bottles, one contains 2% sucrose water, 

and one contains tap A water. The adaptation lasted for 48 h and all mice have free 

success to lab chow. After this, mice were moved to SPT apparatus (Figure 2.1) 

solely for a 24-h apparatus adaptation (day 3 morning-day 4 morning). The SPT 

apparatus was a small cage with two bottles (containing 2% sucrose water or tap 

water) and a fresh tissue paper pad at the bottom. Two pellets of mouse food (~10 

g) were placed on the tissue paper pad of each chamber. Finishing the adaptation, 

the mice were taken back to their home cages. It must be noted that the topical TCS 

application was not interrupted during the adaptation procedure. All the SPT 

apparatus were cleaned with 70% (v/v) ethanol and prepared for baseline 

measurement. Each apparatus was labeled, and all the bottles were weighed and 

recorded (day 4 afternoon). Then, each mouse was transferred to a SPT apparatus 

for a 12-h baseline measurement without food (day 4 night-day 5 morning). Twelve 

hours later, all the bottles were taken away from the cage immediately and weighed 
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and recorded again. All mice were taken back to their home cage with food and 

regular water provided. During this procedure, the TCS exposure should not be 

interrupted. The 24-h deprivation was started from day 5 evening. All the food and 

water bottles were removed from the home cages. All the SPT apparatus were 

cleaned with 70% (v/v) ethanol and prepared for preference test. Sucrose water 

bottles and tap water bottles were prepared, labeled, weighed, and recorded. After 

the deprivation (day 6 evening), the mice were moved to SPT apparatus quickly and 

the preference test began. Twelve hours later (day 7 morning), all bottles were 

removed and weighed again. All the mice were returned to home cages with 

adequate food and water to allow them recover. The exposure experiments were 

disrupted during the deprivation and preference test. Sucrose preference was 

calculated with this formular: preference= (sucrose intake/total fluid intake) × 

100%. Due to the limited number of apparatuses, two rounds of SPT were 

conducted through dividing the mice into 2 groups. 

2.2.4 Elevated plus maze test 

Elevated plus maze test (Sans Co., Ltd, Jiangsu province, China, Figure 2.1) was 

used to evaluate the anxious behavior of the TCS-exposed mice (week 16). It 

consists of two open arms (30 cm × 5 cm), two closed arms (30 cm × 5 cm × 15 cm) 

and one central district (10 cm × 10 cm). Mice were placed on the central district 

with their heads facing one open arm and allowed to explore within 5 mins one by 

one. The maze was cleaned with 70% (v/v) ethanol in between two mice. Decreased 

exploration and time spent in the open arm signal increased anxiety. 

2.2.5 Step-through passive avoidance test 
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We further carried out step-through passive avoidance test to assess the learning 

and memory ability of mice (week 17-18). The apparatus (60 × 35 × 15 cm) 

equipped with 5 trough-shaped alleys divided into two distinct compartments 

separated by a sliding door (Figure 2.1). The transparent, brightly lit compartment 

is free of repulsive stimuli whereas the black, dark compartment is capable for 

providing electric shocks. The apparatus is cleaned with 70% (v/v) ethanol before 

use. During adaptation period, the mice were allowed to stay in the brightly lit 

compartment for 30 s, and then in the dark one for another 30 s. The training trial 

began by placing the mice in the bright compartment facing the door. The door was 

then opened to allow access to the dark side. The latency to enter the dark 

compartment was recorded. When all four paws of the mice stepped into the dark 

compartment, the door was closed, and a 4-second foot shock was delivered (36 V 

shock). The mice would be kept in the dark compartment for an additional 10 s and 

then returned to the home cages. A day after training, the mice were again placed 

inside the bright compartment and the door was open to allow access to the dark 

compartment (D1). The test would last for a week (D1-D7) to evaluate the retention 

of passive avoidance response. It should be emphasized that no stimuli would be 

exerted to mice upon they re-enter the dark compartment. The apparatus was 

cleaned with 70% (v/v) ethanol in between two mice. The latency of re-entry into 

the dark compartment is recorded, which is an indicator of the learning and memory 

ability. 

2.2.6 Quantification of TCS and its biotransformation products (TCS-G 

and TCS-S) 
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For mouse serum, 20 μL of the sample was spiked with the isotope standard (13C12-

TCS, 2 ng), followed by the addition of 30 μL of ethanol for deproteination. The 

protein was removed after centrifugation (20,800 ×g, 5 min at room temperature). 

Subsequently, 60 μL of ethyl acetate was added to the supernatants. Then, a 10-min 

shake was conducted to perform LLE. Next, 100 μL of the LLE supernatants were 

collected after centrifugation (18,000 ×g, 15 min at room temperature) and were 

evaporated to dryness at 4 °C and redissolved in 40 μL of the initial UHPLC 

conditions. As for method validation, the spiked recoveries in serum were evaluated 

by spiking and three different concentrations of TCS, TCS-S, and TCS-G to the 

control serum samples. The control serum samples were also used to prepare 

calibration curve to quantify the target analytes. 

For feces, tissues, and brain regions, the procedures for sample preparation were 

described previously with method performances validated [89, 94]. Each sample was 

spiked with the isotope standard (13C12-TCS, 2 ng/mg), then homogenized in 80% 

methanol (methanol/water, 80:20, v/v) at a mass-to-volume ratio of 1:30. After 

centrifugation (15,000 ×g, 10 min, 4 °C), 200 μL of the supernatant was harvested 

and vacuum dried. Before analysis, the residuals were redissolved using 100 μL of 

50% methanol (v/v). As for method validation, the spiked recoveries in feces and 

tissues were evaluated by spiking and three different concentrations of TCS, TCS-

S and TCS-G to the control samples. The calibration curves for quantification in 

brain regions were prepared using methanol because of the limited samples. 

The contents of TCS, its biotransformation products (TCS-S and TCS-G) in these 

samples were quantified using selective reaction monitoring (SRM) mode (Table 

2.1). Detailed instrumental information is recorded in Table 2.1. 
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Table 2.1 Instrumental parameters for the analysis of TCS, TCS-S and TCS-G by 

UHPLC–MS/MS. 

Instrument 
Thermo Scientific Dionex Ultimate 3000 UHPLC system-

TSQ Quantiva Triple Quadrupole mass spectrometer 

Analytical column 
ACQUITY UPLC C18 column (1.7 μm particles, 2.1 mm × 

100 mm, Waters, Milford, MA) 

Column 

temperature 
30 °C 

Mobile phase 
A: 0.1% formic acid water 

B: methanol 

Elution gradient 

0-1 min, 15% B;  

1-5 min, 15% B-80% B;  

5-6 min, 80% B-100% B;  

6-7.5 min, 100% B;  

7.5-8 min, 100% B-15% B;  

8-9 min, 15% B. 

Injection volume 10 μL 

Ion pairs monitored  

Analytes Ion Transitions Collision Energy (eV) 

TCS 
286.89 > 35.22 

288.89 > 35.22 

15 

15 

TCS-G 
463.00 > 286.89 

465.00 > 288.89 

15 

15 

TCS-S 366.89 > 286.89 15 
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368.89 > 288.89 15 

13C12-TCS 
299.00 > 35.22 

301.00 > 35.22 

16 

16 

MS parameters 

MRM in negative ionization mode Capillary voltage (kV) 

= 2.5; 

Sheath gas (arbitrary units) = 40;  

Auxiliary gas (arbitrary units) = 10;  

Ion transfer tube temperature (°C) = 350;  

Vaporizer temperature (°C) = 300. 
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2.2.7 Data analysis 

The data obtained was analyzed using GraphPad Prism 9 software. Statistical 

significance among the three groups was examined using one-way analysis of 

variance (ANOVA) followed by Turkey post hoc test. 

2.3 Results 

2.3.1 Dermal application of TCS induced emotional disorder 

The arrangement of mouse experiment including the timeline of behavioral tests for 

toxicological evaluation of long-term dermal TCS exposure is shown in Figure 2.1. 

Emotional behavior tests including SPT and elevated plus maze test were conducted 

to evaluate the depressive-like and anxiety-like responses respectively. The results 

obtained from SPT are shown in Figure 2.2, showing that sucrose preference of 

TCS (1.5%)-treated group increased markedly (P < 0.01) while no change was 

found in that of TCS (0.3%)-treated group compared to control group. The results 

implied that dermal TCS treatment did not trigger depressive emotion but affected 

the eating habits. However, increased behavioral anxiety in TCS (1.5%)-treated 

mice was noted, as indicated by the decreased time spending in the open arms (P < 

0.05; Figure 2.3) compared to the control mice. Low TCS (0.3%)-treated group 

exhibited no obvious difference in the time in the open arms. The above results 

indicated that long-term, percutaneous TCS exposure caused emotional disorder in 

mice by increasing anxiety-like responses in mice. 
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Figure 2.1 Experimental design for long-term dermal TCS exposure and behavioral 

tests. 
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Figure 2.2 Sucrose preference of the mice. Data shown were the mean ± SEM, n=14 

in control group, n=15 in TCS (0.3%) group and n=16 in TCS (1.5%) group, **P < 

0.01 (one-way ANOVA analysis followed by Turkey’s post hoc test). 

 

Figure 2.3 Results of elevated plus maze test. Data shown were the mean ± SEM, 

n=14 in control group, n=15 in TCS (0.3%) group and n=16 in TCS (1.5%) group, 

*P < 0.05 (one-way ANOVA analysis followed by Turkey’s post hoc test). 
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2.3.2 Dermal application of TCS induced learning and memory problems 

In this study, the learning and memory ability of mice were estimated using step-

through passive avoidance test. As shown in Figure 2.4A, the latencies were 

significantly shorter in TCS (1.5%)-treated group (P < 0.05) compared to control 

mice in day 1, 2, 3 and 4 after the electrical stimulation. The results indicated that 

long-term, high level and dermal TCS exposure impaired the ability of learning and 

memory acquisition. On the other hand, there were significant increases in latencies 

of control group in day 1-6 compared to day 0. While in TCS (0.3%)-treated group, 

the latencies significantly prolonged in day 1-4 compared to day 0. However, in 

terms of TCS (1.5%)-treated mice, the latencies only prolonged in day 1. This 

meant that the memory caused by electrical stimulation faded faster in TCS treated 

groups. The above results indicated that dermal TCS exposure induced learning and 

memory problems in mice. 
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Figure 2.4 Latencies measured in a week after in step-through passive avoidance 

test. A. grouped comparison for evaluating memory acquisition, in which the 

latencies in TCS groups were compared with control group. B. daily comparison 

within each group for the evaluation of memory consolidation, in which the 

latencies measured in D1-7 were compared with D0. Data shown were the mean ± 

SEM, n=14 in control group, n=15 in TCS (0.3%) group and n=16 in TCS (1.5%) 

group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA 

analysis followed by Turkey’s post hoc test). 

  



 

 

 

 

38 

2.3.3 Distribution of TCS and biotransformation products in mice after long-

term dermal exposure 

We applied UHPLC-MS/MS to determine the levels of TCS, TCS-G and TCS-S in 

the mouse samples including serum, feces, tissues, and brain regions. Firstly, the 

spiked recoveries of TCS, TCS-G and TCS-S in serum, tissue and fecal samples 

were examined to ensure the accuracy of the analytical method. The results were 

summarized in Table 2.2 with an overall range of 80-120%, showing that our 

method had satisfactory accuracy for the quantification of TCS and its 

biotransformation products. The serum levels of TCS, TCS-S and TCS-G were 

measured (Figure 2.5). It could be found that the serum levels of the three analytes 

in the TCS (1.5%)-treated mice were around 5 times higher than those in the TCS 

(0.3%)-treated mice, indicating a dose-dependent manner and suggesting the 

transdermal absorption of TCS in mice. The distribution of TCS, TCS-S and TCS-

G in tissues and feces were also determined (Figure 2.6). The levels of TCS were 

higher in liver, thyroid, and feces than those in heart, spleen, and kidney. The levels 

of TCS, TCS-G and TCS-S in different brain regions are shown in Figure 2.7. It 

was obvious that the levels of TCS, TCS-G and TCS-S were high in hippocampus, 

corpus striatum and hypothalamus. 
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Figure 2.5 The contents of TCS, TCS-G and TCS-S in serum. Data showed were 

the mean ± SEM, n=14 in control group, n=15 in TCS (0.3%) group and n=16 in 

TCS (1.5%) group. 
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Table 2.2 Spiked recoveries of TCS, TCS-G and TCS-S in serum and tissue samples. 

Sample  
Spiked 

concentration 
（112.5 ng/g） 
Recovery (%) 

Spiked 
concentration 
（1125 ng/g） 
Recovery (%) 

Spiked 
concentration 
（3375 ng/g） 
Recovery (%) 

Heart 
TCS 109.2  85.2  61.0  

TCS-G 64.7  63.7  60.1  
TCS-S 109.6  112.7  79.6  

Liver 
TCS 104.2  103.0  81.0  

TCS-G 80.1  81.4  72.9  
TCS-S 71.4  114.2  95.5  

Spleen 
TCS 113.6  113.9  78.4  

TCS-G 106.3  67.9  61.1  
TCS-S 114.7  117.4  95.2  

Kidney 
TCS 85.4  113.3  84.4  

TCS-G 99.6  66.8  57.5  
TCS-S 115.4  114.7  88.4  

Feces 
TCS 117.3  114.1  80.7  

TCS-G 119.3  78.7  64.8  
TCS-S 87.7  115.4  83.1  

 

 

Spiked 
concentration  

(1 ppb) 
Recovery (%) 

Spiked 
concentration 

(10 ppb) 
Recovery (%) 

Spiked 
concentration 

(1000 ppb) 
Recovery (%) 

Serum 
TCS 100.6  98.2  81.4  

TCS-G 119.7  101.2  114.7  
TCS-S 108.7  106.1 80.8  
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Figure 2.6 Levels of TCS and its biotransformation products in tissues and feces. 

Data shown were the mean ± SEM, n=14 in control group, n=15 in TCS (0.3%) 

group and n=16 in TCS (1.5%) group. 
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Figure 2.7 The levels of TCS and its biotransformation products in brain regions. 

Data shown were the mean ± SEM, n=8 per group.  
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2.4 Discussion 

The common way human are exposed to TCS is through dermal contact [43]. 

However, the former animal experiments used to study the toxicity of TCS were by 

diet intake. Therefore, in our study, we adopted the model of long-term dermal 

exposure with the hope to mimic the real human exposure and obtain persuasive 

toxicology data. Our study reported that after the 20-week dermal exposure to TCS, 

the levels of TCS and its conjugates were high in thyroid, liver, corpus striatum, 

hypothalamus, and hippocampus (Figure 2.6 and 2.7). In addition, the behavioral 

tests showed that increased anxiety-like responses (Figure 2.3) and impaired 

memory and learning ability (Figure 2.4) appeared in the TCS treated mice. 

As shown in Figure 2.5, the average TCS level detected in serum samples of TCS 

(0.3%) group was 1 μmol/L (equivalent to 289.54 μg/L) and the average serum TCS 

level in TCS (1.5%) group was 3.5 μmol/L (equivalent to 1013.39 μg/L). While it 

was reported that levels of TCS in serum samples collected in Australia ranged from 

0.01 to 354 μg/L [27], our results suggested that the dose of 0.3% TCS (equivalent 

to 6 mg/kg bw/day) was similar to the daily human exposure. The accumulation of 

TCS and its conjugates in thyroid gland, liver and feces was noted in our study. 

TCS is known to be readily metabolized to glucuronide and sulfate conjugates in 

liver and is excreted in the feces and urine [36]. Thus, it is understandable that the 

levels of TCS and its metabolites were high in liver and feces. TCS is chemically 

similar to THs, suggesting that TCS is a potential thyroid interferon [94]. Thyroid 

dysfunction and disturbed TH homeostasis were reported to be associated with TCS 

exposure according to previous in vitro and in vivo experiments and 

epidemiological studies [54, 55, 95]. Additionally, THs have long been linked to mood 
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and cognition [96]. Therefore, we conjectured that TCS exposure induced the 

increase of anxiety-like behavior and impaired learning and memory ability by 

interfering with thyroid functions. 

Additionally, TCS has been reported to perform neurotoxicity recently. Our results 

pointed out that the levels of TCS and its conjugations were high in hypothalamus, 

corpus striatum, and hippocampus. Together with the increased anxious response 

and impaired learning and memory ability observed in mice, we believed that TCS 

affected the brain functions in mice. An recent in vivo study reported that TCS 

exerts highly damaging effects on hippocampal neuronal function [70]. Also, it is 

widely agreed that the hippocampus plays some sort of important role in memory 

[97] and is associated with anxiety [98]. While hypothalamus regulates appetite and 

energy homeostasis, and corpus striatum coordinates movement planning and 

execution [99]. Thus, we suspected that another reason that mice behaved abnormally 

was due to the hippocampal damage. 

2.5 Chapter summary 

In this chapter, the abnormal behaviors induced by long-term, continuous, and 

dermal TCS exposure were investigated. The mice showed an increase in anxiety-

like behavior and damaged learning and memory ability after the long-term dermal 

TCS treatment. The distribution of TCS and its conjugates were also studied. The 

levels of TCS and its conjugates were relatively high in thyroid and hippocampus. 

Taking the above results into consideration, we concluded that there were two 

potential reasons for the behavioral abnormality in the TCS-treated mice: one is that 

TCS affected the thyroid function and disrupted TH homeostasis; the other is that 
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TCS performed toxic effects on hippocampus. In the following chapters, we 

combined metabolomics and proteomics analysis to study the molecule changes in 

hippocampus and thyroid of mice after the long-term dermal TCS exposure with 

the hope to decipher the underlying mechanisms of TCS-induced behavioral effects. 
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Chapter 3 Integrated metabolomics and proteomics analysis 

revealed the molecular changes in hippocampus of mice after 

long-term dermal exposure to TCS 

3.1 Introduction 

The detection of TCS in brain samples of human, fish and mouse open the door for 

investigating neurotoxic effects of TCS. There is short of research on TCS-induced 

neurotoxicity, thus, more investigations addressing this chemical-mediated effects 

on the central nervous system are in urgent to fill the data gaps. Several in vitro 

studies has reported that TCS can induce apoptosis in various nerve cells [67, 68, 100]. 

Interestingly, Arias-Cavieres et al. [70] reported the inhibition of long-term 

potentiation by adding TCS to hippocampal slices, the prevention of dendritic spin 

remodeling and the emergence of spontaneous oscillatory Ca2+ signals in TCS-

treated primary hippocampal cells, and the impairment spatial memory in rat with 

intra-hippocampal injection, which indicated that TCS impaired hippocampal 

synaptic plasticity and spatial memory in mice. Our results in Chapter 2 showed 

that the TCS level in hippocampus is relatively high and behavioral disorders 

(increased anxiety-like response and impaired learning and memory ability) were 

found in TCS-treated mice. Thinking of the pivotal role of hippocampus in learning 

and memory and emotional modulation [101, 102] as well as the previous research, we 

set hippocampus as a starting point to explore the behavioral effects of TCS. The 

objective of this chapter was to apply multi-omics techniques to study the TCS-

induced hippocampal effects and to depict the possible mechanisms of the 
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chemical-mediated behavioral effects. Global metabolomics and quantitative 

iTRAQ proteomics analyses towards hippocampus were conducted using UHPLC-

orbitrap high-resolution MS. 

3.2 Materials and methods 

3.2.1 Reagents and materials 

Acetonitrile, methanol and 30% (w/v) ammonium hydroxide solutions of HPLC 

grade were purchased from VWR chemicals (France). Ammonium formate and 

ammonium acetate were brought from Honeywell Fluka, (Germany). FA and 4-

chloro-phenylalanine were brought from Sigma-Aldrich (St. Louis, MO). Isotope 

labeled standards including trytophan-d5, 13C5, 15N2-glutamine, L-

palmitoylcarnitine-d3, and succinate-d4 were brought from Cambridge Isotope 

Laboratories (Tewksbury, MA). Deionized water used throughout the experiment 

was purified by a Synergy Water Purification System (Billerica, MA). 

3.2.2 Animal experiment 

A 20-week dermal exposure was conducted in which 0, 0.3 and 1.5 % (w/v) TCS 

solutions in acetone (approximately at the equivalent to 0, 6 and 30 mg/kg body 

weight) were pipetted onto the shaved back of mice five times weekly. After the 

accomplishment of three behavioral tests, mice were sacrificed, and the tissues were 

collected after a transcardiac perfusion with saline. The detail procedures of animal 

experiment were recorded in Section 2.2.2.  

3.2.3 Metabolic profiling of hippocampus samples 
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We conducted metabolic profiling on hippocampus samples for 8 mice per group. 

Samples were weighed and homogenized with cold 80% methanol at a mass-to-

volume ratio of 1:30. Two hundred μL of the supernatant was collected after the 

centrifugation (18,000 ×g, 15 min, 4 °C), followed by vacuum drying at 4 °C. 

Protease inhibitor was added to the residual protein precipitates and the protein 

samples were kept at -80 °C for the succedent proteomics analysis. 

Before instrumental analysis, 100 μL of 50% methanol (methanol/water, 50:50, v/v) 

was used to redissolve the dry samples, adding 4-chloro-phenylalanine (4-Cl-Phe, 

1 μg/mL), trytophan-d5 (1 μg/mL), 13C5, 15N2-glutamine (1 μg/mL), L-

palmitoylcarnitine-d3 (1 μg/mL), and succinate-d4 (1 μg/mL) as the internal 

standard to monitor the instrument status. Twenty microliters of solution from each 

sample in all groups was pooled to prepare the quality control (QC) sample. MS-

based metabolomics analysis was accomplished by a Thermo Scientific UHPLC-

QE Orbitrap MS system. High-resolution full scan screening (mass resolution, 

35,000) was conducted in both positive and negative ionization modes, followed by 

MS/MS scans of the significant metabolic features using parallel reaction 

monitoring (PRM). Instrumental parameters are recorded in Table 3.1 in detail. 
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Table 3.1 Instrumental method for metabolic profiling of hippocampus samples. 

Instrument Ultimate 3000 UHPLC system coupled with a Q-

Exactive mass spectrometer (Thermo Scientific) 

Analytical column Acquity BEH amide column (150 × 2.1 mm; 1.7 mm) 

equipped with a guard column (5 × 2.1 mm; 1.7 mm) 

(Waters, Milford, MA) 

Column temperature 40 °C 

Mobile phase Positive ionization mode: 

A: water containing 10 

mM ammonium formate 

and 0.125% FA. 

B: 95% ACN containing 

10 mM ammonium 

formate and 0.125% FA. 

Negative ionization mode: 

A: water with 10 mM 

ammonium acetate and 

0.04% ammonium 

hydroxide. 

B: 95% ACN with 10 mM 

ammonium acetate and 

0.04% ammonium 

hydroxide. 

Elution gradient 0-2 min, 100% B;  

2-7.7 min, 100% B-70% B;  

7.7-9.5 min, 70% B-40% B;  

9.5-10.3 min, 40% B-0% B;  

10.3-12.3 min, 30% B;  

12.3-14.8 min, 30% B-100% B;  

14.8-20 min, 100% B. 

Injection volume 10 μL 
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Flow rate 0.3 mL/min 

ESI conditions Capillary voltage: 3.6 kV (positive ionization mode); 

2.6 kV in (negative ionization mode). 

Capillary temperature: 350 °C  

Probe heater temperature: 320 °C 

Sheath gas flow: 40 arbitrary units. 

Aux gas flow: 10 arbitrary units. 

Sweep gas flow: 1 arbitrary unit. 

Full scan parameters Scan range (m/z): 50-1000  

Resolution: 35000 

PRM mode Collision Energy (eV): 10, 20, 40 
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3.2.4 iTRAQ-based quantitative proteomic analysis 

For hippocampus proteomic analysis, the pellets were allowed to standby at room 

temperature for 30 min and the supernatant were discarded after a 5-min 

centrifugation (5,000 ×g, 12 °C). Then, the pellets were treated with buffer 

containing 8 M urea and 50 mM ammonium bicarbonate (ABC) at a mass-to-

volume ratio of 1:10, followed by sonication under ice bathing. Supernatants were 

collected after centrifugating at 20,000 ×g for 15 min at 12 °C and the protein 

concentrations were measured using Pierce BCA protein assay kit (Thermo 

Scientific, USA) according to the manufacturer’s protocol. Then, an equal amount 

of 100 μg protein in each sample was separated out to an Amicon Ultrace 30 kD 

0.5 mL centrifugal filter (Millipore, Billerica, USA) for desalting according to a 

previous FASP protocol [103]. Then, the disulfide bonds of proteins were reduced 

using 5 mM dithiothreitol (DTT, Sigma) at 55 °C for 30 min, and alkylated with 

550 mM iodoacetamide (IAA, Sigma) in the dark for 30 min. After alkylation, the 

protein samples were treated with 50 mM triethylammonium bicarbonate (TEAB) 

and digested with trypsin (Promega) at a ratio of 1:25 (trypsin-to-protein) overnight 

at 37 °C. Peptides were collected by centrifugation (14,000 ×g, 10 min, room 

temperature) and then dried by a freeze-drier (Labconco, Kansas City, MO, USA). 

The peptides were resuspended in 15 μL of 100 mM TEAB and followed by a 

peptide concentration measurement using BCA assay. Afterwards, a QC sample 

prepared by mixing an equal amount peptide of each sample. Four samples of 

control group, five samples of TCS (0.3%) group, five samples of TCS (1.5%) 

group and two identical QC samples were labeled by two sets of the 8-plex iTRAQ 

reagents (Applied Biosystem Inc., CA, USA) according to manufacturer’s protocol. 
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Then, the labeled samples were mixed up in a total of 300 μL 0.1% trifluoroacetic 

acid (TFA) and fractionated with Pierce high pH reversed-phase peptide 

fractionation kit (Thermo Scientific, USA). The resulted 8 fractions were dried by 

a Max-up (NB-504CIR) IR vacuum concentrator and then reconstituted in 5 μL of 

0.1% FA water solution, with 1 μL of each sample subjected to nanoLC-orbitrap 

Fusion HRMS analysis. Two replicates of each sample were performed. The 

detailed instrument parameters are summarized in Table 3.2. 
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Table 3.2 Instrumental conditions for the proteomics analysis by nanoLC-orbitrap 

Fusion HRMS. 

Instrument Orbitrap Fusion MS equipped with a nano-

electrospray ion source and an UltiMate 3000 

RSLCnano system (Thermo Scientific) 

Analytical column Reverse-phase C18 analytical column (3 μm, 120Å, 

20 cm×75 μm i.d.) 

Mobile phase A: 98% H2O with 0.1% FA 

B: 98% ACN with 0.1% FA  
Elution gradient 0-80 min  8%-23% B 

80-95 min  23%-35% B 

95-102 min  35%-80% B 

102-107 min  80% B 

107-120 min  8% B  
Injection volume 1 μL 

Flow rate 0.3 μL/min  

ESI conditions Capillary voltage: 3.6 kV (positive ion mode); 2.6 

kV in (negative ion mode). 

Capillary temperature: 350 °C  

Probe heater temperature: 320 °C 

Sheath gas flow: 40 arbitrary units. 

Aux gas flow: 10 arbitrary units. 

Sweep gas flow: 1 arbitrary unit. 

MS Scan range (m/z): 400-1800 

Resolution: 120 000 
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Data-dependent 

acquisition 

mode (DDA) 

RF lens (%): 60 

AGC target: 2e5 

Maximum injection time: 50 ms 

Charge state: 2-7 

Exclusion duration (s): 35 

Mass tolerance (ppm): 10 

Intensity threshold: 5e4 

Data-dependent mode: Top speed 

Precursor priority: Most intense 

MS/MS Isolation mode: Quadrupole 

Isolation window (m/z): 1.6 

Activation type: Higher-energy C-trap dissociation 

Collision energy (%): 35 

Detection type: Orbitrap 

Resolution: 30,000 

AGC target: 5e4 

Maximum injection time: 60 ms 
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3.2.5 Metabolic data processing, identification of endogenous metabolic 

biomarkers and visualization 

For metabolic data processing, R package XCMS reported by Shen et al.[104] was 

employed to pretreated the obtained raw MS data, achieving peak detection and 

retention time alignment. The extracted MS data was then further processed using 

R package statTarget [105], removing the features with more than 80% missing 

values and correcting the intensity of the rest features by using the quality control-

based random forest signal correction (QC-RFSC) algorithm [106]. Furthermore, the 

features with relative standard deviation (RSD) more than 30% would be removed 

and the remaining features were analyzed by SIMCA-P software to perform PLS-

DA. Features with ANOVA P value < 0.05, VIP scores >1, as well as FC (TCS 

(0.3%)-treated group vs control group or TCS (1.5%)-treated group vs control 

group) > 1.2 or < 0.83 were selected as possible biomarkers. Identification of the 

metabolites was based on exact molecular mass and MS2 spectra matching with 

METLIN (http://metlin.scripps.edu/) and Human Metabolome Database (HMDB, 

http://www.hmdb.ca/). Key metabolites were further confirmed with commercial 

standards. 

Pathway analysis and quantitative metabolite set enrichment analysis (qMSEA) 

were conducted based on biomarkers in MetaboAnalyst 5.0 (Montreal, QC, Canada) 

based on KEGG database. Metabolite networks were developed using a MetaMapp 

approach [107] (web-based portal, version 2020) that calculated biological pathway 

relevance (KEGG reactant pairs) and chemical structural similarity (Tanimoto 

coefficient > 0.7) which were further visualized in CytoScape with version 3.7.2 

for Window 10 OS and version 3.9.0 for macOS (Seattle, WA, USA). Heatmap was 



 

 

 

 

56 

obtained using software HemI 1.0 and venn diagram was generated in website 

Evenn (http://www.ehbio.com/test/venn/#/).  

3.2.6 Proteomics data processing and visualization 

In terms of proteomic data processing, the acquired DDA data were searched 

against SwissProt mouse database using the Mascot Daemon search engine. Then, 

we set a 1% false discovery rate to filter the possibility of false peptide identification 

in the retrieved results. The median of peptide ratios was used as protein ratio. 

Proteins with more than 80% missing values (NA or 0) in each group were removed. 

Missing values were imputed using nearest neighbor averaging. Finally, proteins 

with one-way ANOVA P value < 0.05 and FC > 1.2 or < 0.83 (TCS (0.3%) group 

vs control group or TCS (1.5%) group vs control group) were thought to be the 

significantly alter proteins. The differential proteins were enriched based on the 

KEGG pathway using the online software String, which were further visualized by 

Origin 85 software (Northampton, Massachusetts, USA).  

3.2.7 Statistical analysis 

Statistical analyses were conducted using the GraphPad Prism 9.0 (San Diego, CA, 

USA). One-way ANOVA test was used to determine the differences among the 

three groups. P values less than 0.05 were thought to be statistical significance. 
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3.3 Results 

To uncover the molecule changes underlying the behavioral effects of TCS, 

untargeted metabolomics and proteomics were conducted on hippocampus samples 

for 8 control mice, 8 TCS (0.3%)-treated mice, and 8 TCS (1.5%)-treated mice 

(Figure 3.1A). For metabolomics data, the numbers of detected ion features based 

on MS1 full-scan data were 2306 (positive ionization mode) and 2436 (negative 

ionization mode), shown in Figure 3.1B. The ion features were statistically assessed 

to screen features of TCS (0.3%)/control and TCS (1.5%)/control difference 

(FC >1.2 or < 0.83, P value < 0.05 (one-way ANOVA test) and VIP > 1 (PLS-DA 

model)). As shown in Figure 3.1B and 3.1C, the significant ion features in TCS 

(0.3%) group were 375 (positive) and 470 (negative), in TCS (1.5%) group were 

503 (positive) and 651 (negative). For proteomics data, 1492 proteins were 

identified and 417 of them showed significant differences in TCS (0.3%)-treated 

group and 592 of them were of significant difference in TCS (1.5%)-treated group. 

These results indicated that TCS exposure significantly dysregulated the 

metabolites and proteins in hippocampus with a dose dependent manner. 

3.3.1 Metabolic profiling of TCS-treated vs control mice 

The metabolomics data revealed distinct hippocampal patterns after long-term 

dermal TCS exposure, as illustrated in PLS-DA models (Figure 3.2). MS/MS 

spectra were acquired for all the significant ion features. The identification 

procedure matched the unknown against the spectra in HMDB and METLIN 

databased, followed by matching with retention time, accurate mass and MS2 

characteristic fragments of commercial standards detected under the same 
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experimental parameters. Finally, 118 metabolites were resolved and summarized 

in Table 3.3. 

 

Figure 3.1 Overview of experimental workflow and general results of multi-omics 

analyses. A. Experimental workflow started with sample harvest and sample 

extraction of hippocampus from control mice (n = 8), TCS (0.3%)-treated mice (n 

= 8) and TCS (1.5%)-treated mice (n = 8). B. Number of total and significant ion 

features (P value < 0.05, FC ≥ 1.2 (TCS (0.3%) vs Ctrl or TCS (1.5%) vs Ctrl), VIP > 

1) detected for hippocampus in metabolomics and proteomics analyses. C. Trend 

distribution of significantly altered ion features. 
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Figure 3.2 Two-dimensional PLS-DA score plots of metabolites detected in 

hippocampus of mice topically treated without/with TCS. A. Score plots of 

metabolic profiling in positive ion mode. B. Score plots of metabolic profiling in 

negative ion mode. 
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Table 3.3 Differential hippocampus metabolites identified in mice after long-term 

dermal exposure. 

No. Annotation Adduct m/z RT 
(min) 

FC 
(L/C) 

FC 
(H/C) 

1 1-Methylhistidine a [M+H]
+ 170.0921 9.64  0.91  1.65  

2 2-Aminomuconic acid [M-H]- 156.0290 9.63  1.15  1.38  

3 
3-

Hydroxyisovalerylcarniti
ne 

[M+H]
+ 262.1642 7.27  0.77  0.61  

4 3-Hydroxymethylglutaric 
acid (HMG) [M-H]- 161.0445 9.24  1.50  1.57  

5 4-Methylhistamine [M+H]
+ 126.1025 8.21  0.73  0.62  

6 Acetylcholine (Ach) a [M+H]
+ 146.1174 8.55  0.78  0.36  

7 Acetylphosphate [M-H]- 138.9790 10.22  1.24  1.30  

8 Adenosine diphosphate 
ribose (ADP ribose) a 

[M+H]
+ 560.0776 10.52  0.38  0.50  

9 Adenylsuccinic acid a [M+H]
+ 464.0802 10.27  0.55  0.56  

10 Aminoadipic acid a [M-H]- 160.0605 9.22  1.27  1.59  

11 Anandamide (AEA) a [M+H]
+ 348.2894 0.93  1.24  1.31  

12 Argininosuccinic acid 
(ASA) a [M-H]- 289.1151 10.50  0.77  0.73  

13 Ascorbic acid a [M-H]- 175.0238 8.76  0.73  0.36  
14 Cholesterol sulfate a [M-H]- 465.3037 0.85  0.89  0.69  

15 Choline phosphate 
(CHOP) a 

[M+H]
+ 184.0729 9.73  0.93  0.77  

16 Cytidine monophosphate 
(CMP) a [M-H]- 322.0441 10.41  0.62  0.68  

17 Deoxyguanosine (dG) a [M+H]
+ 268.1034 6.62  1.52  2.44  

18 Docosahexaenoic acid 
(DHA) a [M-H]- 327.2326 0.97  1.21  1.25  

19 Eicosapentaenoic acid 
(EPA) a [M-H]- 301.2174 0.98  1.11  1.33  

20 Fructose a [M-H]- 179.0551 7.77  0.99  0.76  

21 Fructose 1,6-
bisphosphate a [M-H]- 338.9882 10.69  0.61  0.33  

22 Fructose 6-phosphate 
(F6P) a [M-H]- 259.0220 10.56  0.80  0.78  

23 Fucose 1-phosphate [M-H]- 243.0270 10.34  0.70  0.86  

24 gamma-aminobutyric 
acid (GABA) a 

[M+H]
+ 104.0708 7.91  0.60  0.61  
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25 
gamma-

glutamylglutamine 
(gamma-glu-gln) a 

[M+H]
+ 276.1185 9.85  0.98  0.70  

26 Gluconic acid a [M-H]- 195.0502 9.29  0.75  0.49  

27 Gluconic acid-6-
phosphate [M-H]- 275.0175 10.54  0.85  0.62  

28 Glucose a [M-H]- 179.0551 8.96  0.93  0.77  

29 Glucose 6-phosphate 
(G6P) a 

[M+H]
+ 261.0365 10.54  0.53  0.60  

30 Glutarylcarnitine [M+H]
+ 276.1435 7.88  0.38  0.51  

31 Glutathione (GSH) a [M+H]
+ 308.0902 9.62  0.70  0.28  

32 Glycerol 3-phosphate a [M+H]
+ 173.0207 9.61  1.96  1.71  

33 Glycerophosphocholine 
(GPC) a 

[M+H]
+ 258.1096 10.81  1.03  0.75  

34 Glycerophosphoglycerol [M-H]- 245.0427 8.89  0.94  0.78  

35 Glycerylphosphorylethan
olamine (GPEA) 

[M+H]
+ 216.0627 9.59  1.00  0.83  

36 Glycine a [M+H]
+ 76.0398 9.13  1.25  1.73  

37 
Guanosine diphosphate-

mannose (GDP-
mannose) a 

[M-H]- 604.0694 10.52  0.83  0.83  

38 Guanosine diphospho-
fucose (GDP-fucose) a [M-H]- 588.0741 10.41  0.85  0.69  

39 Guanosine 
monophosphate (GMP) a 

[M+H]
+ 364.0642 10.23  0.83  0.90  

40 Hexadecanedioic acid [M-H]- 285.2070 0.91  0.74  0.57  

41 L-Alanine a [M+H]
+ 90.0553 8.88  1.04  0.83  

42 L-Aspartic acid a [M+H]
+ 134.0446 9.86  0.93  0.83  

43 L-Glutamine a [M+H]
+ 147.0761 9.61  0.83  0.70  

44 Linoleic acid a [M-H]- 279.2327 0.98  1.11  1.57  

45 L-Methionine a [M+H]
+ 150.0581 8.16  0.95  0.71  

46 Malic acid a [M-H]- 133.0130 10.00  0.89  0.67  

47 N1-Acetylspermidine a [M+H]
+ 188.1754 9.57  1.34  1.21  

48 N-Acetylglucosamine 
phosphate (GlcNAc6P) a [M-H]- 300.0490 10.28  1.36  0.84  

49 N-Acetyl-L-aspartic acid 
(NAA) a [M-H]- 174.0398 10.61  0.57  0.90  

50 N-Acetylneuraminic acid 
(NeuAc) [M-H]- 308.0984 9.23  1.09  0.75  
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51 NAD+ a [M+H]
+ 664.1146 10.43  1.30  1.07  

52 N-Methylputrescine [M+H]
+ 103.1231 9.58  0.99  1.22  

53 Oleic acid a [M-H]- 281.2483 0.62  0.72  0.80  

54 Oleoylcarnitine [M+H]
+ 426.3563 1.24  0.86  1.41  

55 Oleoylethanolamide [M+H]
+ 326.3046 0.93  1.31  1.14  

56 Oxoglutaric acid a [M-H]- 145.0131 1.26  4.20  8.01  
57 Palmitoleic acid a [M-H]- 253.2169 0.98  1.19  1.20  
58 Phenylalanine a [M-H]- 164.0707 7.70  1.10  1.25  

59 Phosphocreatine (PCr) a [M+H]
+ 212.0426 10.24  2.98  1.87  

60 Phosphodimethylethanol
amine [M-H]- 168.0421 10.52  0.94  0.75  

61 Putrescine a [M+H]
+ 89.1077 9.96  1.25  1.56  

62 Pyroglutamic acid a [M+H]
+ 130.0497 9.32  0.70  0.85  

63 Ribose 5-phosphate a [M-H]- 229.0113 10.27  0.98  0.82  

64 S-Adenosylhomocysteine 
a 

[M+H]
+ 385.1275 9.47  1.22  1.21  

65 Succinylacetoacetate [M-H]- 201.0414 7.18  1.00  1.53  

66 Succinylcarnitine [M+H]
+ 262.1279 8.58  0.69  0.55  

67 Taurine a [M+H]
+ 126.0218 7.93  0.30  0.31  

68 Traumatin [M-H]- 211.1332 0.88  0.94  1.42  

69 Trimethyllysine a [M+H]
+ 189.1594 9.92  0.85  0.78  

70 Uridine monophosphate 
(UMP) a [M-H]- 323.0282 10.27  0.73  0.82  

71 Xanthosine 
monophosphate (XMP) a [M-H]- 363.0327 10.15  1.64  1.59  

72 Xylose a [M-H]- 149.0444 8.54  0.88  0.75  

73 SM(d34:1) [M+H]
+ 703.5741 1.00  0.95  0.66  

74 SM(d36:1) [M+H]
+ 731.6034 1.01  0.95  0.57  

75 SM(d36:1-2OH) [M+H]
+ 763.5946 0.99  0.92  0.72  

76 SM(d38:2-2OH) [M+H]
+ 789.6167 0.99  0.92  0.78  

77 SM(d39:7-2OH) [M+H]
+ 793.5520 0.99  1.07  0.82  

78 PI (34:1) [M+H]
+ 837.5445 6.62  0.89  0.70  
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79 PI (36:4) [M-H]- 857.5168 6.50  0.82  0.64  

80 PI (38:4) [M+H]
+ 887.5598 6.67  0.98  0.61  

81 PI (41:5) [M-H]- 883.5321 6.48  0.96  0.69  

82 PS (36:1) [M+H]
+ 790.5564 6.67  0.99  0.56  

83 PS (38:4) [M-H]- 810.5274 6.48  1.06  0.77  
84 PS (40:4) [M-H]- 838.5574 6.48  0.75  0.55  
85 PS (40:6) [M-H]- 834.5279 6.48  1.30  0.68  
86 PS (40:7) [M-H]- 832.5122 6.47  0.86  0.66  

87 PC (30:0) [M+H]
+ 706.5360 0.99  0.90  0.78  

88 PC (32:0) [M+H]
+ 734.5667 0.99  0.95  0.57  

89 PC (34:1) [M+H]
+ 760.5826 1.19  1.12  0.69  

90 PC (34:2) [M+H]
+ 758.5670 0.98  1.07  1.22  

91 PC (36:1) [M+H]
+ 788.6128 0.99  0.93  0.79  

92 PC (38:6) [M+H]
+ 806.5669 1.19  0.77  0.76  

93 PC (38:7) [M+H]
+ 804.5497 0.98  1.15  1.25  

94 PC (38:7-2OH) [M+H]
+ 836.5386 1.03  1.02  0.79  

95 PC (P-34:0) [M+H]
+ 746.6058 0.99  0.90  0.75  

96 PE (38:1) [M+H]
+ 774.6006 0.99  0.94  0.78  

97 PE (38:4) [M-H]- 766.5370 0.97  0.93  0.78  
98 PE (38:6) [M-H]- 762.5069 0.97  1.05  0.59  

99 PE (40:4) [M+H]
+ 796.5818 0.99  0.90  0.79  

100 PE (40:6) [M-H]- 790.5400 0.97  0.97  0.79  
101 PE (P-36:2) [M-H]- 726.5428 0.97  0.96  0.70  
102 PE (P-38:4) [M-H]- 750.5417 0.97  0.93  0.71  
103 PE (P-38:6) [M-H]- 746.5120 0.97  0.87  0.72  
104 PE (P-40:6) [M-H]- 774.5417 0.97  0.99  0.81  
105 PE (P-40:7) [M-H]- 772.5270 0.97  0.94  0.76  
106 PG (34:1) [M-H]- 747.5161 0.97  0.92  0.74  

107 LysoPC (18:2) [M+H]
+ 520.3378 1.02  1.24  1.40  

108 LysoPC (22:6) [M+H]
+ 568.3381 1.01  1.32  1.40  

109 LysoPE (18:1) [M+H]
+ 480.3074 1.03  1.52  1.34  
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110 LysoPE (20:4) [M+H]
+ 502.2911 1.03  1.51  1.51  

111 LysoPE (22:4) [M+H]
+ 530.3227 1.02  1.43  1.43  

112 LysoPE (22:6) [M+H]
+ 526.2915 1.03  1.43  1.45  

113 LysoPG (18:1) [M-H]- 509.2879 0.97  0.92  0.71  
114 LysoPI (18:0) [M-H]- 599.3194 6.92  1.42  1.25  
115 LysoPI (20:4) [M-H]- 619.2880 6.91  1.28  1.56  
116 LysoPS (18:1) [M-H]- 522.2832 6.88  1.42  1.31  

117 Cer (d36:1) [M+H]
+ 566.5489 0.90  0.79  0.23  

118 Cer (d36:2) [M+H]
+ 564.5337 0.90  0.95  0.70  

Note: ɑ The metabolite was identified by authentic standard. 
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Among all the annotated metabolites, 57 of them were of significant difference in 

TCS (0.3%)-treated group and 111 of them were in TCS (1.5%)-treated group with 

50 overlapped (Figure 3.3A). To interpret in the context of biologic pathways, 

qMSEA was conducted based on KEGG pathway database. In TCS (0.3%)-treated 

group, 30 pathways in the hippocampus were enriched with 26 perturbed 

significantly (adjusted P value < 0.05) (Figure 3.3B). The analysis enriched purines, 

pyrimidine, glutathione (GSH), taurine and hypotaurine metabolism, bile acid 

biosynthesis, alongside other amino acid metabolism (e.g., alanine, aspartate, 

glutamate, arginine, proline, cysteine, methionine, and lysine), lipid metabolism 

(phospholipids and glycerophospholipids), and sugar metabolism (e.g., glycolysis, 

pentose phosphate pathway, fructose, mannose, amino sugar, nucleotide sugar, 

galactose, starch, and sucrose), etc. In the TCS (1.5%)-treated group, 44 TCS-

disturbed pathways were identified (adjusted P value < 0.05, Figure 3.3 C). The 

additional enriched pathways in TCS (1.5%) group compared to TCS (0.3%) group 

were citric acid cycle (TCA cycle), sphingolipid metabolism, linoleic acid 

metabolism, steroid hormone biosynthesis, pantothenate and CoA biosynthesis, and 

metabolisms of several amino acids (e.g., phenylalanine, tyrosine, tryptophan, 

glycine, serine, threonine, histidine, and tryptophan). 

Subsequently, we turned to individual hippocampal metabolites for in-depth 

analyses. Among all differential metabolites in TCS (0.3%) and TCS (1.5%) groups, 

there are 14 and 46 lipids, respectively. Thus, we offered detailed analyses at both 

small molecule metabolite and lipid scale. Molecule metabolite networks were built 

to gain a “landscape” view of the small molecule metabolites using MetaMapp 

approach (Figure 3.4). Notably, the altered metabolites comprised 
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neurotransmitters and neuroendocrine signaling molecules, e.g., acetylcholine (Ach, 

FC of 0.78 and 0.36, in TCS (0.3%)- and TCS (1.5%)-treated groups respectively), 

anandamide (AEA, FC of 1.24 and 1.31), gamma-aminobutyric acid (GABA, FC 

0.60 and 0.61), aminoadipic acid (disturb glutamatergic neurotransmission and 

induce oxidative stress [108], FC of 1.27 and 1.59), and taurine,(neuroprotector [109], 

FC of 0.73 and 0.62) which led to exciting results explaining TCS effects on 

behavioral disorders mentioned in Chapter 2. What’s more, an array of biomarkers 

related to reactive oxygen species (ROS) reaction were discovered. The declined 

levels of GSH (FC 0.70 and 0.28, in TCS (0.3%)- and TCS (1.5%)-treated groups 

respectively), elevated levels of its precursor glycine (FC 1.25 and 1.73), decreases 

of ascorbic acid (FC 0.73 and 0.36), increases of docosahexaenoic acid (DHA, FC 

1.21 and 1.25) and elevated levels of oxoglutaric acid (a sensitive oxidative stress 

indicator [110], FC of 4.20 and 8.01) were noted, indicating the elevated oxidative 

stress in hippocampus. In both TCS (0.3%) and TCS (1.5%)-treated groups, most 

of the altered metabolites were amino acids and derivates. The metabolites with 

most remarkable changes were specifically focused on as indicated by bigger node 

sizes. It was obvious that taurine (neurotransmitter), gutarylcarnitine (fatty acid 

metabolism), adenosine diphosphate ribose (ADP ribose, purine metabolism), 

oxoglutaric acid (TCA cycle), phosphocreatine (PCr, ATP shuttle [111]), and glucose 

6-phosphate (G6P, glycolysis and pentose phosphate pathway) were markedly 

disturbed greatly in TCS (0.3%) group (Figure 3.4A). In addition to these 

metabolites, the levels of GSH (ROS reaction), fructose 1,6-bisphosphate 

(glycolysis), Ach (neurotransmitter), ascorbic acid (ROS reaction), and 

deoxyguanosine (dG, purine metabolism) were conspicuously changed in TCS-
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(1.5%)-treated group (Figure 3.4B). Both analyses confirmed that TCS exposure 

regulated the neurofunctional substance level and metabolic pathways (energy 

metabolism, amino acid metabolism, purine metabolism, and ROS reaction) in 

hippocampus. 

Heatmap plot was used to demonstrate the overall changes of the identified lipids 

(Figure 3.5). The levels of Lyso PI, Lyso PS, Lyso PE and Lyso PC were notably 

increased in both TCS-treated groups. The levels of phosphatidylcholine (PC), 

phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE), 

sphingomyelin (SM) and Ceramide (Cer) were significantly changed in TCS 

(1.5%)-treated group with only 5 of them were also differential in TCS (0.3%) 

group, indicating that high level TCS exposure could amplify the interference with 

lipid metabolism. 
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Figure 3.3 Metabolic changes in mice owing to the long-term dermal TCS application. A. Venn diagram of all identified metabolites in TCS 

(0.3%) and TCS (1.5%)-treated groups. B. Perturbed hippocampus metabolic pathways in TCS (0.3%)-treated mice identified by qMSEA 

and those circled in red are significantly changed (adjusted P values < 0.05). B. Perturbed hippocampus metabolic pathways in TCS (1.5%)-

treated mice identified by qMSEA and those circled in red are significantly changed (adjusted P values < 0.05).



 

 

 

 

69 

 
Figure 3.4 MetaMapp metabolic networks of partial metabolites altered significantly in TCS (0.3%)-treated group (A) and TCS (1.5%)-

treated groups compared to control group, with nodes representing individual metabolites, edges for biochemical (KEGG reactant pairs) and 

chemical (Tanimoto coefficient > 0.7) relationships, and lower transparency for lower P values (< 0.05, one-way ANOVA tests). 
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Figure 3.5 Heatmap clustering of the distinct lipids in hippocampus. 
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3.3.2 Proteomics analysis of hippocampus 

We also offered a complete hippocampal protein analysis comparing the different 

TCS-treated groups and control mice. The screened altered proteins were enriched 

based on KEGG database using String. A total of 36 representative pathways (FDR 

< 0.05) in TCS (0.3%) group were enriched and 64 representative pathways (FDR 

< 0.05) in TCS (1.5%) group were identified with top 50 shown (Figure 3.6), among 

which 32 pathways overlapped in the two groups. The proteomics analysis enriched 

metabolic pathways of energy harvest (TCA cycle, oxidative phosphorylation, and 

glycolysis/gluconeogenesis) and purine metabolism in both treated groups. In TCS 

(1.5%) treated group, alanine, aspartate, and glutamate metabolism were 

additionally enriched. Interestingly, several neural signaling pathways were 

enriched spanning retrograde endocannabinoid signaling, glutamatergic synapse, 

long-term potentiation, and synaptic vesicle cycle in both exposed groups. 

Additionally, GABAergic synapse and dopaminergic synapse were enriched 

uniquely in TCS (1.5%)-treated mice. The alternations of these metabolic pathways 

and neuro signaling pathways also explained the enrichment of thermogenesis and 

some disease pathways such as Parkinson ’s, Alzheimer, and Huntington’s diseases. 

Several differential proteins in MAPK signaling pathway were also found to be 

increased spanning mitogen activated protein kinase kinase 1 (Map2k1), mitogen-

activated protein kinase (Mapk1), ras-related protein Rap-1A (Rap1a), cAMP-

dependent protein kinase A (PKA) subunits (Prkaca and Prkacb) and protein kinase 

C (PKC, Prkca). MAPK signaling pathway is widely accepted to be activated in 

response to oxidative stress [112]. In addition, glutathione synthetase (Gss) and 

glutathione reductase (Gsr) that is critical in resisting oxidative stress and 



 

 

 

 

72 

maintaining the reducing environment of the cell [113] were downregulated in both 

TCS treated groups, indicating the GSH depletion in hippocampus and elevated 

oxidative stress, corresponding to the metabolomics results. The upregulations of 

these proteins support that TCS affected the redox homeostasis in hippocampus. 

The representative altered proteins are summarized in Table 3.4. 
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Figure 3.6 Pathway enrichment of proteomics results. A. Venn diagram of the top representative KEGG pathways in TCS (0.3%) group and 

TCS (1.5%) group. B. Enrichment analysis based on KEGG database identified a total of 36 representative pathways (FDR < 0.05) in TCS 

(0.3%) group. C. Enrichment analysis based on KEGG database identified a total of 64 representative pathways (FDR < 0.05) in TCS (1.5%) 

group with top 50 shown. The pathways in red were identified in both TCS-treated groups. 
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Table 3.4 Differential expressed proteins in the hippocampus of TCS-treated mice 

with the function annotated. 

No. 
Gene 
name 

Description Accession 
FC  

(L vs C) 
FC 

(H vs C) 

1 Gsr 
Glutathione reductase 

(Fragment) 
Q3TXK9_
MOUSE 

0.93  0.78  

2 Gss Glutathione synthetase 
Q3TWM2
_MOUSE 

0.65  0.59  

3 Pgd 
6-phosphogluconate 

dehydrogenase, 
decarboxylating 

Q3UAG2_
MOUSE 

0.79  0.73  

4 Taldo1 Transaldolase  
A0A1B0G
R11_MO

USE 
1.21  1.24  

5 Gapdh 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

D2KHZ9_
MOUSE 

1.10  1.39  

6 Pgam1 
Phosphoglycerate 

mutase 
Q3U7Z6_
MOUSE 

1.32  1.87  

7 Eno2 Gamma-enolase 
ENOG_M

OUSE 
1.14  1.31  

8 Ldha 
L-lactate 

dehydrogenase 

A0A1B0G
SX0_MO

USE 
1.40  1.91  

9 Dld 
Dihydrolipoyl 

dehydrogenase, 
mitochondrial  

DLDH_M
OUSE 

1.34  1.78  

10 Dlat 

Dihydrolipoyllysine-
residue 

acetyltransferase 
component of 

pyruvate 
dehydrogenase 

complex, 
mitochondrial  

ODP2_M
OUSE 

1.27  1.25  

11 Tpi1 
Triosephosphate 

isomerase 
TPIS_MO

USE 
1.39  1.46  
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12 Asrgl1 
Isoaspartyl 

peptidase/L-
asparaginase 

ASGL1_
MOUSE 

1.25  1.47  

13 Gpt 
Alanine 

aminotransferase 1 
ALAT1_
MOUSE 

21.19  27.49  

14 Adssl1 
Adenylosuccinate 

synthetase isozyme 1 
J3QN31_
MOUSE 

0.76  0.68  

15 Aldh5a1 
Succinate-

semialdehyde 
dehydrogenase 

B2RS41_
MOUSE 

1.23  1.34  

16 Gad2 
Glutamate 

decarboxylase 2 
DCE2_M

OUSE 
0.86  0.79  

17 Glud1 
Glutamate 

dehydrogenase 1, 
mitochondrial  

DHE3_M
OUSE 

1.18  1.35  

18 Idh1 
Isocitrate 

dehydrogenase 
[NADP] cytoplasmic 

Q0QER9_
MOUSE 

1.12  1.83  

19 Idh3a 
Isocitrate 

dehydrogenase [NAD] 
subunit, mitochondrial 

A0A1L1S
TE6_MO

USE 
1.16  1.57  

20 Idh3b 
Isocitrate 

dehydrogenase [NAD] 
subunit, mitochondrial 

Q91VA7_
MOUSE  

1.15  1.51  

21 Dlst 

Dihydrolipoyllysine-
residue 

succinyltransferase 
component of 2-

oxoglutarate 
dehydrogenase 

complex, 
mitochondrial 

ODO2_M
OUSE 

1.15  1.51  

22 Suclg1 

Succinate--CoA ligase 
[ADP/GDP-forming] 

subunit alpha, 
mitochondrial 

SUCA_M
OUSE 

1.25  1.60  

23 Sdhb 

Succinate 
dehydrogenase 

[ubiquinone] iron-
sulfur subunit, 

Q0QEZ4_
MOUSE 

1.14  1.24  
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mitochondrial 
(Fragment) 

24 Mdh1 
Malate 

dehydrogenase, 
cytoplasmic 

MDHC_M
OUSE 

1.08  1.27  

25 Ndufa4 
Cytochrome c oxidase 

subunit NDUFA4  
NDUA4_
MOUSE 

2.02  2.89  

26 Ndufa5 
NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 5 

NDUA5_
MOUSE 

1.83  2.61  

27 Ndufa8 Complex I-19kD 
A0A1S6G
WI0_MO

USE 
0.93  1.23  

28 Ndufb10 
Complex I-PDSW 

(Fragment) 
D3YUK4_
MOUSE 

1.29  1.43  

29 Ndufs4 

NADH dehydrogenase 
[ubiquinone] iron-
sulfur protein 4, 
mitochondrial 

E9QPX3_
MOUSE 

1.40  1.65  

30 Ndufv2 

NADH dehydrogenase 
[ubiquinone] 

flavoprotein 2, 
mitochondrial 

NDUV2_
MOUSE 

1.52  1.68  

31 Uqcr10 
Cytochrome b-c1 
complex subunit 9 

Q5NCJ9_
MOUSE  

1.59  1.66  

32 Uqcrb 
Cytochrome b-c1 
complex subunit 7 

Q9CQB4_
MOUSE  

1.13  1.29  

33 Cox5a 
Cytochrome c oxidase 

subunit 5A, 
mitochondrial 

COX5A_
MOUSE 

1.21  1.50  

34 Cox6c 
Cytochrome c oxidase 

subunit 6C 
COX6C_
MOUSE 

2.24  7.11  

35 Cox7a2 
Cytochrome c oxidase 

subunit 7A2, 
mitochondrial 

CX7A2_
MOUSE 

1.26  1.45  

36 Cyc1 
Cytochrome c1, heme 
protein, mitochondrial 

(Fragment) 

A0A2R8V
HK1_MO

USE 
1.33  2.02  

37 Atp5k 
ATP synthase subunit 

e, mitochondrial 
Q5EBI8_
MOUSE 

1.12  1.22  
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38 
Atp6v0a

1 
V-type proton ATPase 

subunit a 
K3W4T3_
MOUSE  

1.26  1.45  

39 
Atp6v0d

1 
V-type proton ATPase 

subunit d 1 
VA0D1_
MOUSE 

1.47  1.57  

40 Ckmt1 Creatine kinase 
Q545N7_
MOUSE 

1.11  1.40  

41 Prps1l3 
Ribose-phosphate 
diphosphokinase 

G3UXL2_
MOUSE 

0.92  0.80  

42 Pfas 
Phosphoribosylformyl

glycin amidine 
synthase 

PUR4_M
OUSE 

0.71  0.66  

43 Paics 
Multifunctional 
protein ADE2 

PUR6_M
OUSE 

0.66  0.57  

44 Pde1b Phosphodiesterase 
A0A2I3B
PC1_MO

USE  
0.84  0.69  

45 Pde2a Phosphodiesterase 
A0A1B0G
RJ9_MOU

SE 
0.89  0.81  

46 Gmpr GMP reductase 1 
GMPR1_
MOUSE 

0.74  0.69  

47 Gmpr2 GMP reductase 2 
GMPR2_
MOUSE 

0.61  0.50  

48 Nme1 
Nucleoside 

diphosphate kinase 
Q5NC81_
MOUSE 

1.38  1.50  

49 Ak4 
Adenylate kinase 4, 

mitochondrial 
Q3U489_
MOUSE 

1.13  2.12  

50 Hprt 
Hypoxanthine 

phosphoribosyltransfe
rase 

Q99KF5_
MOUSE 

1.33  1.30  

51 Nt5c 
5'(3')-

deoxyribonucleotidase
, cytosolic type 

NT5C_M
OUSE 

0.91  0.81  

52 Faah 
Fatty acid amide 

hydrolase (Fragment) 
Q3UUF0_
MOUSE 

0.77  0.75  

53 Gnb2 

Guanine nucleotide-
binding protein 
G(I)/G(S)/G(T) 
subunit beta-2 

E9QKR0_
MOUSE 

1.10  1.54  

54 Gng3 
Guanine nucleotide-

binding protein 
GBG3_M

OUSE 
1.05  1.30  
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G(I)/G(S)/G(O) 
subunit gamma-3 

55 Slc17a7 
Vesicular glutamate 

transporter 1 

A0A1B0G
RU0_MO

USE 
1.48  1.49  

56 Grm5 
Metabotropic 

glutamate receptor 
subtype 5b 

B2BH30_
MOUSE 

0.88  0.81  

57 Itpr1 
Inositol 1,4,5-

trisphosphate receptor 
type 1 

ITPR1_M
OUSE 

0.77  0.75  

58 Dlgap1 
Disks large-associated 

protein 1 
DLGP1_
MOUSE  

0.92  0.68  

59 Plcb1 
Phosphoinositide 
phospholipase C 

(Fragment) 

Q2M4J2_
MOUSE 

0.91  0.81  

60 Grin1 Glutamate receptor 
A2AI14_
MOUSE 

0.94  0.83  

61 Grin2b Glutamate receptor 
G3X9V4_
MOUSE 

0.97  0.81  

62 Shank2 
SH3 and multiple 

ankyrin repeat 
domains protein 2 

A0A1C7Z
MY3_MO

USE 
0.82  0.73  

63 Shank3 
SH3 and multiple 

ankyrin repeat 
domains protein 3 

SHAN3_
MOUSE 

0.68  0.59  

64 Homer3 
Homer protein 

homolog 3 
HOME3_
MOUSE 

0.77  0.81  

65 Ppp3ca 
Serine/threonine-

protein phosphatase 
B2RRX2_
MOUSE 

0.96  0.79  

66 Ppp3cb 
Serine/threonine-

protein phosphatase 

A0A6B9E
QU3_MO

USE 
0.91  0.81  

67 Slc1a2 
Amino acid 
transporter 

A2APL8_
MOUSE 

1.44  1.59  

68 Gabbr2 
Gamma-aminobutyric 
acid type B receptor  

GABR2_
MOUSE 

0.91  0.76  

69 Camk2a 
Calcium/calmodulin-

dependent protein 
kinase 

F8WIS9_
MOUSE 

1.19  1.29  
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70 Camk2g 
Calcium/calmodulin-

dependent protein 
kinase 

A0A2I3B
QP6_MO

USE 
1.12  1.24  

71 Ppp1cb 

Serine/threonine-
protein phosphatase 
PP1-beta catalytic 

subunit 

PP1B_MO
USE 

1.32  1.51  

72 Map2k1 
Mitogen activated 

protein kinase kinase 
1 

Q3TMJ8_
MOUSE 

1.36 1.56 

73 Mapk1 
Mitogen-activated 

protein kinase 
Q3UF82_
MOUSE 

1.20 1.32 

74 Rap1a 
Ras-related protein 

Rap-1A 

A0A0G2J
DL9_MO

USE  
1.51 1.60 

75 Prkaca 
cAMP-dependent 

protein kinase 
catalytic subunit alpha 

KAPCA_
MOUSE 

1.89 4.66 

76 Prkacb 
cAMP-dependent 

protein kinase 
catalytic subunit beta 

KAPCB_
MOUSE 

24.43 92.16 
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3.3.3 Protein-metabolite joint analysis 

Protein-metabolite joint pathway analysis was further conducted to depict a 

comprehensive picture of the impacts of long-term TCS topical application on 

hippocampus (Figure 3.7 and 3.8). In both TCS-treated groups, metabolic 

pathways including alanine, aspartate and glutamate metabolism, arginine 

biosynthesis, purine metabolism and glycolysis/gluconeogenesis were 

significantly altered (Figure 3.7 A and 3.8A). Separately, the sugar metabolisms 

(fructose, mannose, starch, and sucrose) were identified in TCS (0.3%)-treated 

group (Figure 3.7A). And glycerophospholipid metabolism, TCA cycle and 

pentose phosphate pathway were found to be disturbed in TCS (1.5%)-treated 

mice particularly (Figure 3.8A). The disturbed oxidative phosphorylation 

underscored that TCS affected the energy homeostasis in hippocampus under both 

low and high dose of TCS (Figure 3.7B and 3.8B). These repeatedly highlighted 

pathways caught our focus on the energy-related metabolism (e.g., sugar 

metabolism, amino acid metabolism, and TCA cycle, Figure 3.9) and purine 

metabolism (Figure 3.10). As featured by the significant changes in 

neurotransmitters (e.g., Ach, GABA, glycine and AEA) and the dysregulation of 

the proteins involved in synaptic signaling pathways, we believed that TCS is 

likely to induce neurological disorders. 
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Figure 3.7 Joint pathways significantly disturbed in the hippocampus of mice 

treated with TCS (0.3%). A. Result of joint metabolic pathway analysis based on 

KEGG database and the pathways with adjusted P value < 0.05 were annotated. 

B. Results of all joint pathway analysis based on KEGG database and the 

pathways with adjusted P value < 0.05 were annotated. 
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Figure 3.8 Pathways significantly disturbed in the hippocampus of mice treated 

with TCS (1.5%). A. Result of joint metabolic pathway analysis based on KEGG 

database and the pathways with adjusted P value < 0.05 were annotated. B. 

Results of all joint pathway analysis based on KEGG database and the pathways 

with adjusted P value < 0.05 were annotated. 
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3.3.4 TCS affected energy harvest in the hippocampus 

In the integrated view of the disturbed energy-related pathways (Figure 3.9), we 

found for most of the metabolites decreased levels after long-term TCS 

application, except nicotinamide adenine dinucleotide (NAD+) and oxoglutaric 

acid. Pgd, a 6-phosphogluconate dehydrogenase converting gluconic acid-6-

phosphate to ribulose 5-phosphate in the pentose phosphate pathway, was down-

regulated. Together with the decreased levels of upstream (gluconic acid and 

gluconic acid-6-phosphate) and downstream (ribose 5-phosphate) metabolites, 

pentose phosphate pathway was concluded to be downregulated. As compared 

with the control mice, the elevated expression of 7 proteins (Taldo1, Gapdh, 

Pgam1, Eno2, Ldha, Dld and Dlat) indicated the upregulation of glycolysis in 

hippocampus after TCS exposure. We also deduced that fructose and mannose 

metabolism was downregulated based on the declines of the related metabolites 

(fructose, guanosine diphosphate-mannose (GDP-mannose), guanosine 

diphosphate-fucose (GDP-fucose) and fucose 1-phosphate). What’s more, the 

expression of Tpi1, triosephosphate isomerase, forms glyceraldehyde 3-

phosphate (a metabolite in glycolysis) from glycerone phosphate was elevated, 

suggesting that upregulation of glycolysis. The results together showed that 

glucose metabolized mainly through glycolysis. When it comes to alanine, 

aspartate, and glutamate metabolism, almost all the metabolites were decreased 
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except the oxoglutaric acid and NAD+ that directly participated in TCA cycle. 

Additionally, the expression of 6 proteins (Asrgl1, Gpt, Adssl1, Aldh5a1, Gad2 

and Glud1) were all markedly increased. Taken together, it could be inferred the 

alanine, aspartate and glutamate metabolism was upregulated. As shown in Figure 

3.9B, 9 proteins functioning in TCA cycle presented elevated expression, 

suggesting the upregulation of TCA cycle. Moreover, 15 proteins classified as 

complex I (NADH dehydrogenase), complex III (cytochrome b-c1 complex), 

complex IV(cytochrome c oxidase), and complex V (ATPase) were all 

upregulated (Figure 3.9C), suggesting the upward regulation of oxidative 

phosphorylation which is a main pathway accounting for ATP production. Further, 

the elevated expression of creatine kinase (Ckmt1) and the increased levels of PCr 

were observed, confirming the increased ATP production because Ckmt1 and PCr 

are responsible for ATP recycle. All the above results illustrated that energy 

production increased in hippocampus after TCS exposure through upregulating 

glycolysis, alanine, aspartate and glutamate metabolism, TCA cycle and oxidative 

phosphorylation as well as downregulating pentose phosphate pathway and 

fructose and mannose metabolism. 

3.3.5 TCS disturbed purine metabolism in the hippocampus 

The integrated view of purine metabolism is shown in Figure 3.10. As 

characterized by the decreases of metabolites (ADP ribose, ribose 5-phosphate, 
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and L-glutamine) and the downward expression of the enzymes (Prps1l3, Pfas 

and Paics), the de novo purine synthesis was decreased. Because ribose-5-

phosphate and L-glutamine were also involved in pentose phosphate pathway as 

well as alanine, aspartate, and glutamate metabolism respectively, we further 

drew a conclusion that TCS negatively affected the de novo purine synthesis, 

which was caused by the increased energy harvest. Purines from cellular nucleic 

acid turnover (or from food) can also be recovered and utilized as new nucleotides. 

The upregulated enzymes including hypoxanthine phosphoribosyl transferase 

(Hprt) that salvages guanine and hypoxanthine [114], nucleoside diphosphate 

kinase (Nme1) that catalyzes the exchange between nucleoside diphosphates and 

triphosphates, adenylate kinase 4 (Ak4) that is responsible for the interconversion 

of the various adenosine phosphates (ATP, ADP, and AMP) as well as the 

elevated xanthosine monophosphate (XMP), and increased dG were noted. While 

phosphodiesterase (Pde1b and Pde2a), GMP reductase 1 and 2 (Gmpr1 and 

Gmpr2), 5'(3')-deoxyribonucleotidase (Ntc5) in the breakdown processes 

embraced a contrasting pattern. All these results showed that the salvages of 

purine increased, which can be compensation for the reduced de novo purine 

synthesis. 
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Figure 3.9 Perturbed hippocampal pathways in energy metabolism. A. Integrated 

view of perturbed hippocampal pathways in energy metabolism. B. Proteins 

involved in TCA cycle. C. Proteins involved in oxidative phosphorylation. Protein 

data shown were the mean ± SEM, n=4 in control group, n=5 in TCS (0.3%) group, 

n=5 in TCS (1.5%) group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

(one-way ANOVA analysis followed by Turkey’s post hoc test). G6P glucose 6-

phosphate, F6P fructose 6-phosphate; 3PG glycerate 3-phosphate, 2PG 2-

phosphoglycerate, PEP phosphoenolpyruvate, NAA N-acetyl-L-aspartic acid, 

ASA argininosuccinic acid, NAD+ nicotinamide adenine dinucleotide, GABA 

gamma-aminobutyric acid, Cr creatine, PCr phosphocreatine.  
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Figure 3.10 Diagram summary of perturbed purine metabolism in hippocampus. 

Protein data shown were the mean ± SEM, n=4 in control group, n=5 in TCS 

(0.3%) group, n=5 in TCS (1.5%) group, *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 (one-way ANOVA analysis followed by Turkey’s post hoc test). 

PRPP phosphoribosyl pyrophosphate, IMP inosine-5-monophosphate, XMP 

xanthosine monophosphate. 

3.3.6 TCS induced neurological disorders in hippocampus 

Our results showed that TCS affected the levels of neurotransmitters and 

neuroendocrine signaling molecules as well as disturbed neural signaling 

pathways in hippocampus after TCS exposure. To further interpret TCS impacts 

on hippocampal neural functions, the metabolite-protein joint diagram was 

generated (Figure 3.11). We noted for disturbed glutamatergic synapse which is 

the main excitatory synapses in the brain. In presynaptic terminal, cytosolic 

glutamate crosses the vesicular membrane via the activity of vesicular glutamate 
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transporters (VGLUTs) [115]. We observed for elevated expression of VGULT1 

(Slc17a7), indicating the possibility for increased accumulation of glutamate in 

vesicle. Glutamate will then release into the synaptic cleft by a Ca2+-triggered 

exocytosis [116] and to bind to and elicit its effects on two broad categorizations of 

postsynaptic receptors: ionotropic and metabotropic receptors. N-methyl-D-

aspartate receptors (NMDAR), one type of ionotropic glutamate receptors, 

mediate Ca2+ influx and lead to neuronal excitability. A reduction of NMDAR 

pools (Grin1 and Grin2b) was found in hippocampus after TCS treatment, which 

is compliance with a previous report [69]. Metabotropic glutamate receptor 5 

(Grm5) which can elicit its downstream effects by activating phospholipase C to 

produce inositol-1,4,5-triphosphate (IP3) to release Ca2+ from intracellular stores 

[117], was also found to be downregulated in our study. Additionally, we also found 

the decreased levels of phospholipase C (Plcb1) and IP3 receptor (Itpr1) that 

mediate calcium release from the endoplasmic reticulum. Taken together, we 

assumed that the postsynaptic Ca 2+ levels of glutamatergic synapse might be 

affected because of the downregulation of NMDAR, mGluR5 and the 

postsynaptic calcium signaling pathway. What’s more, mGluR5 is physically 

linked to NMDA receptors and its stimulation positively regulates NMDAR 

function [118]. We noted that 6 proteins that serve as the connection were 

downregulated spanning GKAP (Dlgap1), SHANK (Shank2 and Shank3), 
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HOMER (Homer3) and PP2B (Ppp3ca and Ppp3cb). Phosphatase 2B/calcineurin 

(PP2B) that mediates NMDA-induced potentiation of mGluR5 [119], was found to 

be downregulated in our study. We also noted the upregulation of excitatory 

amino acid transporter 2 (EAAT2, Slc1a2) that plays a role in the reuptake of 

glutamate into glial cells and neurons, indicating the enhanced capability of 

glutamate clearance and cycling in hippocampus. All these results indicated the 

systematic TCS effects on glutamatergic synapse in hippocampus. 

GABA is the predominating inhibitory neurotransmitter and is produced from 

glutamate catalyzed by the enzyme glutamic acid decarboxylase (Gad). We noted 

for the reduced GABA production in hippocampus as indicated by decreased 

levels of both GABA and Gad2 after TCS exposure. In addition, the declined 

expression of vesicular GABA transporter (VGAT, Slc32a1) and the 

downregulation of metabotropic receptor for GABA (Gabbr2) suggested the 

reduced release of GABA from presynaptic terminal and the weakened elicitation 

of GABA effect. The results support that the GABAergic synapse pathway was 

attenuated in hippocampus after TCS exposure.  

Retrograde endocannabinoids signaling is the principal pathway that mediate 

short- and long-term forms of plasticity at both excitatory and inhibitory synapses. 

Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are the best 

characterized endocannabinoids [120]. The released AEA can activate the CB1 
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receptors (CB1R) at presynaptic terminals, and then activate the guanine 

nucleotide-binding proteins Gi/o, which suppress the release of inhibitory 

transmitter GABA or excitatory transmitter glutamate by inhibiting voltage-

dependent calcium channel (VGCC) [121]. The elevated level of AEA, decreased 

levels in PC and PE (the precursors of AEA) and the downregulation of fatty acid 

amide hydrolase (Faah) that breaks down AEA suggested that AEA production 

was upregulated, and its degradation was downregulated. According to our results, 

the Gi/o proteins (Gnb2 and Gng3) were upregulated, implying the potential 

inhibition of presynaptic Ca2+ influx, and suppressing neurotransmitter release. 

As for the hippocampal long-term potentiation (LTP) pathway, all the identified 

proteins were upregulated, spanning CaM kinase II (CaMKII) that is activated by 

NMDAR-mediated Ca2+ and protein phosphatase PP1 (Pp1cb) that catalyzed the 

dephosphorylation of CAMKII to control CAMKII-activated signaling. The 

significant decreases of Ach in both TCS treated groups served as strong evidence 

supporting the influence of TCS on cholinergic synaptic activity.  

  



 

91 

 

Figure 3.11 Diagram summary of perturbed neurofunctional signaling pathways, 

including glutamatergic synapse, GABAergic synapse, retrograde 

endocannabinoid signaling, and long-term potentiation. 
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3.4 Discussion 

It has been reported that TCS can be detected in the brains of human [30], fish [64], 

and mice [86] , opening the door of investigating the TCS-mediated neurotoxicity. 

Recent in vitro evidence has reported that TCS can induce apoptosis in mouse 

neocortical neurons [100], and ROS activation in neural stem cell [68]. In addition, 

several mouse studies found that TCS exposure resulted in behavioral 

disturbances [72, 73]. However, the biochemical underpinnings for such neural 

effects induced by TCS remain largely unknown. We believe an in-depth study 

on the underlying mechanisms is of pivotal. Hippocampus is the key region for 

learning and memory ability [101] and is gradually thought to be involved in mood 

regulation [122]. Our results that TCS exposure increased anxiety-like responses 

and impaired learning and memory ability in Chapter 2 implied the involvement 

of hippocampus. Thus, we set hippocampus as starting point to study the 

behavioral effects of TCS. In this study, LC-MS-based metabolomics and 

proteomics were integrated to explore the changes of endogenous molecules in 

hippocampus of mice in three groups (control, TCS (0.3%), and TCS (1.5%) to 

clarify the TCS neural effects. By integrating the results obtained from 

metabolomics and proteomics, we gained a system-wide view of the TCS-

mediated metabolite and protein changes. 
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Our findings hinted that upon TCS exposure, metabolic pathways related to 

energy harvest of the mouse hippocampus were disturbed (Figure 3.9). As 

evidenced by the upregulation of glycolysis, alanine, aspartate and glutamate 

metabolism, TCA cycle and oxidative phosphorylation, the energy demands in 

mouse hippocampus were increased. Considering that several synaptic signaling 

pathways were found to be perturbed after TCS exposure and their tight control 

is an energy-intensive process requiring multiple regulatory processes and high 

levels of glucose and oxygen consumption [123], thus, we speculated that the 

energy demands were elevated from the hippocampal struggle to sustain its 

neurological functions. Brain takes charge of various physiological functions of 

the body and accounts for more than 25% oxygen consumption in adults [124], 

which is responsible for ROS production [125].  

In normal cells, when encounter ROS, the metabolic flux will shift from 

glycolysis to the pentose phosphate pathway which is responsible for the 

generation of electron carrier nicotinamide adenine dinucleotide phosphate 

(NADPH) to reduce most antioxidants [126, 127]. But the increased energy demands 

are likely to cause a reconfiguration of energy metabolism by increasing 

glycolysis and reducing pentose phosphate pathway, weakening the capacity of 

hippocampus in reducing oxidative stress. In our study, an array of metabolites 

and protein biomarkers related to oxidative stress and ROS reaction were 
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discovered and indicated the elevated oxidative stress in hippocampus after TCS 

exposure (Table 3.3 and Table 3.4). MAPK signaling pathway was found to be 

activated by the elevated oxidative stress, as indicated by the elevated levels of 

the involved proteins. These results indicated the increased oxidative stress in 

hippocampus. Therefore, based on these results, it can be hypothesized that TCS 

can disturb the energy homeostasis of hippocampus, thereby weakening the 

hippocampal ability for the reduction of ROS, leading to aggravated oxidative 

stress. As neurons are highly sensitive to oxidative damage, excessive oxidative 

stress in hippocampus can lead to a diversity of negative effects, including 

impaired cognition [128, 129] and anxiety [122]. Furthermore, oxidative stress has been 

implicated in the pathology of conditions like brain aging [130], Schizophrenia [131], 

and Alzheimer’s diseases. 

We also noted for downregulation of de novo purine synthesis and upregulation 

of salvage purine synthesis in hippocampus. The decreased de novo purine 

synthesis is due to the reduction of pentose phosphate pathway caused by 

increased energy demands, thus the salvage pathway increased as a compensation. 

Purines have long been considered as the cornerstones of nucleic acid synthesis 

and intermediates in metabolic energy transfer. Disorders of purine metabolism 

are clinically associated with different degrees of intellectual disability and 

neurological dysfunction [132, 133]. 
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We then investigated the connections of TCS-induced behavior changes and TCS-

affected hippocampal neurofunctions by integrating our data (Figure 3.11) and 

previous reports. Hippocampus plays a major role in learning and memory, which 

is tightly linked with LTP [134]. The glutamatergic neurotransmission is of pivotal 

to LTP. In hippocampus, LTP of NMDAR-mediated transmission is principal [135]. 

Considerable evidence has shown that the activation of mGluRs plays an essential 

role in the induction of NMDAR-mediated LTP [136]. What’s more, hippocampal 

LTP requires an elevation of postsynaptic Ca2+ [137] that is made up from Ca2+ 

influx via NMDAR [138] as well as intracellular Ca2+ release from IP3 [135]. In this 

way, the downregulation of NMDAR pools, mGluR5 and IP3R in hippocampus 

after TCS treatment may indicate that TCS can disrupt LTP by affecting the 

postsynaptic Ca2+, causing impaired learning and memory ability. In addition, the 

levels of Ach were also declined in the hippocampus of both treated groups, which 

further suggest the impairment of learning and memory as hippocampal Ach is 

reported to be positively associated with learning and memory ability [139-141]. 

Hippocampus also plays a distinctive role in arising anxiety, which is independent 

with its role in cognition. The decreased GABA level, downward expression of 

GABA receptor (GABAB) and its vesicular transporter suggested the dysfunction 

of hippocampal GABAergic neurotransmission, which is reported to associated 

with increased anxiety [142]. 



 

96 

3.5 Chapter summary 

The strength of this study lies in the combination of both metabolomics and 

proteomics to study the TCS effects on hippocampus and to decipher the 

mechanisms of the abnormal behaviors observed in TCS-treated mice, providing 

unique perspective for revealing the neurotoxicity of TCS exposure. Our results 

revealed that TCS exposure increased energy demands, leading to disturbances in 

energy homeostasis and purine metabolism. The reconfiguration of energy 

metabolism from pentose phosphate pathway to glycolysis caused by the 

increased energy demands was noted. The pathway shift may impair the ability of 

hippocampus in reducing ROS, aggravating the oxidative stress in mice, which is 

extensively reported to induce anxiety and cognition impairment in hippocampus 

and associate with brain diseases. Additionally, we found that TCS is likely to 

affect glutamatergic and GABAergic synapses, disrupt LTP, and reduce Ach level, 

which are reported to be related to the impaired learning and memory and anxiety 

induction. However, with multiple substructures responsible for different 

functions in hippocampus, the targeted structure of TCS to induce the behavioral 

changes is still not known through our study. All the same, considering the 

prevalence of neuropathy and widely TCS addition in consumer goods, this 

research provides a comprehensive understanding in the neurotoxicity and 

hippocampal mechanism in response to long-term TCS treatment. 
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Figure 3.12 The proposed mechanism underlying the hippocampal role in response to oxidative stress after TCS treatment.
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Chapter 4 MS-based metabolic and proteomic analysis of the 

changes in thyroid of mice and its association with 

behavioral effects after long-term dermal exposure to TCS 

4.1 Introduction 

TCS is chemically similar to THs, suggesting that TCS is a potential thyroid 

interferon [87, 94]. Previous in vitro [55] and in vivo experiments [95] and 

epidemiological studies [54] demonstrated that exposure to TCS was related to the 

reduction in serum TH levels. However, the mode of action for TH reduction by 

TCS remains unclear. Hypothyroidism in the adult has been reported to be 

associated with memory impairment, learning, attentiveness, and psychomotor 

[143]. Thinking of the thyroid interference of TCS, the occurrence of TCS in 

thyroid (mentioned in Chapter 2), and the role of THs in brain functions, we 

hypothesized TCS exposure cause behavioral disorders (increased anxious 

responses and impaired learning and memory that were mentioned in Chapter 2) 

via thyroid toxicity. 

The aim of this chapter is to delineate the effects of TCS on thyroid function and 

to determine TH levels in brain with the hope to decipher the reasons for the 

behavioral effects observed in TCS-treated mice. Global metabolomics and 

proteomics analysis were conducted to study the TCS disturbances in thyroid 
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from mice exposed with TCS for 20 weeks (mentioned in Chapter 2). The levels 

of THs in serum and different brain regions including cerebral cortex, 

hypothalamus, corpus striatum, hippocampus, middle brain, and cerebellum were 

quantified. 

4.2 Materials and methods 

4.2.1 Reagents and materials 

Acetonitrile, methanol and 30% (w/v) ammonium hydroxide solutions of HPLC 

grade were purchased from VWR chemicals (France). Ammonium formate and 

ammonium acetate were purchased from Honeywell Fluka, (Germany). FA and 

4-Cl-Phe were purchased from Sigma-Aldrich (St. Louis, MO). Isotope labeled 

standards including 13C6-T4, trytophan-d5, 13C5, 15N2-glutamine, L-

palmitoylcarnitine-d3, and succinate-d4 were purchased from Cambridge Isotope 

Laboratories (Tewksbury, MA). Deionized water used throughout the experiment 

was purified by a Synergy Water Purification System (Billerica, MA). 

4.2.2 Animal experiment 

A 20-week dermal exposure was conducted in which 0, 0.3 and 1.5 % 

(weight/volume) TCS solutions in acetone (approximately at the equivalent to 0, 

6 and 30 mg/kg body weight) were pipetted onto the shaved back of mice five 
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times weekly. After the accomplishment of three behavioral tests, mice were 

sacrificed, and the tissues were collected after a transcardiac perfusion with saline. 

The detail procedures of animal experiment were recorded in Section 2.2.2. 

4.2.3 Quantification of total THs in serum and brain regions 

The levels of total THs including thyroxine (3,5,3’,5’-tetraiodothyronine; T4) and 

the active form triiodothyronine (3,5,3’-triiodothyronine; T3) were determined in 

serum and brain regions. For TH detection in mouse serum, the procedures for 

sample preparation is referred to a previous study [144]. Briefly, 20 μL of the 

sample was spiked with the isotope standard (13C6-T4, 0.2 ng), followed by the 

addition of 30 μL of ethanol for deproteination. The protein was removed after 

centrifugation (20,800 ×g, 5 min at room temperature). Subsequently, 60 μL of 

ethyl acetate was added to the supernatants and a 10-min shake was conducted to 

perform LLE. Next, 100 μL of the LLE supernatants were collected after 

centrifugation (18,000 ×g, 15 min at room temperature) and were evaporated to 

dryness at 4 °C and redissolved in 40 μL of the initial UHPLC conditions. The 

control serum samples were also used to prepare calibration curve to quantify the 

target analytes. 

For brain regions, the procedures for sample preparation were described 

previously with method performances validated [89, 94]. Each sample was spiked 

with the isotope standard (13C6-T4, 2 ng/mg), then homogenized in 80% methanol 
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(methanol/water, 80:20, v/v) at a mass-to-volume ratio of 1:30. After 

centrifugation (15,000 ×g, 10 min, 4 °C), 200 μL of the supernatant was collected 

and vacuum dried. Before analysis, the residuals were redissolved using 100 μL 

50% methanol (v/v). The calibration curves were prepared using methanol 

because of the limited samples. Instrumental method is recorded in Table 4.1. 
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Table 4.1 Instrumental method for the analysis of THs by UHPLC–MS/MS. 

Instrument Thermo Scientific Dionex Ultimate 3000 UHPLC 

system-TSQ Quantiva Triple Quadrupole mass 

spectrometer 

Analytical column ACQUITY UPLC C18 column (1.7 μm particles, 2.1 mm 

× 100 mm, Waters, Milford, MA) 

Column 

temperature 

30 °C 

Mobile phase A: 0.1% formic acid water 

B: methanol 

Elution gradient 0-1 min, 15% B;  

1-5 min, 15% B-80% B;  

5-6 min, 80% B-100% B;  

6-7.5 min, 100% B;  

7.5-8 min, 100% B-15% B;  

8-9 min, 15% B. 

Injection volume 10 μL 

Ion pairs 

monitored  

Analytes Ion Transitions Collision Energy (eV) 

T4 777.70 > 731.59 

777.70 > 633.68 

40 

40 
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T3 651.70 > 632.63 

651.70 > 448.91 

30 

30 

13C6
-T4

 783.70 > 737.66 

783.70 > 639.69 

40 

40 

MS parameters SRM in negative ionization mode Capillary voltage 

(kV) = 2.5; 

Sheath gas (arbitrary units) = 40;  

Auxiliary gas (arbitrary units) = 10;  

Ion transfer tube temperature (°C) = 350;  

Vaporizer temperature (°C) = 300. 
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4.2.4 Determination of thyroid-stimulating hormone (TSH) 

The levels of TSH in serum samples were determined using ELISA kits purchased 

from Sangon Biotech (Shanghai, China). All procedures were carried out 

following the manufacturers’ protocols. 

4.2.5 Global metabolomics analysis for thyroid samples 

MS-based metabolomics analysis was conducted on thyroid samples of 8 mice 

per group. Samples were weighed and homogenized in prechilled 80% methanol 

at a mass-to-volume ratio of 1:30. Two hundred μL of the supernatant was 

collected after the centrifugation (18,000 ×g, 15 min, 4 °C), followed by vacuum 

drying at 4 °C. Protease inhibitor was added to the residual protein precipitates 

and the protein samples were kept at -80 °C for the later proteomics analysis. 

Before the analysis, 100 μL of 50% methanol (methanol/water, 50:50, v/v) was 

used to redissolve the dry samples, adding 4-chloro-phenylalanine (1 μg/mL), 

trytophan-d5 (1 μg/mL), 13C5, 15N2-glutamine (1 μg/mL), L-palmitoylcarnitine-d3 

(1 μg/mL), and succinate-d4 (1 μg/mL) as the internal standard to monitoring the 

instrument status. The QC sample was prepared by pooling an equal amount of 

solution from each sample. MS-based metabolomics analysis was accomplished 

by a Thermo Scientific UHPLC-QE Orbitrap MS system. High-resolution full 

scan screening (mass resolution, 35,000) was conducted in both positive and 
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negative ion modes, followed by MS/MS scans of the significant metabolic 

features using parallel reaction monitoring (PRM) mode. Detailed instrumental 

information is recorded in Section 3.2.2. 

4.2.6 MS-based proteomic analysis (iTRAQ) 

iTRAQ proteomics of thyroid samples was processed the same as the procedures 

listed in Section 3.2.3. 

4.2.7 Metabolic data processing, identification of endogenous metabolic 

biomarkers and visualization 

For metabolic data processing, R code based on XCMS package reported by Shen 

et al. [104] was employed to pretreated the obtained raw MS data, achieving peak 

detection and retention time alignment. The extracted MS data was then further 

processed using R package statTarget [105], removing the features with more than 

80% missing values and correcting the intensity of the rest features based on the 

QC-RFSC algorithm [106]. Furthermore, the features with RSD more than 30% 

would be removed and the remaining features were analyzed by SIMCA-P 

software to perform PLS-DA. Features with ANOVA P value < 0.05, VIP 

scores >1, as well as FC (TCS (0.3%) group vs control group or TCS (1.5%) group 

vs control group) > 1.2 or < 0.83 were selected as possible biomarkers. 

Identification of the small molecular metabolites was based on exact molecular 
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mass and MS2 spectra matching with METLIN (http://metlin.scripps.edu/) and 

Human Metabolome Database (HMDB, http://www.hmdb.ca/). Key metabolites 

were further confirmed with commercial standards. 

Pathway analysis and qMSEA were conducted on biomarkers in MetaboAnalyst 

5.0 (Montreal, QC, Canada) based on KEGG database. Metabolite networks were 

developed using a MetaMapp approach [107] (web-based portal, version 2020) that 

calculated biological pathway relevance (KEGG reactant pairs) and chemical 

structural similarity (Tanimoto coefficient > 0.7) which were further visualized in 

CytoScape with version 3.7.2 for Window 10 OS and version 3.9.0 for macOS 

(Seattle, WA, USA). Heat map was produced by software HemI 1.0 and venn 

diagram was generated in website Evenn (http://www.ehbio.com/test/venn/#/).  

4.2.8 Proteomics data processing and visualization 

As for proteomic data processing, the acquired DDA data were searched against 

SwissProt mouse database using the Mascot Daemon search engine. Then, we set 

a 1% false discovery rate to filter the possibility of false peptide identification in 

the retrieved results. The median of peptide ratios was used as protein ratio. 

Proteins with more than 80% missing values (NA or 0) in each group were 

removed. Missing values were imputed using nearest neighbor averaging. Finally, 

proteins with one-way ANOVA P value < 0.05 and FC > 1.2 or < 0.83 (TCS 

(0.3%) group vs control group or TCS (1.5%) group vs control group) were 
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dysregulated. The differential proteins were enriched based on KEGG pathway 

using the online software String, whicn were further visualized by Origin 85 

software (Northampton, Massachusetts, USA).  

4.2.9 Statistical analysis 

Statistical analyses were conducted using the GraphPad Prism 9.0 (San Diego, 

CA, USA). One-way ANOVA test was used to determine the differences among 

the three groups. P value less than 0.05 was thought to be statistical significance. 

 

Figure 4.1 Experimental design for TCS-induced thyroid toxicological study. 
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4.3 Results 

4.3.1 TCS reduced total TH levels and increased TSH levels in serum 

To investigate the TCS effects on TH homeostasis of mice after a long-term 

dermal application, we determined the levels of TSH and total THs in serum from 

14 control mice, 15 TCS (0.3%)-treated mice, and 16 TCS (1.5%)-treated mice. 

The difference in the number of mice in each group is due to the fact that 3 mice 

died during the experiment because of improper operation. The results revealed 

that TCS exposure reduced circulating T3 and T4 levels while increased TSH 

levels in both TCS-treated groups (Figure 4.2), indicating hypothyroidism in mice 

[145] after the 20-week dermal exposure. Thus, we further conducted metabolomics 

and proteomics to study on the TCS toxicity towards thyroid. 

4.3.2 TCS-affected thyroid biomarkers and metabolic pathways 

We firstly analyzed the perturbations of TCS on metabolic pathways of thyroid in 

the mice. PLS-DA models were established to evaluate the metabolic patterns 

induced by TCS and 200-time permutation tests were conducted to verify the 

goodness and predictive capability of the PLS-DA models (Figure 4.3). The tight 

aggregation of QC samples in both PLS-DA models indicated the stability and 

reliability of the metabolomics data. Clear separation among the three groups 

suggested the distinct metabolic changes induced by TCS. The permutation tests 
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showed that the developed PLS-DA models were not overfitting. The numbers of 

detected ion features based on MS1 full-scan data were 2184 (positive ionization 

mode) and 2461 (negative ionization mode), shown in Figure 4.4. The ion features 

were then statistically assessed to screen features of TCS (0.3%)/control and TCS 

(1.5%)/control difference, complying with three criteria FC >1.2 or < 0.83; P 

value < 0.05 using one-way ANOVA test; and VIP > 1 in PLS-DA model. Finally, 

224 (positive) and 302 (negative) significant ion features were screened in TCS 

(0.3%) group while 302 (positive) and 405 (negative) in TCS (1.5%) group. 

 

Figure 4.2 The levels of TSH, T3 and T4 in mouse serum. Data shown were the 

mean ± SEM, n=14 in control group, n=15 in TCS (0.3%) group, n=16 in TCS 

(1.5%) group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way 

ANOVA analysis followed by Turkey’s post hoc test). 
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Figure 4.3 PLS-DA plots of nontargeted metabolomics data (A for positive 

ionization mode; B for negative ionization mode) and results of permutation tests 

(A for positive ionization mode; B for negative ionization mode). 

 

Figure 4.4 Number of the total and significant ion features in thyroid after TCS 

exposure. 
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Then, the identification procedure matched the unknown against the spectra in 

HMDB and METLIN databased, followed by matching with retention time, 

accurate mass and MS2 characteristic fragments of commercial standards detected 

under the same experimental parameters. Finally, 74 metabolic biomarkers were 

annotated and summarized in Table 4.2, among which 38 were significant 

changed in TCS (0.3%) group and 68 were identified in TCS (1.5%) group with 

32 overlapped (Figure 4.5A). To interpret in the context of biologic pathways, 

qMSEA was conducted based on KEGG pathway database. In TCS (0.3%) group, 

40 pathways in the thyroid were enriched with 10 perturbed significantly 

(adjusted P value < 0.05, Figure 4.5B). In TCS (1.5%) group, 40 pathways in 

thyroid were enriched with 36 disturbed markedly (adjusted P value < 0.05, 

Figure 4.5C). All the significant metabolic pathways in TCS (0.3%) group were 

also identified in TCS (1.5%) group, spanning pantothenate and CoA biosynthesis, 

lysine degradation, purine metabolism, glycolysis/gluconeogenesis, inositol 

phosphate metabolism, sugar metabolism (fructose, mannose, and galactose), and 

TCA cycle. The additional enriched pathways in TCS (1.5%) group compared to 

TCS (0.3%) group were pyrimidine metabolism, glutathione metabolism, 

glycerophospholipid metabolism, amino acid metabolism (e.g., glycine, serine, 

threonine, valine, leucine, isoleucine, alanine, aspartate, and glutamate). 

Glutathione metabolism is a critical part in regulating the TH synthesis [146], 
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indicating the possibility for the impacts of high-level TCS exposure on thyroid 

functions. Then, we turned to individual metabolites for in-depth analyses. 

Molecule metabolite networks were built to gain an overall picture of the 

significant metabolites using MetaMapp approach (Figure 4.6). It must be noted 

that the levels of iodide were significantly decreased in TCS (1.5%)-treated mice, 

which again indicated the TCS effect on TH synthesis. A series of pyrimidines 

and pyrimidine nucleosides as well as purines and purine derivatives were 

identified to change significantly in both TCS treated groups. The levels of 2 TCA 

acids including malic acid and citric acid were also found to be elevated in both 

groups. Interestingly, we found the levels of 5 acylcarnitines elevated in TCS 

(1.5%) group while 3 of them were also increased in TCS (0.3%) group, spanning 

linoleyl carnitine (TCS (1.5%) group only), 9-hexadecenoylcarnitine (TCS (1.5%) 

group only), 3-hydroxyoctanoyl carnitine, L-palmitoylcarnitine and 

stearoylcarnitine while the level of their precursor L-carnitine declined in both 

treated groups. In addition, the decreases of fatty acids (e.g., linolenic acid, 

palmitoleic acid, and pentadecanoic acid) and glycerophosphocholines (e.g., 

glycerophosphocholine (GPC), lysoPC (18:2), lysoPC (18:3), lysoPC (20:2), 

lysoPC (20:4), lysoPE (16:0) and lysoPE (18:2)) were noted only in TCS (1.5%) 

group. Thus, the fatty acid and glycerophosphocholine metabolism were more 

likely to be disturbed in thyroid after high level of TCS exposure than low level 



 

113 

of TCS exposure. We also found for a range of amino acids and analogues 

decreased levels in TCS (1.5%) group, indicating the disturbance of high-level 

TCS on amino acid metabolism.
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Figure 4.5 Thyroid metabolic changes in mice owing to the long-term dermal TCS application. A. Venn diagram of all identified metabolites 

in TCS (0.3%) and TCS (1.5%)-treated groups. B. Perturbed metabolic pathways in TCS (0.3%)-treated mice identified by qMSEA and those 

circled in red are significantly changed (adjusted P values < 0.05). B. Perturbed metabolic pathways in TCS (1.5%)-treated mice identified 

by qMSEA and those circled in red are significantly changed (adjusted P values < 0.05). 
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Figure 4.6 MetaMapp metabolic networks of partial metabolites altered significantly in TCS (0.3%) group (A) and TCS (1.5%) groups 

compared to control group, with nodes representing individual metabolites, edges for biochemical (KEGG reactant pairs) and chemical 

(Tanimoto coefficient > 0.7) relationships, and lower transparency for lower P values (< 0.05, one-way ANOVA tests). 
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Table 4.2 Thyroid significant metabolites affected by TCS. 

No. Name Adduct m/z Fragment FC-L/C FC-H/C P value 

1 Linoleyl carnitine a [M+H]+ 424.3405  85.0288; 60.0815 1.15  2.10  6.80E-03 

2 
1-Aminocyclopropanecarboxylic 

acid (ACC) 
[M+H]+ 102.0551  56.0502; 84.0447 1.04  0.76  4.64E-03 

3 1-Methylhistidine a [M+H]+ 170.0920  124.0868; 109.0761 0.91  1.65  1.72E-03 

4 2-Aminoadipic acid a [M-H]- 160.0604  142.0500; 98.0599 0.66  0.66  4.37E-02 

5 2-Hydroxyglutarate a [M-H]- 147.0287  129.0182; 57.0333 0.98  0.67  7.09E-03 

6 2-Pyrocatechuic acid [M-H]- 153.0182  109.0283; 135.0077 0.67  0.54  7.23E-03 
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7 3-hydroxyoctanoyl carnitine [M+H]+ 304.2111  85.0288; 227.1272 1.20  1.49  2.04E-02 

8 9-Hexadecenoylcarnitine a [M+H]+ 398.3250  
339.2524; 85.0288; 

60.0815 
1.27  1.79  2.06E-02 

9 Aconitic acid a [M-H]- 173.1034  129.0184; 85.0282 1.05  0.75  6.76E-03 

10 
Adenosine diphosphate ribose (ADP 

ribose) a 
[M+H]+ 560.0774  136.0616; 348.0697 0.67  0.68  3.42E-02 

11 Adenosine triphosphate (ATP) [M-H]- 505.9874  158.9245; 78.9577 2.18  2.57  4.11E-02 

12 Anthranilic acid a [M+H]+ 138.0546  92.0498; 120.0443 0.84  0.55  4.24E-02 

13 Arachidic acid a [M-H]- 311.2954  311.2954 1.51  1.22  2.99E-02 

14 Aspartic acid a [M-H]- 132.0290  88.0391; 71.0126 1.01  0.82  2.89E-02 
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15 
Asymmetric Dimethylarginine 

(ADMA) a 
[M+H]+ 203.1498  158.1285; 70.0657 0.76  1.39  4.69E-02 

16 Cholesteryl acetate [M+H]+ 429.3736  411.2966; 369.2749 1.22  2.17  2.66E-02 

17 Citric acid a [M-H]- 191.0189  87.0075; 111.0077 1.78  1.71  3.43E-02 

18 Creatine a [M-H]- 130.0610  88.0391 0.92  1.28  1.13E-02 

19 Cytidine monophosphate (CMP) a [M+H]+ 324.0582  112.0506; 97.0778 0.55  0.58  1.29E-03 
20 Diphenylamine [M+H]+ 170.0961  93.0574; 92.0498 0.69  0.62  1.03E-03 

21 Dodecanoic acid [M-H]- 199.1696  181.0053; 155.1067 0.75  0.81  4.37E-02 

22 Fructose 6-phosphate (F6P) [M+H]+ 261.0363  243.0206; 98.9844 0.92  0.56  1.10E-02 



 

119 

23 Fucose 1-phosphate [M-H]- 243.0271  78.9575; 96.9685 1.02  1.62  4.57E-03 

24 Gluconic acid a [M-H]- 195.0502  129.0183; 75.0075 1.55  1.46  4.33E-02 

25 Glyceraldehyde 3-phosphate (G3P) a [M-H]- 168.9897  96.9684; 78.9578 0.45  0.39  3.34E-03 

26 Glycerophosphocholine (GPC) a [M+H]+ 258.1095  
104.1072; 124.9997; 

184.0730 
0.77  0.32  3.56E-02 

27 Glycerophosphoglycerol (PG) a [M-H]- 245.0427  
78.9577; 152.9946; 

171.0056 
1.25  1.17  3.43E-02 

28 Glycerophosphoinositol [M-H]- 333.0588  
241.0116; 152.9945; 

78.9577 
1.31  1.10  3.58E-02 

29 Glycine [M+H]+ 76.0398  58.0658 0.94  0.67  2.25E-02 

30 Guanidoacetic acid a [M+H]+ 118.0612  
101.1157; 72.0814; 

59.0736 
1.04  0.70  4.78E-02 
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31 Guanine a [M+H]+ 152.0564  135.8114; 110.6382 0.62  0.64  2.50E-02 
32 Guanosine monophosphate (GMP) a [M+H]+ 364.0641  152.0564; 97.0286 0.63  0.69  1.97E-02 

33 Hypoxanthine a [M-H]- 135.0301  92.0241; 55.4236 1.61  1.70  4.14E-02 

34 Iodide [M-H]- 126.9038  126.9039 0.85  0.69  4.98E-02 

35 L-Arginine a [M+H]+ 175.1186  116.0707; 70.0657 1.02  0.72  8.68E-03 

36 L-Aspartic acid a [M+H]+ 134.0446  88.0379; 74.0242 0.95  0.78  4.12E-02 

37 L-Carnitine a [M+H]+ 162.1121  103.0392; 60.0814 0.61  0.59  1.55E-02 
38 L-Glutamine a [M+H]+ 147.0761  84.0812; 130.0861 2.13  0.58  3.76E-03 

39 L-Histidine a [M-H]- 154.0611  137.0347; 93.0446 0.71  0.41  1.32E-02 

40 Linolenic acid a [M-H]- 277.2170  277.2174 0.97  0.47  1.19E-02 
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41 L-Leucine [M-H]- 130.0861  112.0392; 86.0598 0.94  0.70  3.53E-03 

42 L-Lysine a [M+H]+ 147.1125  84.0812; 56.0501 0.94  0.70  1.14E-02 
43 L-Methionine a [M+H]+ 150.0580  104.0530; 61.0113 1.22  0.71  9.61E-03 

44 L-Palmitoylcarnitine a 
 [M+H]

+ 
400.3410  85.0288; 341.2677 1.36  1.90  1.49E-02 

45 L-Proline a [M+H]+ 116.0706  70.0657 0.89  0.60  2.52E-03 

46 L-Threonine a [M+H]+ 120.0655  74.0605; 56.0502 1.06  0.72  5.52E-03 

47 LysoPC (18:2) [M+H]+ 520.3382  
184.0730; 104.1072; 

502.3278 
1.05  0.81  4.94E-03 

48 LysoPC (18:3)  [M+H]+ 518.3210  184.0730; 104.1072 1.21  0.74  1.92E-02 

49 LysoPC (20:2) [M+H]+ 548.3694  184.0731; 104.1071 1.06  0.74  2.45E-02 
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50 LysoPC (20:4) [M+H]+ 544.3385  
526.3331; 184.0729; 

104.1071 
0.91  0.58  4.66E-02 

51 LysoPE (16:0)  [M-H]- 452.2768  255.2328; 196.0375 1.05  0.70  4.48E-03 

52 LysoPE (18:2) [M-H]- 476.2775  279.2331; 196.0373 1.13  0.68  1.89E-02 

53 Malic acid a [M-H]- 133.0131  115.0025; 71.0125 1.44  1.95  1.05E-03 

54 Methionine sulfoxide a [M+H]+ 166.0529  
120.0806; 74.0242; 

56.0501 
1.07  0.40  6.59E-04 

55 MG (15:0) [M-H]- 315.2535  223.0282; 91.0208 0.59  0.58  2.12E-03 
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56 N-Acetylalanine a [M-H]- 130.0497  88.0391; 58.0285 0.81  0.69  4.11E-02 

57 N-Acetyl-L-glutamic acid a [M-H]- 188.0556  128.0342; 102.0548 1.36  0.99  3.63E-02 

58 N-Acetylneuraminic acid (NeuAc) [M-H]- 308.0984  98.0600; 87.0075 1.42  0.57  4.26E-03 

59 N-acetyl-ornithine a [M+H]+ 175.1073  70.0657 1.18  0.75  5.05E-03 

60 Ornithine a [M+H]+ 133.0970  116.0707; 70.0658 0.92  0.68  2.33E-02 

61 Orotidine a [M-H]- 287.0536  111.0189 0.78  0.61  3.48E-03 
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62 Palmitoleic acid a [M-H]- 253.2169  253.2172 1.13  0.63  2.17E-02 

63 Pantothenic acid a [M-H]- 218.1026  146.0813; 88.0391 2.48  2.34  4.44E-03 

64 Pentadecanoic acid [M-H]- 241.2168  
223.0282; 197.1541; 

59.0125 
0.93  0.79  2.40E-02 

65 Phosphodimethylethanolamine [M-H]- 168.0421  78.9578; 127.1433 1.17  0.83  5.82E-03 

66 Phosphorylcholine (CHOP) a [M+H]+ 184.0730  124.9997; 86.0968 1.46  1.20  3.72E-03 
67 Pyroglutamic acid a [M+H]+ 130.0497  84.0448; 56.0502 1.38  1.06  2.74E-02 
68 Stearoylcarnitine [M+H]+ 428.3719  85.0822; 369.2988 1.39  2.17  9.28E-04 

69 Taurine a [M+H]+ 126.0218  108.0166; 65.8262 0.69  1.91  1.66E-02 
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70 Uric acid a [M-H]- 167.0200  
124.0141; 96.0190; 

68.9944 
1.42  1.28  3.93E-02 

71 
Uridine diphosphategalactose 

(UDPgal) 
[M-H]- 565.0467  323.0286; 78.9577 0.86  0.77  3.55E-02 

72 Uridine monophosphate (UMP) a [M-H]- 323.0281  
78.9578; 96.9684; 

111.0188 
0.72  0.74  2.90E-03 

73 Xanthine a [M-H]- 151.0250  108.0191 0.32  0.56  4.41E-03 

74 Xanthosine monophosphate (XMP) a [M-H]- 363.0329  211.0002; 78.9578 1.80  1.43  2.15E-02 

Note: a The metabolite was identified by authentic standard. 
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4.3.3 TCS-disturbed proteins in thyroid 

To further interpret the TCS effects on thyroid, proteomics analysis was 

conducted to gain an overall picture of thyroid proteins. The altered proteins were 

enriched based on KEGG database using String. A total of 53 representative 

pathways (FDR < 0.05) in TCS (0.3%) group were enriched and 54 representative 

pathways (FDR < 0.05) in TCS (1.5%) group were identified with top 50 shown, 

among which 37 pathways overlapped in the two groups (Figure 4.7). We noted 

that TCA cycle, oxidative phosphorylation, valine, leucine, and isoleucine 

degradation and fatty acid metabolism were enriched in both groups, indicating 

TCS markedly disturbed the proteins in these pathways. The most pathways that 

were only enriched in TCS (1.5%) group were various amino acid metabolisms, 

which was consistent with the results of metabolomics analysis. Notably, 9 type 

of lysosomal enzymes that are essential for TH release [146] were downregulated 

in TCS (1.5%) treated group, spanning cathepsins (cathepsin C (Ctsc), pro-

cathepsin H (Ctsh), cathepsin L1 (Ctsl), and cathepsin Z (Ctsz), glycosidases 

(beta-galactosidase (Glb1), alpha-glucosidase (Gaa), and beta-glucuronidase 

(Gusb), sulfatase (Gns) and palmitoyl-protein hydrolase (Ppt 1) while 5 of them 

were also declined in TCS (0.3%) group, indicating the possible regulation of 

TCS on the release process of THs in both groups. Moreover, the levels of several 

proteins that are related to TH synthesis were also noted to be disturbed after TCS 
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exposure, including thyroglobulin (Tg), ATPase (ATP1a1 and ATP1b1), 

iodotyrosine deiodinase 1 (Iyd) and so on. The representative proteins are 

concluded in Table 4.3. 
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Table 4.3 Differential proteins in thyroid after TCS treatment. 

No
. 

Gene 
name 

Accession Description 
FC-
L/C 

FC-
H/C 

P value 

1 
Gnas P63094 Guanine nucleotide-binding protein G(s) subunit alpha isoforms short 

1.82  1.53  
1.20E-

03 

2 
Gnaq Q3UHH5 Guanine nucleotide-binding protein G(q) subunit alpha  

2.00  2.02  
1.25E-

04 

3 
Plcd1 Q8R3B1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1  

0.86  0.79  
4.60E-

05 

4 
Tg O08710 Thyroglobulin 

0.82  0.79  
2.80E-

03 

5 
Atp1a1 Q8VDN2 Sodium/potassium-transporting ATPase subunit alpha-1 

1.83  1.29  
2.31E-

02 

6 
Atp1b1 Q3TSQ1 Sodium/potassium-transporting ATPase subunit beta 

1.64  1.15  
1.08E-

02 

7 
Gpx4 Q3TI34 Glutathione peroxidase 

1.44  2.04  
1.62E-

02 

8 
Gsr Q3TXK9 Glutathione reductase (Fragment)  

0.99  2.55  
6.60E-

03 

9 Iyd 
Q9DCX8 Iodotyrosine deiodinase 1 1.48  1.35  3.60E-

02 
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10 
Ctsc Q3TIF1 Cathepsin C  

0.76  0.69  
1.10E-

02 

11 
Ctsh P49935 Pro-cathepsin H  

0.73  0.69  
3.00E-

03 

12 
Ctsl Q3TNC8 Cathepsin L1 

0.69  0.81  
3.00E-

03 

13 
Ctsz Q9WUU7 Cathepsin Z  

0.89  0.70  
2.50E-

02 

14 
Glb1 Q3TAW7 Beta-galactosidase 

0.91  0.71  
1.10E-

02 

15 
Gaa P70699 Lysosomal alpha-glucosidase  

0.98  0.80  
2.70E-

02 

16 
Gusb Q3TW82 Beta-glucuronidase 

0.92  0.79  
9.41E-

05 

17 
Gns Q3UBB0 Sulfatase domain-containing protein (Fragment)  

0.71  0.69  
1.00E-

02 

18 
Ppt1 Q3TEL0 Palmitoyl-protein hydrolase 1 

0.74  0.79  
3.00E-

03 

19 
Hk2 E9Q5B5 Hexokinase 1.62  1.18  

1.16E-
04 

20 
Pfkl P12382 ATP-dependent 6-phosphofructokinase 1.63  1.72  

2.40E-
03 
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21 
Pfkm P47857 ATP-dependent 6-phosphofructokinase 1.79  1.15  

1.02E-
02 

22 
Pgam1 Q3U7Z6 Phosphoglycerate mutase 0.97  1.46  

2.00E-
03 

23 
Pgam2 O70250 Phosphoglycerate mutase 2 0.89  1.40  

3.00E-
04 

24 
Ldha 

A0A1B0GSR
9 

L-lactate dehydrogenase 2.16  1.63  
7.00E-

04 

25 
Ldhb 

A0A6I8MX2
7 

L-lactate dehydrogenase 1.82  1.30  
1.35E-

02 

26 
Dld O08749 Dihydrolipoyl dehydrogenase, mitochondrial 

1.14  1.44  
8.00E-

04 

27 
Aldh3a1 B7ZN13 Aldehyde dehydrogenase 1.15  2.82  5.16E-

04 

28 
Aldh3b1 Q3TX25 Aldehyde dehydrogenase 1.09  2.88  7.28E-

04 

29 
Aldh9a1 Q3TG52 Aldedh domain-containing protein 0.98  1.31  2.00E-

03 

30 
Pcx Q3T9S7 Pyruvate carboxylase  

1.33  1.64  
1.80E-

02 

31 
Cs Q9CZU6 Citrate synthase, mitochondrial 

2.48  1.41  
8.70E-

03 
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32 
Aco2 Q99KI0 Aconitate hydratase, mitochondrial 

1.61  1.18  
6.00E-

04 

33 
Idh2 P54071 Isocitrate dehydrogenase [NADP], mitochondrial 

1.61  2.59  
8.74E-

04 

34 
Idh3b A0A668KL51 Isocitrate dehydrogenase [NAD] subunit, mitochondrial  

1.53  1.73  
8.00E-

04 

35 
Ogdh Z4YJV4 Oxoglutarate dehydrogenase (succinyl-transferring)  2.04  2.17  2.22E-

02 

36 
Sucla2 Q3U6C7 Succinate-CoA ligase subunit beta (Fragment)  1.48  1.21  4.40E-

03 

37 
Suclg2 Q9Z2I8 Succinate--CoA ligase [GDP-forming] subunit beta, mitochondrial 1.10  1.32  1.50E-

03 

38 
Sdha Q8K2B3 

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, 
mitochondrial  

1.11  1.36  1.90E-
02 

39 
Mdh2 P08249 Malate dehydrogenase, mitochondrial 1.03  1.25  7.30E-

03 

40 
Got2 P05202 Aspartate aminotransferase, mitochondrial 

1.45  1.15  
4.50E-

02 

41 
Acat2 Q8CAY6 Acetyl-CoA acetyltransferase, cytosolic 

0.71  0.71  
1.56E-

04 

42 
Acly Q3TED3 ATP-citrate synthase 

2.07  1.76  
1.58E-

01 
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43 
Idh1 O88844  Isocitrate dehydrogenase [NADP] cytoplasmic 0.59  0.80  

3.01E-
04 

44 
Fasn Q3UHT6 3-hydroxyacyl-[acyl-carrier-protein] dehydratase 

1.82  1.03  
7.00E-

03 

45 
Ppt1 Q3TEL0 Palmitoyl-protein hydrolase 1 

0.74  0.79  
3.00E-

03 

46 
Acadl A0A0R4J083 Long-chain specific acyl-CoA dehydrogenase, mitochondrial 

2.07  1.94  
2.00E-

03 

47 
Acads Q07417 Short-chain specific acyl-CoA dehydrogenase, mitochondrial 

1.39  1.97  
2.00E-

03 

48 
Eci1 

A0A3Q4EC0
0 

Enoyl-CoA delta isomerase 1, mitochondrial  
1.85  2.70  

2.37E-
05 

49 
Hadha Q8BMS1  Trifunctional enzyme subunit alpha, mitochondrial 

1.51  1.44  
3.20E-

02 

50 
Acy1 A0A0R4J050 N-acyl-L-amino-acid amidohydrolase 0.86  0.66  

5.69E-
04 

51 
Ckb Q04447 Creatine kinase B-type 

0.87  0.57  
3.40E-

02 

52 
Acsl1 D3Z041 Long-chain-fatty-acid--CoA ligase 

0.99  1.80 
9.10E-

03 

53 
Glud1 P26443 Glutamate dehydrogenase 1, mitochondrial 

1.23  1.55  
4.11E-

02 
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54 
Ivd Q9JHI5 Isovaleryl-CoA dehydrogenase, mitochondrial  

1.29  1.49  
3.00E-

03 

55 
Guk1 E9Q7K1 Guanylate kinase 

0.71  0.77  
2.07E-

04 

56 
Gmpr Q9DCZ1 GMP reductase 1 

1.70  2.16  
3.00E-

04 

57 
Impdh2 

A0A0A6YY7
2 

Inosine-5'-monophosphate dehydrogenase 2 (Fragment) 
1.06  1.22  

1.30E-
02 

58 
Ak1 Q9R0Y5 Adenylate kinase isoenzyme 1 

0.83  1.51  
4.70E-

03 

59 
Hprt Q99KF5 Hypoxanthine phosphoribosyltransferase  

0.88  0.74  
4.90E-

02 

60 
Aprt P08030 Adenine phosphoribosyltransferase 

1.24  1.38  
2.72E-

04 
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Figure 4.7 Pathway enrichment of proteomics study. A. Venn diagram of the top 50 differential KEGG pathways in TCS (0.3%) group and 

TCS (1.5%) group. B. Enrichment analysis based on KEGG pathway identified a total of 53 differential pathways (FDR < 0.05) in TCS 

(0.3%) group with top 50 shown. C. Enrichment analysis based on KEGG pathway identified a total of 54 differential pathways (FDR < 0.05) 

in TCS (1.5%) group with top 50 shown. 
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4.3.4 Protein-metabolite joint pathway 

To integrate all the significant metabolites and proteins and to study the overall 

effects of TCS, joint pathway analysis was conducted (Figure 4.8). Fatty acid 

degradation, purine metabolism, TCA cycle, valine, leucine and isoleucine 

degradation, glycolysis/gluconeogenesis, and arginine and proline metabolism 

were noted to be affected by TCS. The repeatedly highlighted pathways, 

especially TCA cycle, glycolysis/gluconeogenesis, and fatty acid degradation, 

attracted our attention to the energy-related metabolism. Interestingly, TH 

synthesis was found to be affected, which is likely to be the evidence of thyroid 

toxicity of TCS. Additionally, calcium signaling pathway involved in TH 

synthesis, is also found to be disturbed in thyroid after TCS treatment, which is 

compliant with a previous report in muscle and heart [147]. As indicated by the 

GSH metabolism enriched in metabolomics analysis, lysosome enriched in 

proteomics analysis, calcium signaling pathway and TH synthesis enriched in 

joint pathway analysis, the synthesis and release of TH is likely to be disrupted 

by TCS exposure. Thus, we took a close look at the impacts of TCS on thyroid 

functions. 
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Figure 4.8 Metabolite-protein joint pathways.  
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4.3.5 Total TH levels in different brain regions 

Thinking of the decreased serum levels of THs and the behavioral disorders, we 

wondered whether the levels of THs in brain changed. Therefore, we quantified 

the TH levels in different brain regions with the hope to explore the association 

between the behavioral effects and decreased circulating THs induced by TCS 

exposure. As shown in Figure 4.9A, the levels of T4 remained unchanged. While 

the decreased T3 was observed in hypothalamus, hippocampus, corpus striatum 

and middle brain. These results were quite consistent with the distribution of TCS 

in brain regions (Figure 2.7). 
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Figure 4.9 The levels of THs in different brain regions. Data shown were the mean 

± SEM, n=8 mice per group, *P < 0.05, **P < 0.01 (one-way ANOVA analysis 

followed by Turkey’s post hoc test). 
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4.4 Discussion 

TCS is considered a thyroid disruptor because it is structurally similar to THs [94]. 

Growing evidence indicate TCS exposure could induce thyroid dysfunction and 

disrupt the TH homeostasis, resulting in hypothyroidism [55, 148]. THs is widely 

known to be of significance for brain functions and hypothyroidism in the adult 

has been reported to be associated with memory impairment, learning, 

attentiveness, and psychomotor [143, 149, 150]. Our previous results in Chapter 2 have 

found that the levels of TCS and its metabolites were high in thyroid and abnormal 

behaviors were observed in mice after the 20-week dermal exposure. With the 

aim to understand the TCS effects on thyroid as well as the associations between 

TH homeostasis and behavioral changes induced by TCS, we applied MS based 

techniques to analyze the changes in thyroid after TCS exposure at the levels of 

metabolites and proteins and quantify the total TH levels in serum and different 

brain regions. 

4.4.1 TCS disrupted the synthesis and the release of THs 

Synthesis and release of THs is under feedback regulation by the hypothalamic 

input to the pituitary resulting in the secretion of TSH. In this study, the serum 

levels of THs were decreased while the levels of TSH were increased in both TCS 

treated groups (Figure 4.2), indicating the occurrence of hypothyroidism, which 
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is usually a result of reduction of TH synthesis and release due to thyroid gland 

impairment [151]. Our results from metabolomics and proteomics pointed out that 

the synthesis and release of THs was disturbed by TCS through regulating the 

intracellular levels of iodide, Tg and hydrogen peroxide (H2O2) as well as 

downregulating the lysosomal enzymes (Figure 4.10). TH synthesis involves the 

iodination of tyrosyl residues on the precursor protein Tg, which uses high 

concentrations of H2O2 and is catalyzed by thyroid peroxidase (TPO). Iodide is 

essential in TH synthesis and is transported into thyrocyte by the sodium/iodide 

symporter (NIS) and scavenged via deiodinase [152]. The iodide uptake is a result 

of an active transport mechanism mediated by the NIS protein and powered by 

ATP. NIS activity is upregulated by TSH [153], thus, the elevated levels of 

sodium/potassium-transporting ATPase noted in our study is likely to be the 

response to the elevated TSH. Iyd was also found to be increased, indicating the 

elevation of iodide recycling. However, the iodide level in thyroid was found to 

be declined in the TCS (1.5%) group. TCS was previously reported as a NIS 

inhibitor [154], thus, our results suggested that TCS reduced the iodide uptake in 

thyroid via inhibiting NIS and the elevated Iyd is likely to be a kind of negative 

feedback regulation against the decreased iodide levels. Tg, the template of THs, 

is synthesized in the endoplasmic reticulum (ER) via a TSH-regulated pathway 

and used entirely in thyroid gland [155]. Despite of the upregulation of TSH and 
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Gnas (guanine nucleotide-binding protein G(s) subunit alpha), the levels of Tg in 

both TCS treated groups were downregulated (FC 0.82 in TCS (0.3%) group; FC 

0.79 in TCS (1.5%) group), warranting studies to further delineate at TCS effects 

on Tg synthesis. In thyroid, H2O2 is produced using oxygen and NADPH via Ca2+ 

dependent-dual oxidase 2 (DUOX2) [156]. However, the levels of protein 1-

phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1 (Plcd1) 

functioning in the release of intracellular Ca2+ were downregulated in TCS (1.5%) 

group. What’s more, H2O2 is widely known as a kind of ROS and can be reduced 

through GSH metabolism [157]. Our results also showed that the levels of 

glutathione peroxidase (Gpx4) and glutathione reductase (Gsr) were increased in 

both TCS exposure groups, indicating the increased H2O2 reduction. Thus, TCS 

may regulate the levels of H2O2 in thyroid through impacting on intracellular Ca2+ 

release in TCS (1.5%) group and GSH metabolism in both groups. As for the 

release of THs, the iodinated Tg is transported back into cell through endocytosis 

and then THs are cleaved by lysosome enzymes especially the cathepsins [158]. 

TCS is likely to disturb the release of THs as indicated by an overall declined 

levels of 9 lysosomal enzymes in TCS (1.5%) group and 5 in TCS (0.3%) group 

(Figure 4.10D). Taken together, we believed that TCS can disrupt the synthesis 

of THs through regulating the intracellular levels of iodide, Tg and H2O2 as well 

as the release of THs by downregulating the lysosomal enzymes. Furthermore, 
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because the declines of iodide and Plcb1 were only found in TCS (1.5%) group, 

and the downward trend of Tg in TCS (0.3%) group was more modest than in 

TCS (1.5%) group, thus, we hypothesized that the effects of TCS on TH synthesis 

and release in a dose-dependent manner. 

  



 

143 

 

Figure 4.10 TCS exposure affected TH synthesis and release. A. Overview of the 

disturbed TH synthesis and release. B. Iodide level in thyroid. Data shown were 

the mean ± SEM, n=8 per group, *P < 0.05 (one-way ANOVA analysis followed 

by Turkey’s post hoc test). C. Differential proteins involved in TH synthesis. D. 

Significant enzymes involved in lysosome. Protein data shown were the mean ± 

SEM, n=4 in control group, n=5 in TCS (0.3%) group, n=5 in TCS (1.5%) group, 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA analysis 

followed by Turkey’s post hoc test). NIS: sodium/iodide symporter; TSH: 

thyrotropin; TSHR: thyrotropin receptor; DUOX2: dual oxidase 2; TPO: 

thyroperoxidase; DIT: diiodotyrosine; MIT: monoiodotyrosine; Iyd: Iodotyrosine 

deiodinase 1. 
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4.4.2 TCS affected energy harvest and purine metabolism in thyroid 

We found for the markedly changes in glycolysis, TCA cycle, fatty acid 

metabolism and amino acid metabolism in thyroid after TCS exposure 

(selectively shown in Figure 4.11). Glycolysis was upregulated as indicated by 

the elevated levels of all altered proteins functioning in glycolysis spanning Hk2, 

Pfkl, Pfkm, Pgam1, Pgam2, Dld and Pcx. The differential proteins in TCA cycle 

showed a similar pattern of change including Cs, Aco2, Idh2, Idh3, Ogdh, Sucla2, 

Suclg2, Sdha, and Mdh2. Additionally, amino acid metabolisms that generate 

substrates for TCA cycle were upregulated as indicated by the declined levels of 

aspartic acid, methionine, threonine, glycine, lysine, 2-aminoadipic acid, and 

leucine as well as the upregulated proteins Got2 and Ivd. As the entry of arginine 

and proline synthesis from citric acid, Idh1 was downregulated, as a result, the 

downstream metabolites were in the same pattern. Fatty acid metabolism was 

upregulated to produce acetyl-CoA for TCA cycle, as supported by the decreased 

fatty acids, increased acylcarnitines, and upregulation of proteins functioning in 

degradation of fatty acids including Acsl1, Acadl, Acads, Eci1, Hadha. All the 

results pointed to an increased tendency of energy harvest. Interestingly, the levels 

of ATP in thyroid were elevated with FC 2.15 in TCS (0.3%) group and 2.57 in 

TCS (1.5%) group. The downregulation of Ckb, increased creatine as well as the 

upregulation of ATPase indicated the reduction of ATP storage as well the 
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increased usage of ATP in thyroid. It has been well-reported that glycolysis is 

very active in thyroid and is the predominant ATP supplier [159]. The results 

suggested that TCS exposure not only cause the upregulation of glycolysis and 

TCA cycle but also turn up the mechanisms of fatty acid and amino acid to meet 

the energy demands. 

The integrated analysis also revealed that purine metabolism in the thyroid was 

disturbed in response to TCS exposure (Figure 4.12). Purine metabolism consists 

of three pathways, de novo purine synthesis, salvage purine synthesis and purine 

degradation. As indicated by the decreased levels of CMP, Guk1, and Hprt, 

guanine salvage was decreased. However, adenine salvage presented a contrary 

pattern as supported by the upregulation of Arpt and Ak1, which eventually led 

to ATP production to meet the energy demand. We also noted for the upregulated 

levels of Gmpr, Impdh2, XMP, hypoxanthine and uric acid, suggesting the 

elevation of purine degradation. Uric acid is well-reported as a pro-oxidant in cell 

and promotes inflammation leading to cell apoptosis [160]. The increased levels of 

uric acid observed in both TCS treated groups indicating that TCS can upregulate 

the purine degradation and promote the production of uric acid, leading to 

inflammation and cell apoptosis in thyroid. What’s more, several epidemiologic 

study also reported that increased uric acid is associated with thyroid dysfunction 

[161, 162]. 
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Figure 4.11 Overview of the disturbed metabolic pathways in thyroid after TCS 

exposure.
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Figure 4.12 TCS exposure affected purine metabolism. A. Overview of the TCS-

affected purine metabolism in thyroid. B. Significant proteins involved in purine 

metabolism. Protein data shown were the mean ± SEM, n=4 in control group, n=5 

in TCS (0.3%) group, n=5 in TCS (1.5%) group, *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001 (one-way ANOVA analysis followed by Turkey’s post 

hoc test).  
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4.4.3 TCS affected the levels of T3 in several brain regions 

In humans, T4 is emitted into the bloodstream 14 times as much as T3 
[163]. It is 

widely accepted that T4 is the primary TH crossing the adult blood-brain barrier 

and the adult brain has access to sufficiently levels of T4 
[150]. Consistently, our 

results found for the unchanged T4 levels in brain despite the decreased T4 levels 

in serum (Figure 4.9). After entering the brain, T4 is converted to the active T3 

(three to four times more potent than T4) within cells by deiodinases [164]. Our 

results found that the levels of T3 were significantly decreased in hypothalamus, 

hippocampus, corpus striatum and middle brain in which TCS accumulated 

(Figure 4.9), indicating that TCS may affect the deiodinases in these brain regions 

and lead to the decreased T3 levels. THs in adult brain is critical for the 

maintenance of brain functions especially moods and cognition [149, 165], the 

declined levels of T3 may be one of the reasons for the behavioral disorders 

observed in the TCS exposed mice. The data suggest that reliance on serum TH 

levels as prescriptive of abnormal behavior outcomes may be too simplistic. 

Further study on the levels of deiodinases in different brain regions is needed for 

understanding the mechanism of TCS effects on brain TH levels and brain 

functions.  
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4.5 Chapter summary 

In this study, we integrated metabolomics and proteomics analyses to investigate 

the TCS effects on thyroid and study TCS behavioral effects at the perspective of 

thyroid-brain axis. Our research revealed that TCS exposure induced 

hypothyroidism and disrupted the synthesis and the release of THs by regulating 

iodine (uptake), Tg (synthesis) and H2O2 (production and reduction) and 

lysosomal enzymes. Additionally, TCS was found to increase energy harvest by 

upregulating glycolysis, TCA cycle, fatty acid metabolism and amino acid 

metabolism in thyroid to meet the energy demands. Purine metabolism was also 

disturbed by TCS with upregulation of adenine salvage to produce ATP and 

upregulation of purine degradation to produce uric acid that is a pro-oxidant. 

Based on the results of unchanged T4 and decreased T3 in brain, TCS is likely to 

affect brain functions and induce behavioral disorders via affecting the 

deiodinases in brain rather than affecting the circulating TH homeostasis, which 

needs further confirmation. Also, the association between the disturbed brain TH 

levels and the behavioral changes remains unknown and needs to be explored. 

Nevertheless, our results presented here improves the current understanding of 

the TCS effects on thyroid and brain functions. 
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Chapter 5 Metabolic and lipidomic analysis unveils dermal 

effects of TCS on HaCaT keratinocytes 

5.1 Introduction 

TCS is a high-volume chemical incorporated into various consumer goods and 

personal care products including clothing, toys, carpets, paints, toothpaste, 

mouthwash, hand sanitizers, and surgical soaps, typically at concentrations of 0.1-

0.3% [39, 43]. Due to its wide application, TCS is detected in human urine [166], 

breast milk [60] and blood [167]. Dermal exposure is one of the primary routes of 

human exposure to TCS. Dermal absorption of TCS was 9% or less of the 

administered amount as demonstrated in both in vivo and in vitro studies in 

humans [42]. However, elimination half-lives estimated after repeated cutaneous 

applications of TCS are greater than those reported following repeated oral 

applications [42]. As humans would contact TCS frequently in their lifetime, the 

skin toxicity of TCS should not be ignored. Repeated topical use of TCS was 

reported to cause serious skin lesions in mice [168]. However, the molecular 

mechanisms of dermal toxicity related to TCS exposure remain largely 

unascertained. 

In this chapter, MS-based metabolomics and lipidomics were conducted to 

explore the underlying dermal toxicity of TCS at the perspective of metabolic 

pathways using in vitro experiments [169]. The human immortal keratinocyte cell 
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line (HaCaT) was chosen because of its common use in assessment of xenobiotic-

mediated dermal risks [170]. Cell viability was firstly performed to explore 

cytotoxicity of TCS. Cellular metabolic changes caused by TCS exposure were 

evaluated. Measurements of relevant enzyme activities and intracellular substance 

levels were then conducted to verify the perturbed metabolic pathways. 

Intracellular ROS and antioxidation were measured to assess the oxidative stress 

in TCS-treated cells. The secretion of pro-inflammatory factors after TCS 

treatment was also examined. The obtained results served as new insights 

regarding on the mechanisms of TCS-induced dermal toxicity. 

5.2 Methods and Materials 

5.2.1 Regents and materials 

TCS standard was purchased from TCI (purity 98.0%, Tokyo Chemical Industry, 

Japan). Dulbecco’s modified eagle medium (DMEM) high glucose cell culture 

medium, fetal bovine serum (FBS), penicillin-streptomycin, 0.25% trypsin-

EDTA, and phosphate-buffered saline (PBS) were purchased from Gibco 

(Thermo Fisher Scientific, Waltham, MA). Dimethyl sulfoxide (DMSO), formic 

acid (FA), 4-chlorophenylalanine (4-Cl-Phe) and ammonium formate were 

obtained from Sigma-Aldrich (St. Louis, USA). Methanol (MeOH), acetonitrile 

(ACN), isopropanol (IPA), and methyl tert-butyl ether (MTBE) were of HPLC 
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grade (Duksan, Seoul, Korea). Standards of ceramide [Cer (d18:1/17:0)], 

sphingomyelin [SM (d18:1/12:0)], triglyceride [TG (15:0/15:0/15:0)], lyso-

phosphatidylcholine [LPC (19:0)] and phosphatidylcholine [PC (19:0/19:0)] were 

purchased from Avanti Polar Lipids (Alabama, USA). DI water purified by a 

Millipore water purification system (Synergy UV, Bedford, MA) were utilized 

throughout the experiment. 

5.2.2 Cell culture 

The human immortal keratinocyte cell line (HaCaT) was purchased from the 

Kunming Cell Bank of the Chinese Academy of Sciences. Briefly, HaCaT cells 

were maintained in DMEM medium containing 10% FBS and 1% penicillin-

streptomycin under an atmosphere of 5% CO2 at 37 ℃. 

5.2.3 Cell viability assay 

HaCaT cells were seeded at a density of 2×104/well in 96-well plates for 24 h. 

The cells were then treated with a series of concentrations of TCS in serum-free 

DMEM containing 1% penicillin-streptomycin for 24 h. CellTiter 96 AQueous 

One Solution Cell Proliferation Assay (Promega, Madison, WI) was used for 

evaluating cell viability, which contains a tetrazolium compound of MTS [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphenyl)-2H-

tetrazolium, inner salt] as the working solution. Finishing the exposure, the 
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medium was removed and 120 μL of culture medium containing 20 μL of MTS 

solution reagent was added to each well followed by another two-hour incubation 

in 37 °C. The absorbance was measured at 490 nm using a Victor X3 multilabel 

plate reader (PerkinElmer, Waltham, MA). The results were presented as a 

percentage of cell viability compared to the control group.  

5.2.4 Cellular metabolite extraction for metabolomic and lipidomic 

analysis 

A total of 1.25×106 cells were initially plated in 6 cm culture dishes with fresh 

medium for 24 h. Then, the cells were cultured in serum-free medium with TCS 

concentrations of 0, 1, 5, and 10 μM for another 24 h. Twelve duplicates were 

prepared for each group. After the 24 h-exposure, the exposure medium was 

removed, and the cells were quickly rinsed with PBS. Then the cells were rapidly 

quenched by 250 μL of chilled MeOH/H2O (4:1, v/v) and harvested with scrapers. 

The dishes and scrapers were rinsed by another 250 μL of chilled MeOH/H2O 

(4:1, v/v). The cell suspensions were combined into 2.0 mL Eppendorf tubes. The 

cell lysis was achieved through three cycles of freeze-thaw with liquid nitrogen. 

Eight samples were conserved in liquid nitrogen for further extraction while the 

rest four samples were for measuring protein concentrations by BCA Protein 

Assay Kit (Beyotime Institute of Biotechnology, Beijing, China) to normalize the 

cell number. 
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For metabolite extraction, the disrupted cell suspensions were centrifuged at 

15,000 ×g for 10 min at 4 ℃. The supernatants were collected and dried at 4 ℃ 

using a Max-Up (NB-504CIR) IR vacuum concentrator (N-Biotek Inc., 

GyeongGi-Do, Korea). The residues were then redissolved proportionally to 

protein concentration in 50% methanol/H2O containing 1 μg/mL of 4-Cl-Phe as 

the IS. The supernatants were collected after centrifugation (15,000 ×g, 10 min, 

4 ℃). QC sample was prepared by pooling 20 μL of solution from each sample 

in all groups. 

For lipid extraction, 1.2 mL of MTBE was added to the cell lysate, followed by a 

10-minute vortex for extraction. Then, 200 μL water was added to promote phase 

separation. After a 10 min equilibration, samples were subsequently centrifuged 

at 15,000 ×g for 10 min at 4 ℃ for the upper organic phase collection. The lower 

phase was re-extracted with 400 μL of MTBE/MeOH/water (12:4:3, v/v/v) and 

the upper phase was collected. The combined organic phases were dried at 4 ℃ 

using the vacuum concentrator and stored at -80 ℃. Before analysis, the residuals 

were reconstituted in ACN/IPA/H2O (65:30:5, v/v/v) containing 5 μg/mL of Cer 

(d18:1/17:0), SM (d18:1/12:0), TG (15:0/15:0/15:0), LysoPC (19:0) and PC 

(19:0/19:0) as the IS with a volume proportional to protein concentration 

measured in prior. The supernatants were then collected after vortex and 
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centrifugation (15,000 ×g, 10 min, 4 ℃). QC samples was prepared by mixing 20 

μL solution from each sample. 

5.2.5 Instrumental analysis 

The profiles of small molecular metabolites were analyzed using a UHPLC 

coupled to a QExactive Focus Hybrid Quadrupole-Orbitrap MS with a Waters 

ACQUITY UPLC HSS T3 column (1.7 μm particles, 2.1 mm × 100 mm, Waters, 

Milford, MA). The detailed instrument parameters are listed in Table 5.1. The 

extracted lipids were analyzed on an UHPLC system coupled to an Orbitrap 

Fusion Tribrid Mass Spectrometer (Thermo Scientific) using an ACQUITY 

UPLC BEH C18 column (1.7 μm particles, 2.1 mm × 100 mm, Waters, Milford, 

MA). The instrument parameters are listed in detail in Table 5.2. 
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Table 5.1 Instrument parameters in HaCaT cell metabolomics analysis. 

Instrument Ultimate 3000 UHPLC system coupled with a Q-

Exactive mass spectrometer (Thermo Scientific) 

Analytical column ACQUITY UPLC HSS T3 column (1.7 μm particles, 

2.1 mm × 100 mm), equipped with a guard column (5 

× 2.1 mm; 1.7 mm) (Waters, Milford, MA) 

Column temperature 30 °C 

Mobile phase A. Water with 0.1% FA 

B. Acetonitrile with 0.1% FA 

Elution gradient 0.0-1.0 min, 2% B;  

1.0-19.0 min, 2% B-100%B;  

19-21 min, 100% B;  

21-25 min, 2% B. 

Injection volume 10 μL 

Flow rate 0.3 mL/min 

ESI conditions Capillary voltage: 3.5 kV (positive ion mode); 2.5 kV 

in (negative ion mode). 

Capillary temperature: 350 °C  

Probe heater temperature: 320 °C 

Sheath gas flow: 45 arbitrary units. 
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Aux gas flow: 10 arbitrary units. 

Sweep gas flow: 1 arbitrary unit. 

Full scan parameters Scan range (m/z): 50-1000  

Resolution: 35,000 

PRM mode Collision Energy (eV): 10, 20, 40 

Table 5.2 Instrument parameters in HaCaT cell lipidomics analysis. 

Instrument Thermo Scientific UHPLC coupled to an Orbitrap 

Fusion MS (Thermo Scientific) 

Analytical column ACQUITY UPLC C18 column (2.1 mm × 100 mm, 1.7 

μm particles), equipped with a guard column (5 × 2.1 

mm; 1.7 mm) (Waters, Milford, MA) 

Column temperature 30 °C 

Mobile phase A. ACN/water (60:40, v/v) with 10 mM ammonium 

formate and 0.1% formic acid 

B. ACN/IPA (90:10, v/v) with 10 mM ammonium 

formate and 0.1% formic acid 

Elution gradient 0.0-1.0 min, 30% B;  

1.0-2.0 min, 30.0%-45.0% B; 

2.0-7.0 min, 45.0%-70% B; 
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7.0-9.0 min, 70%-85% B; 

9.0-17.0 min, 85%-100% B; 

17.0-19.0 min, 100% B; 

19.0-20.0 min, 100%-30% B; 

20.0-24.0 min, 30% B 

Injection volume 5 μL 

Flow rate 0.26 mL/min 

ESI conditions Capillary voltage: 3.0 kV (positive ion mode); 3.0 kV 

in (negative ion mode). 

Ion transfer tube temperature: 285 °C 

Vaporizer temperature: 300 °C 

Sheath gas flow: 50 arbitrary units. 

Aux gas flow: 15 arbitrary units. 

Sweep gas flow: 1 arbitrary unit. 

Full scan parameters Scan range (m/z): 100-1200  

Resolution: 120,000 

High-energy 

collision 

dissociation (HCD) 

MS2 mode 

Resolution: 30000  

HCD collision energy: 25% 

±HCD collision energy:5%. 
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5.2.6 Data processing 

The Xcalibur Software v.4.1 (Thermo) was used for data acquisition and 

pretreatment. For the metabolomics data, chromatography peak alignment and 

feature extraction were achieved using XCMS and peakFinder package in R 

language. Finally, a data set including m/z, retention time (RT), and peak intensity 

was output. For lipid peak search and alignment, the software LipidSearch 

(Thermo) was used. The mass tolerance for precursor and fragment ions was set 

to 10 ppm. The threshold of m-score was set to 5. Adduct ions of [M+H]+, 

[M+NH4]+ and [M+Na]+ were searched in positive ionization mode, meanwhile 

[M-H]- and [M+HCOO]- were selected for negative ionization mode. The 

identification information and peak intensity were exported for further data 

processing. For lipidomics data, a signal correction was then conducted by using 

IS-based normalization.  

Features with RSD > 30% in QC samples were excluded and the resulted data 

matrix was imported into software SIMCA-P (Version 14.1, Umetrics, Umea, 

Sweden) for PLS-DA. The differential metabolites between the control and TCS-

treated groups were selected based on three criteria: (1) the VIP score in PLS-DA 

model > 1; (2) P value < 0.05 in comparison of the control group; (3) fold change > 

1.2 or < 0.8 by comparing the peak intensity in exposure group with control group. 

The potential biomarkers were structurally identified by matching MS/MS 



 

160 

fragments with databases including METLIN (http://metlin.scripps.edu/) and 

HMDB (http://www.hmdb.ca/). Further confirmation was achieved by MS/MS 

matching with standards. Pathway analysis was performed using MetaboAnalyst 

according to the KEGG pathway database (www.genome.jp/kegg/). 

5.2.7 Biological determinations related to disturbed pathways 

To further explore the mechanisms, xanthine oxidase (XOD) activity involved in 

purine metabolism, the activity of glutathione peroxidase (GSH-Px) related to 

glutathione metabolism, and intracellular ammonia level associated with amino 

acid metabolism were examined. TCS-exposed cells were lysed with cell lysis 

buffer and harvested with scrapers. The supernatants were then collected after 

centrifugation (15,000 ×g, 5 min, 4 °C). The activities of XOD and GSH-Px were 

then determined using the assay kit purchased from Nanjing Jiancheng 

Bioengineering Institute (China), and Beyotime Institute of Biotechnology 

(Beijing, China) following the manufacturer’s instructions. For the quantification 

of intracellular ammonia, cell suspensions were harvested with MeOH/H2O (4:1, 

v/v) with scrapers. The cell disruptions were performed by three cycles of freeze-

thaw with liquid nitrogen, followed by centrifugating at 15,000 ×g for 5 min at 

4 °C. The supernatants were then collected to quantify intracellular ammonia 

using the Ammonia Assay Kit (Sigma-Aldrich Chemical, Milwaukee, WI) 
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following manufacturer’s protocol. The results were normalized according to the 

protein concentration. 

5.2.8 ROS detection and activities of enzymes related to oxidative stress 

Cellular ROS was detected using the molecular probe 2',7′-

dichlorodihydrofluorescein diacetate (H2DCF-DA, Life technologies, Eugene, 

OR). After TCS treatment for 24 h, HaCaT cells were incubated with 10 μM 

H2DCF-DA for 30 min at 37 °C and then washed three times with serum-free 

medium before the fluorescence detection. Fluorescence intensities were 

measured by plate reader. Several specific assay kits (Beyotime Institute of 

Biotechnology, Beijing, China) were purchased to measure the activities of 

superoxide dismutase (SOD) and catalase (CAT) as well as the level of 

malondialdehyde (MDA) in cell lysate. The assays were conducted according to 

the manufacturer’s instructions, and the results were normalized by protein 

concentrations. 

5.2.9 Pro-inflammatory factor measurements 

The levels of IL-1β, IL-6, IL-8, IL-10, TFN-α in cell mediums collected after TCS 

exposure were measured using a multi-cytokine assay (R&D System, USA) and 

the data was normalized by protein concentrations. 
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5.2.10 Statistical analysis 

Statistical difference among groups was analyzed by one-way ANOVA using 

SPSS 24.0 software (IBM, USA). Bonferroni (homoscedasticity) or Dunnett T3 

(heteroscedasticity) post hoc tests was carried out based on the homogeneity of 

variance determined by Levene′s test. P-values less than 0.05 were statistically 

significant. 

5.3 Results 

5.3.1 Cytotoxicity of TCS 

Cell viability assay was performed to optimize the TCS concentrations to treat 

HaCaT cells for metabolomics and lipidomics studies. To begin with, cell 

viabilities under FBS concentrations ranging from 0-10% were measured to 

optimize culture medium used in the 24-h exposure. The results showed that there 

was no difference in cell viability with different FBS concentrations (Figure 5.1), 

therefore, serum-free medium was used to eliminate the integration of TCS with 

proteins in FBS. The cell viabilities obtained under a series of TCS concentrations 

are shown in Figure 5.2B. It could be found that the cytotoxicity of TCS was not 

obvious when the TCS concentration was lower than 1 μM. The number of HaCaT 

cells decreased gradually as the TCS concentrations increased from 1 μM to 5 μM, 

which was statistically significant (P values < 0.05). When the TCS concentration 
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reached to 10 μM or higher, the cell viability decreased steeply and was 72% at 

10 μM, 12% at 15 μM. Finally, 1 μM, 5 μM and 10 μM of TCS were chosen as 

low, medium, high-dose exposure concentrations, respectively. 

 

Figure 5.1 Cell viability of HaCaT cells with FBS concentrations ranging from 0 

to 10%. Data were the mean ± SD of n = 4.
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Figure 5.2 Overall results of metabolomics analysis. Molecular structure of TCS (A); Cytotoxicity of different TCS concentrations in HaCaT 

cells (B), data are expressed as means ± SD, n=6, *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA analysis followed by post hoc test 

in comparison to control group); Scatter plots obtained from PLS-DA models: LC-MS-ESI positive-ion mode (C) and LC-MS-ESI negative-

ion mode (D); Pathways analysis of the metabolic biomarkers (E).
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5.3.2 Cellular metabolomics 

Global metabolomics analysis was conducted to investigate metabolic 

perturbations related to TCS exposure in HaCaT cells. A total of 4083 and 3766 

metabolic features were detected in the positive and negative ionization mode, 

respectively, which were imported into SIMCA-P to establish PLS-DA models 

(Figure 5.2C and D). The R2Y and Q2 were two indicators to initially validate 

the PLS-DA models. The R2Y and Q2 values of the two established models were > 

0.5, indicating the goodness of fit and prediction of the PLS-DA models. The 

developed PLS-DA models were further validated by 200-time permutation tests 

(Figure 5.3). The results showed that the PLS-DA models were not overfitting. 

 

Figure 5.3 Validation of the developed PLS-DA models (metabolomics data) 

using the 200-time permutation tests. Validation plot of PLS-DA model for 

positive ionization mode (A); Validation plot of PLS-DA model for negative 

ionization model (B). R2=the goodness of fit (green circle); Q2=the predictive 

capability (blue square).  
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As shown in Figure 5.2C and D, overlaps of samples were observed between the 

control group and low-does exposure group, which indicated that low-does TCS 

cause unobvious changes of intracellular metabolites. Significant differences 

were observed between the control group and medium-does (5 μM) as well as 

high-does exposure group (10 μM). Meanwhile, high-does exposure group 

differentiated obviously with the other exposure groups. The results suggested 

that high-does TCS exposure obviously disturbed intracellular metabolism in 

HaCaT cells. The volcano plots further indicated that TCS affected the HaCaT 

cells in a dose-dependent manner (Figure 5.4) since more significant metabolites 

were found in high-does TCS exposure group. 
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Figure 5.4 Volcano plots of metabolomics data in HaCaT cells; Plots of the high-

dose exposure (10 μM) (A); Plots of the medium-dose exposure (5 μM) (B); Plots 

of the low-dose exposure (1 μM) (C); The blue triangle represented metabolic 

features with FC < 0.8 and P < 0.05, the red triangle represented metabolic 

features with FC > 1.2 and P < 0.05.
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Based on the three criteria, a series of metabolic features were selected for MS/MS 

fragmentation analysis. Through structural matching, a total of 43 potential 

biomarkers were identified (Table 5.1) mainly including amino acids, peptides, 

nucleosides, nucleotides, and phospholipids. The most relevant metabolic 

pathways altered by TCS exposure were analyzed using MetaboAnalyst 

according to the KEGG database (Figure 5.2E). According to the results, the 

potential biomarkers were involved in purine metabolism, GSH metabolism, and 

metabolisms of various amino acids (alanine, aspartate, glutamate, cysteine, and 

methionine). 

5.3.3 Cellular lipidomics 

According to the results of metabolomics analysis, several potential metabolic 

biomarkers were lipids. We wondered whether TCS would also induce 

intercellular lipid dysregulation in HaCaT cells. Therefore, changes of lipid 

metabolism were simultaneously investigated through lipidomics analysis. PLS-

DA score plots and volcano plots showed TCS treatment induced significant 

disturbances of intracellular lipids (Figure 5.5). The details were further discussed 

in discussion section. 
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Table 5.3 Identification of potential small molecular biomarkers in HaCaT cells (in order of descending FC). 

N
o. 

Compounds RT 
(mi
n) 

m/z ppb 
b 

MS pattern VI
P 

F
C 

P 
value 

Related Pathway 

1 Adenosine a 1.73 268.1040 (+) 0 136.0620 1.2
6 

5.7
8 

1.95E-
03 

Purine Metabolism 

2 Adenine a 1.64 136.0618 (+) 1 119.0357, 92.0251 1.3
6 

3.0
2 

3.56E-
04 Purine metabolism 134.0472 (-) 9 107.0351, 92.0239 1.0

8 
2.8
4 

9.22E-
03 

3 Inosine a 1.04 303.0502     [
M+Cl]- 

0 267.0740, 135.0303 1.3
0 

2.7
9 

1.03E-
03 

Purine metabolism 

4 N-Acetylaspartate a 1.73 174.0408 (-) 4 88.0391, 52.0285 1.5
2 

2.5
5 

1.58E-
25 

Alanine, aspartate and glutamate 
metabolism 

5 Guanine a 1.74 152.0567 (+) 2 135.0729, 110.0354 1.0
0 

2.1
6 

5.47E-
04 

Purine metabolism 

6 Hypoxanthine a 2.16 135.0312 (-) 9 92.0241, 65.0133 1.1
0 

2.0
3 

1.18E-
02 

Purine metabolism 

7 Guanosine a 3.88 282.0844 (-) 2 150.0421, 133.0117, 
108.0190 

1.1
1 

2.0
2 

1.23E-
02 

Purine metabolism 

8 S-
Adenosylhomocystein

e a 

3.29 385.1289 (+) 0 136.0620, 88.0223, 
250.0726 

1.4
9 

2.0
1 

3.31E-
16 

Cysteine and methionine 
metabolism 

9 Dihydroxyacetone 
phosphate 

1.03 168.9907 (-) 4 78.9578, 96.9684 1.4
6 

1.9
6 

1.00E-
06 

Glycolysis/Gluconeogenesis 

10 Cystathionine 0.91 223.0747 (+) 1 134.0274, 88.0221, 
56.0503 

1.1
2 

1.7
7 

5.02E-
04 

Cysteine and methionine 
metabolism 
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11 GSSG a 2.91 613.1592 (+) 0 484.1175, 355.0744, 
231.0483 

1.3
6 

1.7
2 

1.14E-
04 

Glutathione metabolism 

12 GSH a 1.77 308.0911 (+) 0 76.0244, 162.0222, 
179.0488 

1.3
3 

1.6
4 

7.23E-
03 

Glutathione metabolism 

13 Phosphocholine a 0.94 184.0733 (+) 1 125.0002, 86.0971, 
60.0817 

1.4
2 

1.5
5 

3.99E-
07 

Glycerophospholipid metabolism 

14 S-
Adenosylmethionine a 

1.08 399.1445 (+) 1 250.0938, 136.0627, 
97.0290 

1.3
3 

1.3
6 

1.17E-
07 

Cysteine and methionine 
metabolism 

15 GMP a 1.82 364.0653 (+) 0 152.0570,135.0308, 
97.0291 

1.0
4 

1.3
2 

1.06E-
03 

Purine metabolism 

16 Cys-Gly 1.68 179.0485 (+) 2 58.9959, 76.0223, 
116.0169 

1.3
6 

1.3
0 

4.10E-
06 

Glutathione metabolism 

17 Glycylproline 1.07 173.0921 (+) 0 70.0659 1.1
8 

1.2
8 

6.59E-
05 

End product of collagen 
metabolism 

18 5'-
Methylthioadenosine 

6.57 298.0968 (+) 0 136.0620, 119.0351 1.0
4 

1.2
2 

2.69E-
03 

Cysteine and methionine 
metabolism 

19 Threonine a 0.96 118.0510 (-) 8 74.0235, 72.0078 1.1
1 

0.7
8 

4.87E-
02 

Glycine, serine and threonine 
metabolism 

20 Glutamine a 0.88 145.0619 (-) 5 127.0503, 109.0396, 
84.0443 

1.1
6 

0.7
9 

8.54E-
05 

Alanine, aspartate and glutamate 
metabolism             

21 N-acetylglutamate a 2.66 188.0564 (-) 2 102.0549, 128.0343, 
59.0126 

1.2
4 

0.7
4 

3.44E-
05 

CSP1 activator 

22 FAD a 5.58 784.1499 (-) 0 437.0869, 346.0556 1.1
0 

0.7
4 

7.03E-
05 

Riboflavin metabolism 

23 Glutamic acid a 0.91 146.0459 (-) 6 102.0549, 128.0343, 
146.0449 

1.3
6 

0.6
9 

1.26E-
04 

 Alanine, aspartate and glutamate 
metabolism                             

24 UDP-N-
acetylglucosamine a 

1.38 606.0743 (-) 0 158.9266, 272.9572, 
384.9844 

1.1
1 

0.6
5 

6.93E-
03 

Amino sugar and nucleotide sugar 
metabolism 
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25 NAD+ a 2.24 664.1164 (+) 0 136.0620, 428.0371, 
232.0832 

1.3
6 

0.6
4 

2.45E-
05 

Nicotinate and nicotinamide 
metabolism 

26 Arginine 1.08 175.1190 (+) 0 116.0711, 70.0660, 
60.0565 

1.4
7 

0.6
1 

2.92E-
05 

Arginine and proline metabolism 

27 ATP a 1.68 508.0030 (+) 0 410.0268, 136.0621 1.3
3 

0.5
4 

9.74E-
03 

Purine metabolism 

28 GDP a 1.67 444.0316 (+) 1 152.0569, 97.0291, 
135.0305 

1.4
8 

0.5
1 

2.41E-
03 

Purine metabolism 

29 LPS (18:1) 16.3
5 

524.2983 (+) 0 339.2898, 352.2853 1.4
9 

0.5
0 

3.12E-
03 

Lipid metabolism 

30 ADP a 1.56 426.0221 (-) 0 78.9578, 158.9245, 
134.0426 

1.3
3 

0.5
0 

4.18E-
04 

Purine metabolism 

31 Phosphoenolpyruvate 1.05 166.9751 (-) 6 78.9578 1.1
4 

0.4
7 

1.55E-
02 

Glycolysis/Gluconeogenesis 

32 Fructose 1,6-
bisphosphate a 

1.04 338.9888 (-) 0 78.9578, 96.9684, 
241.0118 

1.4
5 

0.4
1 

3.79E-
05 

Glycolysis/Gluconeogenesis 

33 Alanine a 0.92 90.0555 (+) 6 90.0555 1.5
4 

0.3
8 

1.19E-
06 

Alanine, aspartate, and glutamate 
metabolism 

34 Ornithine a 0.72 133.0972 (+) 1 116.0710, 70.0659 1.5
0 

0.2
9 

2.26E-
03 

Arginine and proline metabolism 

35 Putrescine a 0.79 89.1073 (+) 6 72.0816, 55.0551 1.5
5 

0.2
8 

1.08E-
19 

Arginine and proline metabolism 

a The metabolite was identified by authentic standard. 

b The Δppm was calculated compared with the theoretical value. 
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Figure 5.5 PLS-DA score plots and volcano plots of lipidomics data in HaCaT 

cells. The blue triangle represented lipid features with FC < 0.8 and P < 0.05, the 

red triangle represented lipid features with FC > 1.2 and P < 0.05. 

  



 

173 

5.4 Discussion 

5.4.1 TCS-induced ROS overproduction through disturbing purine 

metabolism 

The perturbance of purine metabolism was highly associated with TCS exposure 

in HaCaT cells as indicated in the pathway analysis. Most of the metabolites in 

purine metabolism were observed to be upregulated (Figure 5.6). When compared 

the high-dose group with the control group, the levels of GMP, adenosine, adenine, 

inosine, guanosine, hypoxanthine, and guanine were obviously elevated with FCs 

as 1.32, 5.78, 3.02, 2.79, 2.02, 2.03 and 2.16 respectively. GDP was found to 

decrease, suggesting that the balance of GDP and GMP was biased with more 

GMP generated. Therefore, these results revealed the possible upregulation of 

purine metabolism. Besides, it was notable that both the levels of ATP and ADP 

in high-dose exposure group were lower than those in control group (Figure 5.6A 

and B) with FCs as 0.54 and 0.50, indicating the increase of the purine degradation 

since ATP and ADP were at the upstream of the pathway. At the downstream of 

purine metabolism, with hypoxanthine and xanthine as the substrates, XOD 

catalyzes the terminal two reactions along with H2O2 produced. XOD activity in 

HaCaT cells significantly enhanced after high-dose TCS exposure (Figure 5.6D). 

Besides, we further imaged the real-time generation of ROS using the fluorescent 

probe of H2DCF-DA. The markedly higher signals observed in TCS-treated 

HaCaT cells compared with those in the control group indicated that TCS induced 

excessive accumulation of ROS in skin cells (Figure 5.6E). Collectively, all the 
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results demonstrated that TCS exposure is likely to inducing ROS overproduction 

by disturbing the purine metabolism. 

 

Figure 5.6 TCS-induced changes of the metabolic biomarkers related to purine 

metabolism (A-D), data are expressed as means ± SD, n = 8 (B and C) and 4 (D), 

*P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA analysis followed by 

post hoc test in comparison to control group); ROS generation in TCS-exposed 

HaCaT cells (E). 
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5.4.2 TCS affected GSH and amino acid metabolism in keratinocytes 

TCS treatment also significantly disturbed GSH metabolism as well as alanine, 

aspartate, and glutamate metabolism. Most of the metabolites in GSH metabolism 

were upregulated while the contents of general metabolites related to alanine, 

aspartate and glutamate metabolism were observed to decrease (Figure 5.7A). 

GSH and GSSG, a critical redox couple, were both up-regulated in a dose-

dependent manner (Figure 5.7B). The activity of GSH-Px that catalyzes the 

oxidation of GSH into GSSG to reduce cellular ROS to low toxic product also 

increased in a dose-dependent manner (Figure 5.7C). Taken together of the above 

analysis, high-dose TCS exposure induced the overproduction of ROS and in turn 

accelerated the conversion of GSH to GSSG as adaptive responses. 

In alanine, aspartate, and glutamate metabolism, most of the identified 

metabolites were found to be downregulated (Figure 5.7D). Meanwhile, the 

ammonia levels in TCS-treated HaCaT cells were measured to be elevated 

remarkably (Figure 5.7E). The main source of intracellular ammonia is the 

oxidative deamination of amino acids, especially glutamic acid. A critical way to 

remove ammonia from our body is an amino nitrogen conversion to a urea, 

followed by urea excretion from the body via the urine [171]. The decreased level 

of glutamic acid may represent the increased oxidative deamination. The 

accumulation of ammonia may be a result of the reduction of urea cycle to excrete 

ammonia as indicated by the decline of N-acetylglutamate that is an essential 

allosteric activator of carbamoyl phosphate synthetase I (CPS1), the rate-limiting 

enzyme of the urea cycle [34] as well as downregulation of ornithine, arginine, and 
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aspartic acid in urea cycle. Taken together, TCS exposure led to disorder of amino 

acid metabolism in keratinocytes. 

On the basic of the above results, we could conclude that TCS exposure induced 

the imbalance of ROS production and reduction causing oxidative stress and a 

prooxidant environment in normal keratinocytes. Consequently, we determined 

the activities of SOD and CAT as well as the MDA contents in cell lysis for further 

confirmed (Figure 5.8). Functioning as antioxidant enzymes, SOD showed 

elevated activities in response to high-dose TCS exposure, while the activities of 

CAT decreased significantly, which could lead to the intracellular accumulation 

of H2O2. Besides, we also noted for the elevated levels of MDA in HaCaT cells 

after high-dose TCS treatment, indicating that TCS exposure is likely to induce 

oxidative stresses and lipid peroxidation in normal keratinocytes. All the results 

clearly implicated high-dose TCS treatment changed cellular oxidative 

homeostasis in keratinocytes. 
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Figure 5.7 TCS-induced changes of the metabolites in glutathione and alanine, aspartate, and glutamate metabolism in HaCaT cells (A-E); 

Data are expressed as mean ± SD, n = 4 (C and E) and 8 (B and D). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA analysis followed 

by post hoc test in comparison to control group).
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Figure 5.8 TCS-induced changes of antioxidation in HaCaT cells: SOD activity 

(A), CAT activity (B), and MDA level (C). Data were mean ± SD, n = 4. *P < 

0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA analysis followed by post hoc 

test in comparison to control group).  
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5.4.3 TCS-induced dysregulation of lipid metabolism in keratinocytes 

TCS exposure also caused disturbances of lipid metabolism in keratinocytes. As 

shown in Figure 5.9, significant increases of the identified lipids including 

ceramide (Cer), phosphatidylcholine (PC), phosphatidylserine (PS), 

phosphatidylglycerol (PG) and triglyceride (TG) were noted. While, the levels of 

diacylglycerol (DG), phosphatidylethanolamine (PE) and sphingomyelin (SM) 

presented an opposite pattern. SM is formed by PC and Cer and its hydrolysis is 

regarded as a key signaling pathway in cell apoptosis. As indicated by the changes 

in Cer, PC and SM, the hydrolysis of SM was likely to be stimulated after TCS 

exposure. Besides, as previously reported that ROS can induce Cer production 

[172] , the accumulation of Cer noted in our study indicated again that the TCS 

exposure triggered ROS overproduction. PS, a component of the cell membrane, 

plays a key role in cell cycle signaling, specifically in relation to apoptosis 101. 

Since PS is known to be produced by base-exchange reactions with PE, the 

decline of PE signified the increased generation of PS. PG is a precursor for the 

synthesis of cardiolipin, an important component of the inner mitochondrial 

membrane [173]. The remarkable increase of PG suggested that TCS treatment 

disrupted the structure of mitochondrial membrane. Collectively, the perturbance 

in lipid metabolism served as important evidence of apoptotic in response to TCS 

exposure. 
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Figure 5.9 Heatmap of the identified lipids in HaCaT cells based on FCs after 

logarithmic transformation. 
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5.4.4 TCS-induced inflammation in keratinocytes 

Taking account of the above results, TCS exposure induced overproduction of 

ROS, leading to the upregulation of oxidative stress and apoptotic in HaCaT cells. 

It is commonly accepted that oxidative stress can initiate the inflammatory 

process resulting in synthesis and secretion of proinflammatory cytokines [174]. 

The skin has long been recognized as a major producer of cytokines [175]. 

Therefore, the excretion of several proinflammatory cytokines including IL-1β, 

IL-6, IL-8, IL-10, and TFN-α was measured to further explore the dermal toxicity 

of TCS. To begin with, our results found that phosphocholine, one of the binding 

targets of C-reactive protein was apparently elevated (Figure 5.10A). When a cell 

is damaged, CRP binds to phosphocholine, beginning the recognition and 

phagocytotic immunologic response [176]. The increased level of phosphocholine 

initially implicated for chronic inflammation in HaCaT cells. Additionally, the 

levels of proinflammatory cytokines excreted from HaCaT cells were all 

significantly higher after exposed to TCS (Figure 5.10B, C, D, E, and F). These 

results further pointed out that TCS exposure elevated cellular oxidative stress 

and stimulated inflammation. 
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Figure 5.10 TCS-induced changes of the inflammatory cytokines and 

inflammation-related metabolite in HaCaT cells. Data were mean ± SD, n = 8. *P 

< 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA analysis followed by post 

hoc test in comparison to control group). 
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5.5 Chapter summary 

The present study applied nontargeted metabolomics and lipidomics approaches 

to investigate the dermal toxicity triggered by TCS at a metabolic level, which 

can update the existing understanding of skin health risks of TCS application. 

Finally, 35 small molecular metabolites and 49 lipids were identified with 

significant changes in human keratinocytes after TCS exposure. The obtained data 

suggested that after TCS exposure, purine metabolism and GSH metabolism were 

upregulated, amino acid metabolism was downregulated, and lipid metabolism 

were disturbed in keratinocytes. These metabolic disorders contributed to the 

overproduction of ROS and the accumulation of ammonia, subsequently 

exacerbated oxidative damage to cause cell toxicity including inflammation and 

apoptosis. Taken together, the results are helpful to improve our understanding of 

the mechanism of TCS-related dermal toxicity at a molecular level. 
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Chapter 6 MS-based metabolomics and lipidomics analyses 

unveil the potential human effects associated with dioxins 

6.1 Introduction 

TCS, the common antimicrobial agent added to a variety of consumer goods and 

personal care products, can be flushed down the drain during daily use, leading to 

concentrations ranging from 1-10 μg/L in WWTP influent [177, 178]. Although more 

than 90% TCS can be removed after conventional activated sludge treatment, TCS 

can still pass through the WWTP and into surface waters [6, 7, 179]. After the water 

treatment, TCS is chemically transformed into CTDs. In surface water, TCS and 

CTDs can be photochemically transformed, yielding a range of PCDDs [180], 

which are a type of dioxins known to be toxic and carcinogenic. Thus, the levels 

of dioxins in surface water are linked to TCS and CTDs. Dioxins are stable, 

environmentally persistent, and accumulated in animal fat and tissues. Thus, food 

chain and consumption are the main sources of dioxin exposure in human [181], 

which is a kind of long-term chronic environmental exposure. However, long term 

exposed to daily levels of dioxins is difficult to explore and the resulted toxicity 

is hard to confirm. 

In this study, we integrated nontargeted metabolomics, nontargeted lipidomics 

and targeted analysis of acyl-CoAs and free fatty acids (FFAs), which not only 

obtained the global molecule changes towards dioxin exposure but also the 
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variations of acyl-CoAs and FFAs in human serum with the hope to figure out 

potential molecule metabolisms and human health risks associated with dioxins 

[182, 183].  

6.2 Methods and Materials 

6.2.1 Study population and sample collection 

The research protocol was approved by the ethics committees of Shenzhen Center 

for Disease Control and Prevention. A total of 215 male adults were recruited in 

Shenzhen, China, including those workers from three factory Baoan waste 

incineration power plant, Kuisheng electronics factory, and AVARY electronics 

factory. All participants provided their written informed consent. Vacuum blood 

collection vessels without anticoagulants were used to collect 3-5 mL of fasting 

blood from the subjects investigated during 2017-2018. After centrifugation at a 

speed of 2,000-2,500 ×g for 10min, the upper serum was carefully removed, and 

the collected serum was put into a glass tube and stored in a -80 ℃ refrigerator 

for later use. Information on demographics, health history, medical history, and 

lifestyles was obtained by self-reported questionnaires. Samples of individuals 

with genetic diseases, clinical diseases and under long-term medication were 

excluded. 

6.2.2 Dioxin determination and sample selection for metabolomics study  
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A total of 17 dioxins designated by the World Health Organization (WHO) 

2,3,7,8-TCDF, 1,2,3,7,8-PeCDF, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, 

1,2,3,6,7,8-HxCDF, 2,3,4,6,7,8-HxCDF, 1,2,3,7,8,9-HxCDF, 1,2,3,4,6,7,8-

HpCDF, 1,2,3,4,7,8,9-HpCDF, OCDF, 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 

1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD, 1,2,3,4,6,7,8-

HpCDD, and OCDD were quantified according to the US EPA method 1613 with 

some minor modifications. The purification procedures were described previously 

[184]. Briefly, after spiking with 13C-labeled internal standards (Cambridge Isotope 

Laboratories Co., Andover, MA, USA), about 2.5 g for each sample were mixed 

with FA of equal serum volume. After water bath shaking and degassing at 37 ℃ 

for 30 min, ultrapure water (equal volume as serum) was added, and the mixture 

was bathed at 37 ℃ for another 5 min. Then, the samples were subsequently 

extracted using C18 cartridges (500 mg/6 mL, Dikma Corporation, Beijing, China). 

The dried samples were resuspended in hexane and then subjected to further 

cleanup via carbon column and alumina column. The eluate was dried by nitrogen 

evaporation to 10 μL and 5 μL of 13C-labeled injection standard in nonane 

(Cambridge Isotope Laboratories Co., Andover, MA, USA)) was added to form 

the final sample waiting for analysis. A high-resolution gas chromatography/high-

resolution mass spectrometry (HRGC/HRMS, Trace GC Ultra/DFS, Thermo 

Scientific, USA) with a DB-5MS (J and W Scientific, USA) fused silica capillary 

column (60 m × 0.25 mm id., 0.25 μm film thickness) was used to quantify the 
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concentration of the dioxins in serum. The instrument parameters have been 

described previously in detail [185]. Standard reference material SRM 1958 was 

also used for method validation and accuracy assessment. The results showed that 

the accuracy of 17 dioxins were in range of 90-110% of the reference value and 

RSD ranged from 2% to 16%. 

The total content of cholesterol (CHO) and triglyceride (TG) in serum was 

determined as the total lipid in serum by a fully automated biochemical analyzer 

(Hitachi 7180, Japan). All concentrations were adjusted on a lipid base. The 

corresponding WHO Toxic Equivalent Quantity (TEQ) values were calculated 

with Toxic Equivalent Factors (TEFs) established by the WHO in 2005 [186] to 

express the dioxin exposure levels. To further investigate dioxin-related 

metabolome alterations, samples in the highest quartile were selected as the high 

dioxin exposure group and samples in the lowest quartile were chosen as the low 

dioxin exposure group for the following metabolomics study. 

6.2.3 Metabolic profiling analysis and data processing 

To prepare samples for metabolic profiling, 100 μL serum was added to 400 μL 

cold methanol for protein precipitation. The mixture was vortexed for 60 s and 

centrifuged for 10 min at 15,000 ×g and 4 ℃. The supernatant was dried at 4 °C 

using a Max-Up (NB-504CIR) IR vacuum concentrator (N-Biotek Inc., 

GyeongGi-Do, Korea) and re-dissolved in 100 μL methanol/water (1/1, v/v), 



 

188 

which contained 4-chlorophenylalanine (1 μg/mL, internal standard) in methanol. 

The samples were vortexed and followed by centrifugation (15,000 ×g, 10 min, 

4 °C) for supernatant collection. QC sample was prepared by combining 20 μL of 

each sample in all groups. Blank samples were used to assess the cleanliness status 

of the instrument. Both QC and blank samples were analyzed at the beginning and 

at the end of each batch, then one QC sample at every five samples. Metabolic 

profiling was performed using a Thermo Scientific UHPLC coupled to a QE 

Orbitrap MS. The instrument parameters are listed in Section 5.2.5 (Table 5.1).  

The Xcalibur Software v.4.1 (Thermo) was used for data acquisition and 

pretreatment. Chromatography peak alignment and metabolite extraction were 

achieved using XCMS package in R language. The signal drift correction was 

conducted by using QC-RFSC algorithm in statTarget [105]. Metabolic features 

with coefficient of variation (CV) > 30% in QC samples were excluded and the 

resulted data matrix was imported into software SIMPCA-P (Version 14.1, 

Umetrics, Umea, Sweden) for multivariable statistical analysis. A principal 

component analysis (PCA) following unit variance scaling was used for 

evaluating the stability of the metabolomics method. PLS-DA was used for group 

differentiation between the high dioxin exposure group and low dioxin exposure 

group following pareto-scaling. The differential metabolites between the two 

groups were selected based on three criteria: (1) the variable importance in 

projection (VIP) scores in PLS-DA models > 1; (2) the P values < 0.05 in Mann-
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Whitney U test between the two groups; (3) the P values < 0.05 in partial 

correlation analysis adjusted with age, BMI, smoking status, drinking frequency 

and education level. The potential biomarkers were structurally identified by 

matching MS/MS fragments with databases including METLIN 

(http://metlin.scripps.edu/) and Human Metabolome Database (HMDB, 

http://www.hmdb.ca/). Metabolite biomarkers were further confirmed through the 

comparison with authentic standards whenever commercial standards were 

available. Pathway analysis based on the identified metabolites was carried out 

using MetaboAnalyst according to the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway database (www.genome.jp/kegg/). 

6.2.4 Lipidomic profiling and data processing 

For global serum lipid extraction, 400 μL methanol was added to 100 μL serum 

for protein precipitation. After a 1-minute vortex, 1.2 mL of MTBE was added to 

the mixture, which was vortexed for another 10 mins. Subsequently, 200 μL of 

water was added to promote phase separation. The mixture was allowed for a 10-

min equilibration and was then centrifuged at 15,000 ×g for 10 min at 4 ℃. The 

upper phase was collected while the lower phase was again extracted with 400 μL 

of MTBE/MeOH/water (12:4:3, v/v/v). The obtained organic phases were 

combined and dried under air vacuum. The samples were reconstituted with 120 

μL of ACN/IPA/H2O (65:30:5, v/v/v) containing 5 μg/mL of mixed IS solution 
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containing Cer (d18:1/17:0), SM (d18:1/12:0), TG (15:0/15:0/15:0), LPC (19:0) 

and PC (19:0/19:0) as IS before the instrumental analysis. The final samples were 

the supernatants collected after a centrifugation (15,000 ×g, 10 min, 4 ℃). QC 

sample was prepared by pooling 10 μL of each sample. UHPLC-orbitrap fusion 

tribrid mass spectrometer system (Thermo Scientific, USA) was applied for 

untargeted lipidomics analysis. Detailed chromatographic conditions and MS 

parameters for full and MS2 scan modes were set as listed in Section 5.2.5 (Table 

5.2). 

Data acquisition and pretreatment were conducted using the Xcalibur Software 

v.4.1 (Thermo). For nontargeted lipidomics study, lipid identification and 

alignment were conducted using LipidSearch (Thermo). The mass tolerance for 

precursor and fragment ions was set to 10 ppm. The threshold of m-score was set 

to 5. Adduct ions of [M+H]+, [M+NH4]+ and [M+Na]+ were searched in positive 

ionization mode, meanwhile [M-H]- and [M+HCOO]- were selected for negative 

ionization mode. The information of peak identification and intensity was 

exported for further data processing. The signal drift correction was conducted by 

using QC-RFSC algorithm in statTarget [105]. Lipid features with RSD > 30% in 

QC samples were excluded and the resulted data matrix was imported into 

software SIMCA-P (Version 14.1, Umetrics, Umea, Sweden) for multivariable 

statistical analysis. Differential lipids between the two groups were selected based 

on the same criteria in metabolite identification mentioned in Section 6.2.3. 
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Pathway analysis was carried out using MetaboAnalyst according to the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway database 

(www.genome.jp/kegg/). 

6.2.5 Targeted FFA analysis 

FFA extraction and derivatization were conducted by applying a method we 

reported previously [187]. Briefly speaking, serum FFA was extracted by adding 

400 μL of MeOH to 100 μL of serum to achieve protein precipitation. Meanwhile, 

a blank sample was also prepared following the same procedures. The supernatant 

was collected after centrifugating at 15,000 ×g for 10 min at 4 °C and was dried 

under air vacuum. Before the instrumental analysis, the dried samples were 

reconstituted using 120 μL of MeOH/water (4:1, v/v) containing 1 μg/mL of 4-

Cl-Phe as IS. Then, 3-nitrophenylhydrazine hydrochloride and 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride were added into the 

obtained samples successively in the proportion of 1:1:1 for FFA derivatization. 

The mixtures were vortexed for 30 s and were allowed to react at room 

temperature for 30 min. After a final centrifugation (15,000 ×g, 10 min, 25 °C), 

the supernatant was collected for following analysis. 

FFA analysis was conducted by using a UHPLC system coupled to a TSQ 

Quantiva™ Triple Quadrupole mass spectrometer (Thermo Scientific, USA). 

Separation was performed on a luna omega polar C18 column (1.6 μm particles, 
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2.1 mm × 150 mm, Phenomenex, USA) with 0.01% FA in H2O and MeOH as 

mobile phase A and B. Four short-chain FAs (aliphatic tails of 5 or fewer), 6 

medium-chain FAs (aliphatic tails from 6 to 12) and 14 long-chain FAs (aliphatic 

tails from 13 to 21 carbons) were detected using selected reaction monitoring 

(SRM). The SRM parameters are listed in Table 6.1. FFAs were identified with 

m/z values, MS/MS fragments and retention times. The following mobile phase 

gradient was applied: 0.0-0.5 min at 30% B, 0.5-11 min from 30% B to 100% B 

and kept for 4.0 min, 15.0 min back to 30% B and 15.1-19.0 min at 30% B. The 

flow rate was 0.25 mL/min. The column temperature was set at 40 ℃. The 

sampler temperature was set at 25 ℃ and the sample injection volume was 10 μL. 

As for MS parameters, spray voltages (kV) were set at 3.0 for positive ionization 

mode and 2.5 for negative ionization mode. Sheath gas and auxiliary gas flow 

rates were set at 40 and 10 arbitrary, respectively. Ion transfer tube and vaporizer 

temperatures were set at 320 ℃ and 350 ℃. To explore the variations in FFAs in 

serum, the relative peak intensities (normalized to IS) were calculated for 

quantification. The differential FFAs were determined based on two criteria: P 

values in Mann-Whitney U test and the P in partial correlation analysis after 

adjustment.  
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Table 6.1 SRM parameters for FFAs analysis. 

Compound          
(C:D)a 

Retention 
time (min) Polarity Precursor (m/z) Product (m/z) 

C2 3.20 Negative 194.1 137 
C3 4.30 Negative 208.1 137 
C4 5.25 Negative 222 137 
C5 6.32 Negative 236 137 
C6 7.71 Negative 250.1 137 
C8 9.50 Negative 268 137 
C9 9.76 Negative 292 137 
C10:1 9.37 Negative 304 137 
C10 9.93 Negative 306.2 137 
C12 11.29 Negative 334.2 137 
C14:1 11.17 Negative 358.1 137 
C14 12.32 Negative 362.2 137 
C16:3 11.21 Negative 384.1 137 
C16:2 11.97 Negative 386.1 137 
C16:1 12.57 Negative 388.3 137 
C16 13.23 Negative 390.3 137 
C18:3 12.24 Negative 412.3 137 
C18:2 12.79 Negative 414.3 137 
C18:1 13.41 Negative 416.3 137 
C18 14.12 Negative 418.3 137 
C20:5 12.16 Negative 436 137 
C20:4 12.70 Negative 438.3 137 
C20 14.93 Negative 446 137 
C22:6 12.51 Negative 462 137 

a “C:D” is the numerical symbol: total amount of (C)arbon atoms of the fatty 

acid, and the number of (D)ouble (unsaturated) bonds in it. 
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6.2.6 Targeted acyl-CoA analysis 

Briefly speaking, serum acyl-CoAs was extracted by adding 400 μL of MeOH to 

100 μL of serum to achieve protein precipitation. The supernatant was collected 

after centrifugating at 15,000 ×g for 10 min at 4 °C and was dried under air 

vacuum. Before the instrumental analysis, the dried samples were reconstituted 

using 120 μL of MeOH/water (4:1, v/v) containing 1 μg/mL of 4-Cl-Phe as IS. 

For the analysis of acyl-CoAs, the method was developed based on a previous 

report with slight modification [188], which was performed using UHPLC coupled 

with Q Exactive MS (Q Exactive MS, Thermo Scientific). A total of 19 acyl-

CoAs were detected in PRM mode (Table 6.2). A reverse phase column Luna C18 

(2.1 mm × 100 mm, 1.6 μm, Phenomenex) was used for the analysis of acyl-CoAs. 

H2O containing 10 mM ammonium acetate and pure ACN were used as mobile 

phase A and B. The flow rate was 0.2 mL/min. The column temperature was set 

at 40 ℃. The sampler temperature was set at 4 ℃ and the sample injection volume 

was 10 μL. As for MS parameters, spray voltages (kV) were set at 3.6 for positive 

ionization mode. Sheath gas and auxiliary gas flow rates were set at 30 and 10 

arbitrary, respectively. Ion transfer tube and vaporizer temperatures were set at 

320 ℃ and 300 ℃. 
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Table 6.2 PRM parameters for acyl-CoA analysis. 

Compound          
(C:D)a 

Retention time 
(min) Polarity Precursor (m/z) 

CoA 2.03  positive 688.1600  
malonyl-CoA 1.31  positive 774.1600  
C2-CoA 2.38  positive 730.1634  
C3-CoA 3.72  positive 744.1788  
C4-CoA 4.50  positive 758.2040  
C5-CoA 5.03  positive 772.2099  
C6-CoA 5.08  positive 866.2000  
C8-CoA 5.10  positive 814.2600  
C12-CoA 8.56  positive 870.3185  
C12:1-CoA 7.27  positive 948.2699  
C14-CoA 8.99  positive 898.3515  
C14:1-CoA 7.90  positive 976.3030  
C16-CoA 9.83  positive 926.3819  
C16:1-CoA 9.26  positive 924.3665  
C18-CoA 10.70  positive 954.4100  
C18:1-CoA 9.97  positive 952.3967  
C18:2-CoA 9.47  positive 950.3819  
C18:3-CoA 9.07  positive 948.3690  
C20:4-CoA 9.43  positive 974.3800  

a “C:D” is the numerical symbol: total amount of (C)arbon atoms of the acyl 

chain and the number of (D)ouble (unsaturated) bonds in it. 
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6.2.7 Statistical analysis 

Mann-Whitney U test, chi-squared test and Fisher's exact test were applied to test 

the significant differences of demographic characteristics between the two groups 

as appropriate. Specifically, Mann-Whitney U test was used for continuous 

variables while chi-squared test or Fisher's exact test was used for categorical 

variables. If there are more than 20% of cells with an expected value of less than 

5 in a contingency table, Fisher’s exact test is applied otherwise chi-squared test. 

Partial correlation analysis with adjustment by age, BMI, smoking status, drinking 

frequency and education level was applied to investigate the correlation between 

the candidate metabolite biomarkers/lipid biomarkers and the serum dioxin 

concentrations. Both TEQ values and peak intensities in the adjusted partial 

correlation analysis were log-transformed. P value of less than 0.05 was 

statistically significant. 

6.3 Results 

6.3.1 Characteristics of the study population 

The serum TEQ value is commonly recognized as the best indicator of dioxin 

exposure because it integrates toxicity and concentration of various dioxins as 

well as all sources of exposure into one biologically relevant measurement. The 

serum TEQ values of the study population are listed in Table 6.3. According to 

the quartile distribution, 48 participants distributed in the upper quartile and 47 
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participants distributed in the lower quartile were chosen as the high dioxin 

exposure group and low dioxin exposure group, respectively, for multi-omics 

study. Demographic characteristics of the two groups are listed in Table 6.4. The 

TEQ values of the high exposure group ranged from 29.49-765.35 pg TEQ/g lipid, 

and the low exposure group from 3.29-9.94 pg TEQ/g lipid. The Mann-Whitney 

U test indicated that the serum TEQ values were statistically significant between 

the two groups (P < 0.001). As a result, we assumed serum TEQ values to be the 

key factors leading to the potential health effects. 
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Table 6.3 Serum concentrations of dioxins (expressed as TEQ values) in the study 

population (male adults, n=215). 

Dioxin 
concentration 

(pg TEQ/g 
lipid) 

GM min 25% 
tile median 75% 

tile max 

TEQ 17.76 3.29 9.94 14.96 29.49 765.35 

Abbreviations: GM, geometric mean. 

Table 6.4 Demographic characteristics of the two groups for metabolomics study. 

a Expressed as medium (min-max). 

b Expressed as mean (SD); SD: standard deviation. 

  

Characteristics 
High dioxin 

exposure group 
(n=48) 

Low dioxin 
exposure group 

(n=47) 
P value 

TEQ value (pg TEQ/g 
lipid) 

48.71 (29.49-
765.35) a 8.16 (3.29-9.94) a <0.001 

Age (years) 27.54 (4.47) b 27.81 (4.72) b 0.731 
Height (cm) 171.35 (3.91) b 170.79 (5.69) b 0.773 
Weight (kg) 65.85 (14.06) b 66.19 (12.62) b 0.720 
BMI (kg/m2) 22.36 (4.84) b 22.85 (3.86) b 0.207 

Cigarette Smoking  

Never 38 17 
<0.001 Past 0 3 

Current 10 27 
Alcohol Drinking  

Never 45 40 
0.263 Once/twice a week 2 6 

More than 3 times a week 1 1 
Education Level  

Less than high school 6 16 
<0.05 High school 14 16 

More than high school 28 15 
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6.3.2 Alternation in serum metabolome induced by dioxin exposure 

People exposed to high levels of dioxins tend to be at the high risk of developing 

related negative health effects. In this study, global metabolomics analysis was 

used to profile the metabolic changes in response to dioxin exposure. To discover 

the dioxin-related metabolic alternations, PLS-DA models based on two principal 

components were performed. The samples in the two groups were found to be 

clearly differentiated in the PLS-DA models (Figure 6.1C and D), which 

suggested that the serum metabolic disturbances were significantly different 

between the low and high dioxin exposure groups. The goodness-of-fit (R2Y) and 

predictive capability (Q2) were two indicators to initially validate the PLS-DA 

models, all of which were > 0.5, indicating the goodness of fit and prediction of 

the developed PLS-DA models. The developed PLS-DA models were further 

validated by using the 500-time permutation test (Figure 6.1 E and F), showing 

that the PLS-DA models were not overfitting. 

The significant differences of the features between the dioxin exposure groups 

were investigated by Mann-Whitney U test. Features with P value < 0.05 and VIP 

score > 1 were selected for the later partial correlation analysis adjusted by age, 

BMI, smoking status, drinking frequency and education level. Eventually, a total 

of 20 metabolites were found to be significantly related to serum dioxin levels 

and were considered as potential metabolic biomarkers. The adjusted partial 

correlations of the 20 potential biomarkers between the log TEQ values and the 
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log peak intensities are shown in Figure 6.2. The identified biomarkers mainly 

included acylcarnitines, fatty acids and conjugates, glycerophospholipids, 

sphingolipids, purines and purine derivatives, tryptophan metabolites, and amino 

acids, which are summarized in Table 6.5. The box charts plotting their peak 

intensities in the two groups can be found in Figure 6.3. The perturbed pathways 

were analyzed using MetaboAnalyst according to the KEGG database. According 

to the results, the potential biomarkers upon high dioxin exposure levels were 

highly associated with the perturbation of fatty acid β-oxidation, essential fatty 

acid metabolism, arachidonic acid metabolism, glycerophospholipid and 

sphingolipid metabolism, and purine metabolism. 
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Figure 6.1 Results of multivariate statistical analysis in metabolomics study.PCA 

score plots (A and B), QC samples (red circles) and serum samples (black 

triangles). Scatter plots of PLSDA models, C for positive ion mode, D for negative 

ion mode. Validation of the developed PLS-DA models using the 500-time 

permutation tests, E, positive ion mode data; F, negative ion model data; R2 = the 

goodness of fit (green circle); Q2 = the predictive capability (blue circle). 
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Figure 6.2 Adjusted partial correlations between the log TEQ values and the log 

peak intensities of the 20 potential biomarkers(Bigger point represents stronger 

correlation and P < 0.05 for all).
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Figure 6.3 Box charts of log peak intensities of the 20 potential biomarkers in the two groups, n=47 in low dioxin exposure group, n=48 in 

high dioxin exposure group; *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney U test). 
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Table 6.5 Detailed information of the 20 potential metabolic biomarkers. 

No Metabolites a FC b p-value c VIP Class Related pathway 
1 Tetradecanoylcarnitine AcCa (14:0)a 1.86 1.06E-04 1.46 Acylcarnitines β-Oxidation of fatty acid 
2 Decanoylcarnitine AcCa (10:0)a 2.10 1.84E-04 1.47 Acylcarnitines β-Oxidation of fatty acid 
3 L-Palmitoylcarnitine a 1.58 1.67E-03 1.44 Acylcarnitines β-Oxidation of fatty acid 
4 Palmitamide 2.56 2.43E-08 2.28 Fatty acids and conjugates β-Oxidation of fatty acid 
5 3-Hydroxycapric acid a 0.58 2.15E-04 1.67 Fatty acids and conjugates β-Oxidation of fatty acid 
6 PGH2 3.27 1.17E-10 2.40 Fatty acids and conjugates Arachidonic acid metabolism 
7 AA 0.87 1.86E-03 1.40 Fatty acids and conjugates Arachidonic acid metabolism 
8 Stearidonic acid 1.28 8.27E-03 1.27 Fatty acids and conjugates α-Linolenic acid metabolism 
9 9-OxoODE 0.55 1.35E-05 2.23 Fatty acids and conjugates Linoleic acid metabolism 
10 Octadecanamide 2.95 7.37E-09 2.35 Fatty acids and conjugates / 
11 GP-NPEA 1.50 5.07E-05 2.05 Fatty acids and conjugates / 
12 N-Oleoylserine 1.34 4.01E-07 2.06 Fatty acids and conjugates / 
13 PC (18:1/18:1) 0.34 4.47E-04 1.74 Glycerophospholipids Glycerophospholipid 

metabolism 
14 LPC (16:0/0:0) 1.44 4.34E-04 1.75 Glycerophospholipids Glycerophospholipid 

metabolism 
15 LPE (16:0/0:0) 0.60 2.70E-05 1.53 Glycerophospholipids Glycerophospholipid 

metabolism 
16 Sphingosine-1-phosphate (S1P) a 1.55 3.97E-04 1.45 Sphingolipids Sphingolipid metabolism 
17 Adenosine monophosphate (AMP) a 1.67 7.92E-08 2.57 Purines and purine derivatives Purine metabolism 
18 Xanthine a 0.59 2.61E-03 1.04 Purines and purine derivatives Purine metabolism 
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19 Indolelactic acid a 6.64 4.37E-02 1.33 Tryptophan metabolites Tryptophan metabolism 
20 Aspartic acid a 0.90 3.38E-02 1.13 Amino acids Aspartic acid metabolism 

a The metabolite was identified by authentic standard.  

b FC (fold change) represented the ratio of peak intensity of high dioxin exposure group to low dioxin exposure group.  

c p-value was obtained by Mann-Whitney U test between peak intensities of the metabolite in the two groups. 
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6.3.3 Alternation in lipids induced by dioxin exposure 

Based on the metabolomics results that most of the differential biomarkers were 

lipids and derivatives, we performed a LC-MS based non-targeted and targeted 

lipidomics study for lipid profiling of human serum to comprehensively 

investigate the possible lipid changes induced by high dioxin exposure. The 

developed PLS-DA models showed that the samples of high exposed group and 

low exposed group separated clearly in both positive and negative ionization 

mode (Figure 6.4C and D), indicating that dioxin exposure mediated noticeable 

alterations of lipid metabolic phenotypes in humans. The R2Y and Q2 of the two 

established models were > 0.5, indicating the goodness of fit and prediction of the 

PLS-DA models. The developed PLS-DA models were further validated by using 

the 500-time permutation test (Figure 6.4E and F), suggesting that the PLS-DA 

models were not overfitting. 

Based on these two criteria: p-values obtained by Mann-Whitney U test < 0.05 

and VIP values in PLS-DA models > 1, a total of 238 lipidomic features were 

eligible for further screening. The 238 lipidomic features were again filtered 

according to the p-values obtained from the adjusted partial correlation analysis. 

Finally, 34 lipids with significant changes and close associations with serum 

dioxin levels were identified as potential lipid biomarkers (listed in Table 6.6). As 

for the targeted FFA and acyl-CoA analyses, only three FFAs conformed to the 2 
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thresholds (p-values in the Mann-Whitney U test and adjusted partial correlation 

analysis), which were all long chain saturated fatty acids (LCSFA). The 

correlation coefficients between the levels of total 37 lipid biomarkers and the 

dioxin concentrations are shown in Figure 6.5. 

As the vital species in energy storage and metabolism, remarkable changes in 

glycerolipids were observed in high dioxin exposure group (Figure 6.6). As the 

heatmap shows, the MG and DG categories were downregulated, while the TG 

species were elevated, revealing the underlying increase in TG biosynthesis 

resulting in TG accumulation, which were related to high dioxin exposure. 

Sphingolipids, serve as an important component of the cell membranes, also play 

a role in many cellular functions. Remarkable changes of sphingolipid categories 

were found to be correlated to high dioxin exposure (Figure 6.6). In our study, the 

levels of Cer (d32:0), So (d12:0+pO) and So (d14:0+pO) upregulated apparently 

with high fold changes as 21.39, 14.11 and 17.33. Contrarily, remarkable 

reductions of SM (d42:1+pO) and SM (d32:4) were found in high dioxin exposure 

group with low fold changes as 0.63 and 0.49. The findings indicated the existence 

of SM hydrolysis, accumulation of Cer and So accompanied with high dioxin 

exposure in humans. Additionally, a total of 5 PCs and 8 LPCs were found to 

change significantly in human serum after high dioxin exposure (Figure 6.6). The 

levels of 4 PCs were higher in high dioxin exposure group compared with low 
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dioxin exposure group including PC (18:0/22:4), PC (18:0/22:5), PC (20:3/20:3), 

and PC (20:3/22:2) while PC (20:0p/20:3) exhibited an upward trend. 

Additionally, obvious downregulation of all the LPC biomarkers was observed in 

serum samples of high exposed group. Detailed speaking, the levels of LPA (18:2), 

LPA (20:4), PE (18:0/18:1), LPE (18:0), PI (16:0/20:4), and PI (18:0/20:4) 

decreased. All results suggested that high dioxin exposure extensively altered the 

GP homeostasis in humans. 

Based on the results of the nontargeted lipidomics study, OAHFA (36:1) and PAF 

(16:1) were identified to be significant biomarkers, both of which increased 

dramatically. Because we found that fatty acid β-oxidation changed significantly 

related to dioxin exposure in metabolomics study, FFAs and acyl-CoAs that are 

involved in the pathway were targeted. Taking into account of the difficulty in 

detecting FFAs directly by MS due to their poor ionization efficiency, 

derivatization of FFAs has become a well-accepted and effective step to increase 

their volatility and improve ionization efficiency. Consequently, the levels of 24 

FFAs were also analyzed by a targeted LC-MS/MS method with derivatization 

separately. Three LCSFAs [palmitic acid (C16:0), stearic acid (C18:0) and 

arachidic acid (C20:0)] were determined to be differential and showed downward 

trends in high dioxin exposure group. The accumulations of AcCa (10:4) and 

AcCa (16:1) were also observed. However, none of the targeted acyl-CoAs were 
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identified as biomarkers because their levels did not differ significantly between 

the two groups according to the Mann-Whitney U tests. With all these results 

together, high dioxin exposure triggered the disorder of FFA metabolism. 

 

Figure 6.4 Results of multivariate statistical analysis in non-targeted lipidomics 

study. PCA score plots (A and B): QC samples (blue circles) and serum samples 

(yellow circles). Plots of the developed PLS-DA models (C and D) and 

corresponding permutation tests (E and F). 
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Figure 6.5 Adjusted partial correlations between the levels of the 37 lipid 

biomarkers and the concentrations of dioxins. (Bigger point represents stronger 

correlation and p < 0.05 for all). 
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Table 6.6 Summary of the 37 potential lipidomic biomarkers. 

No. Lipid 
Correlation 
coefficient 

p-value  
(correlation) 

p-value 
(significance) 

VIP FC Category 

1 MG (16:0) -0.21  4.92E-02 4.94E-02 1.34  0.67  

Glycerolipids 

2 DG (16:0/16:0) -0.31  3.03E-03 6.81E-03 1.49  0.65  
3 DG (18:0/20:4) -0.29  6.00E-03 5.62E-03 1.04  0.50  
4 DG (32:1p) -0.28  8.06E-03 4.76E-03 1.50  0.63  
5 TG (16:0/18:1/18:3) 0.38  2.05E-04 1.03E-06 2.08  4.50  
6 TG (20:0/10:0/10:1) 0.62  9.07E-11 8.55E-14 3.89  5.27  
7 Cer (d32:0) 0.80  7.58E-21 2.55E-13 2.91  21.39  

Sphingolipids 
8 SM (d18:1/12:0) -0.72  1.89E-15 1.18E-13 3.79  0.63  
9 SM (d32:4) -0.26  1.40E-02 5.92E-06 2.32  0.49  
10 So (d12:0+pO) 0.84  1.97E-24 1.30E-13 2.68  14.11  
11 So (d14:0+pO) 0.78  3.87E-19 1.16E-13 3.34  17.33  
12 LPA (18:2) -0.27  1.14E-02 3.56E-02 1.54  0.66  

Glycerophospholipids 

13 LPA (20:4) -0.25  2.05E-02 4.24E-02 1.59  0.69  
14 PE (18:0/18:1) -0.29  6.28E-03 9.32E-03 1.33  0.70  
15 LPE (18:0) -0.26  1.36E-02 4.97E-02 1.10  0.73  
16 PI (16:0/20:4) -0.28  8.52E-03 2.06E-03 1.68  0.69  
17 PI (18:0/20:4) -0.34  1.17E-03 9.16E-06 2.47  0.67  
18 PC (18:0/22:4) -0.24  2.39E-02 1.67E-02 1.46  0.79  
19 PC (18:0/22:5) -0.27  9.89E-03 6.41E-04 1.71  0.71  
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20 PC (20:3/20:3) -0.36  4.53E-04 3.18E-02 1.20  0.79  
21 PC (20:3/22:2) -0.27  1.16E-02 7.93E-03 1.56  0.80  
22 PC (20:0p/20:3) 0.24  2.33E-02 4.53E-02 1.44  1.24  
23 LPC (14:0) -0.27  1.02E-02 1.24E-02 1.68  0.61  
24 LPC (16:0) -0.25  1.86E-02 4.05E-02 1.14  0.86  
25 LPC (16:0p) -0.33  1.39E-03 2.83E-06 1.81  0.39  
26 LPC (18:0) -0.35  7.56E-04 4.20E-04 1.90  0.78  
27 LPC (20:3) -0.22  4.24E-02 9.47E-03 1.13  0.82  
28 LPC (20:5) -0.26  1.29E-02 4.77E-02 1.11  0.58  
29 LPC (22:1) -0.38  2.88E-04 3.12E-04 1.60  0.62  
30 LPC (22:4) -0.37  3.91E-04 1.23E-02 1.12  0.74  
31 OAHFA (36:1) 0.44  1.30E-05 1.30E-05 3.01  2.45  

Lipids related to fatty 
acid metabolism 

32 PAF (16:1) 0.31  2.95E-03 6.64E-03 1.85  2.58  
33 AcCa (10:4) 0.40  9.60E-05 1.64E-06 1.77  2.59  
34 AcCa (16:1) 0.32  2.37E-03 9.36E-03 1.53  1.53  
35 Palmitic acid (C16:0) -0.27  4.30E-02 3.50E-02 / 0.89  
36 Stearic acid (C18:0) -0.24  6.40E-02 7.83E-05 / 0.65  
37 Arachidic acid (C20:0) -0.31  1.90E-02 6.60E-07 / 0.52  
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Figure 6.6 Heatmap plot of differential lipids in human serum mediated by high dioxin exposure. 

 



 

214 

6.4 Discussion 

Dioxins, a group of persistent organic pollutants, have been reported to be 

responsible for a broad spectrum of diseases [189]. The adverse health effects of 

dioxins on humans have been a concern for decades, thus, we studied on the serum 

molecular changes mediated by dioxin exposure in humans by integrating 

metabolomics and lipidomics. In the metabolomics study, 16 out of 20 identified 

potential biomarkers were lipids and derivatives. In the lipidomics study, a total of 

37 lipids and derivatives were found to be changed significantly in human serum. 

The proposed mechanisms of the metabolic and lipid alternations in human serum 

affected by high dioxin exposure are shown in Figure 6.7. 

6.4.1 High dioxin exposure levels associated with glycerolipid metabolism 

Glycerolipid (GL) plays an important role in energy storage and usage. The 

metabolism cycle of MG, DG and TG is dynamically balanced under normal 

conditions [190]. The observed downregulation of MG and DG biomarkers that serve 

as substrates for TG biosynthesis and as catabolites of TGs, together with the 

accumulation of TGs (Figure 6.7) suggested that metabolism of GLs was disturbed 

in humans exposed to high level of dioxins. Thus, the results implied the perturbed 

energy homeostasis in the participants by high dioxin exposure. In addition, TGs 

are found mostly in the blood in the form of lipoproteins. It has been reported that 

when TGs are elevated, the lipoprotein metabolism is altered, resulting in increased 

risks of cardiovascular diseases (CVDs) [191]. Particularly, the accumulations of TGs 

represent the retention of lipoproteins in the arteries, which may lead to 
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inflammation and atherosclerosis eventually [192]. In vivo and in vitro studies also 

pointed out that cardiovascular system is a target for dioxin toxicity, and dioxins 

could increase cardiovascular pathology [193] and change gene network of chronic 

CVDs [194]. Taken together, our findings provide solid evidence that dioxin 

exposure associates with TG accumulation, which may increase the potential risks 

of CVDs. 

6.4.2 High dioxin exposure levels associated with disorders of 

glycerophospholipid and sphingolipid metabolism 

Glycerophospholipids (GPs), the main lipid type in cell membranes, serve as the 

precursors of lipid mediators in signal transduction [195]. We also noted for the 

metabolic dysregulation of GPs in response to dioxin exposure (Figure 6.7). PC, 

PE, PS and PI commonly represent the backbone of most biological membranes 

while their hydrolysis products (LPC, LPE, LPS and LPI) function in various 

signaling pathways. It is generally believed that the variations in GP species 

composition might affect membrane curvature and thereby influence membrane 

fusion, fission, and vesicle transport [196]. Among the GP species, PC and PE serve 

as the predominant scaffolds in membrane. The GP remodeling occurred in humans 

exposed to dioxins suggested that the impacts of dioxins on cell homeostasis in 

humans. 

Sphingolipids, as structural component of all eukaryotic cell layers, play a critical 

physiological role in intracellular signaling, controlling the fundamental cellular 

processes such as cell division, differentiation, and cell death [19]. Our results found 

the decline in the total abundance of SM and the increase in the levels of Cer and 
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So related to high dioxin exposure (Figure 6.7). Cer are the hydrolysis products of 

SM while So are the breakdown products of Cer. Consequently, the observed 

significant alternations of sphingolipids indicated that high dioxin exposure 

triggered the hydrolysis of SM and the overproductions of Cer and So. Cer have 

been reported to be implicated in multiple signaling cascades in immune cells, 

including activation of B cells, and release of cytokines and they are also especially 

important in the induction of apoptosis and inflammation [172, 197]. In addition to Cer, 

So are also able to alter cellular signaling reactions, which bind to the 14-3-3 protein 

isoforms, regulate their phosphorylation at the dimer interface, and inhibit the 

antiapoptotic functions of 14-3-3 [198]. Sphingosine-1-phosphate (S1P), the 

phosphorylation product of So, regulates diverse physiological processes by 

binding to specific G protein-binding receptors (S1PRs), which is implicated in 

immune cell development, differentiation, and recruitment during both acute and 

chronic inflammation [199]. Collectively, the disturbances of sphingolipids in human 

imply the inflammatory and apoptotic responses to dioxin exposure. It has been 

reported that inflammation plays a key role in atherosclerosis. Therefore, the 

finding provided another evidence that dioxin exposure could induce inflammation, 

which may further trigger atherosclerosis. 

6.4.3 High dioxin exposure levels associated with suppression of fatty acid β-

oxidation 

As key building blocks and metabolites of lipid metabolism, FA structure and 

concentration are useful indicators of lipid metabolism. Herein, three LCSFAs 

(C16:0, C18:0 and C20:0) were identified to be downregulated in response to dioxin 



 

217 

exposure (Figure 6.7). Acylcarnitines including AcCa (10:0), AcCa (10:4), AcCa 

(14:0), and AcCa (16:0), AcCa (16:1) were upregulated (Figure 6.7), all of which 

are closely associated with fatty acid β-oxidation. Fatty acids can be completely 

oxidized to CO2 and water through β-oxidation and TCA cycle, which plays an 

important role in energy production in human beings. Prior to β-oxidation, fatty 

acids bind to coenzyme A (CoA) to form acyl-CoA, and later generate 

acylcarnitines by combining with carnitines catalyzed by carnitine acyltransferase 

I (CPT I). Acylcarnitines are then transferred to the inner mitochondrial membrane 

to reconvert to acyl-CoA and carnitines by carnitine palmitoyl transferase II (CPT 

II). The acyl-CoA finally enters the TCA cycle to generate energy [200]. Thus, the 

accumulation of acylcarnitines was associated with disruption of fatty acid β-

oxidation. Combining the results of increases in TGs, we assumed that the decline 

in FA could be attributed to the upregulated FA metabolism and downregulated FA 

biosynthesis. Together with the inapparent changes of acyl-CoAs, it could be 

conjectured that the β-oxidation of fatty acids was suppressed. Previous studies on 

animal models proved that exposure to dioxins promoted liver fibrosis because of 

dioxin-activated AhR induced spontaneous hepatic steatosis by suppressing the 

fatty acid β-oxidation process [201]. It was also reported that altered serum 

acylcarnitine was associated with the status of nonalcoholic fatty liver disease 

(NAFLD) and NAFLD-related hepatocellular carcinoma [202]. Taken together, our 

findings provided further confirmation that people with high dioxin exposure levels 

might be under the risk of liver diseases via the suppression fatty acid β-oxidation 

process.  
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6.4.4 High dioxin exposure levels associated with disruptions of purine 

metabolism and amino acid metabolism 

In our study, the accumulation of AMP and decrease of xanthine were noted (Figure 

6.7), both of which are involved in purine metabolism. During the purine 

degradation, AMP is converted to inosine and finally to uric acid. Xanthine can be 

generated from hypoxanthine and converted to uric acid through xanthine 

oxidoreductase (XOR) [203]. The changes of AMP and xanthine in our study 

indicated the possible disruption of purine metabolism mediated by dioxin exposure. 

We also found that high level exposure to dioxins resulted in the increased level of 

indolelactic acid and decreased level of aspartic acid. Aspartic acid donates amino 

groups leading to the generation of urea in the urea cycle. The decline of aspartic 

acid indicated the possible dioxin-mediated perturbation of urea cycle. Indolelactic 

acid converted from tryptophan presented an increasing trend, indicating the 

upregulation of tryptophan metabolism resulting from dioxin exposure. Indolelactic 

acid, one of the uremic toxins from tryptophan metabolism, is recognized to be an 

AhR ligand that can induce the nuclear translocation of AhR and induce an up-

regulation of eight genes regulated by AhR, including CYP1A1 and CYP1B1 [204]. 

Previous in vivo and in vitro experiments reported that uremic toxins derived from 

tryptophan have pro-oxidant, pro-inflammatory, pro-coagulant, and pro-apoptotic 

effects on cells involved in the cardiovascular system, some of which are related 

with cardiovascular complications [205]. Dioxin-related epidemiologic studies 

suggest that dioxin exposure is associated with mortality from both ischemic heart 

disease and cardiovascular disease [206]. In summary, dioxin exposure is likely to 

induce cardiovascular diseases by upregulating the tryptophan metabolism. 
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Figure 6.7 Changes of identified biomarkers in response to dioxin exposure. 
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6.5 Chapter summary 

One of the most notable strengths of our study is the integration of nontargeted 

metabolomics, nontargeted lipidomics study and targeted analysis of acyl-CoAs 

and FFAs, which not only obtained the global molecule changes towards dioxin 

exposure but also the variations of acyl-CoAs and FFAs in human serum. This 

combination provided a credible tool for the search of dioxin exposure-related 

biomarkers, which brings us new insights of molecule metabolisms associated with 

dioxins. Our results revealed the links of dioxin exposure with TG accumulation, 

Cer overproduction, GP remodeling, and FFA metabolism, providing the evidence 

for adverse health outcomes or health risks associated with dioxin exposure, such 

as CVDs, NAFLD, inflammation, apoptosis and so on. However, this study has 

certain limitations. Only male adults were involved in the study. The findings need 

to be verified with research including more participants and different gender. 

Despite of these limitations, the results obtained in this study may provide evidence 

that the potential human health risks of dioxin exposure should not be ignored. 
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Chapter 7 Conclusions and perspective study 

Our study conducted a continuous, long-term, dermal TCS exposure in vivo 

experiment to evaluate the behavioral changes. LC-MS/MS quantification was used 

to monitor TCS, TCS-S, TCS-G, T4 and T3 in different mouse samples. We then 

applied MS-based metabolomics and proteomics to investigate TCS effects on 

hippocampus and thyroid to unveil the underlying mechanisms. We also combined 

metabolomics and lipidomics on keratinocytes to investigate the mechanisms of 

dermal toxicity. The other part of the thesis is a study on biomarkers and potential 

human effects associated with daily dioxin exposure using metabolomics and 

lipidomics. 

We adopted the mouse model of continuous, low level, long-term dermal exposure 

to mimic the real human exposure and obtain persuasive toxicology data. The 20-

week dermal exposure of TCS (equivalent to 0, 6, and 30 mg/kg bw/day) was noted 

to increase anxiety-like responses and impair the learning and memory ability in 

mice. What’s more, TCS and its biotransformation products were found to 

accumulate in liver, thyroid, hypothalamus, hippocampus, and corpus striatum. 

Thinking of the importance of THs in brain functions and the hippocampal 

functions in emotion and cognition, hippocampus and thyroid were chosen as the 

target tissues to investigate the mechanisms of the abnormal behaviors observed in 

TCS-treated mice. In hippocampus, we found that TCS exposure increased energy 

demands, leading to disturbances in energy homeostasis and purine metabolism, 

which may impair the ability of hippocampus in reducing ROS, aggravating the 

oxidative stress in mice. Additionally, disruption of LTP, reduction of Ach level 

and disturbance of GABAergic neurotransmission were also noted in hippocampus. 
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These results suggested that TCS increased oxidative stress and disturbed neural 

functions in hippocampus, which are related to the impaired learning and memory 

ability and anxiety induction. Further, we investigated whether TCS caused the 

behavioral disorders via thyroid toxicity through metabolomics and proteomics 

analysis. The serum levels of THs were declined while the level of TSH elevated, 

suggesting the occurrence of hypothyroidism. The synthesis and release of THs was 

noted to be disturbed by TCS through regulating the intracellular levels of iodide, 

Tg and H2O2 as well as the lysosomal enzymes. TCS was found to increase energy 

harvest and perturb purine metabolism to produce uric acid that is a pro-oxidant. 

However, the unchanged T4 and decreased T3 in brain suggested that TCS may 

affect brain functions via regulating the TH deiodinases in brain rather than the 

circulating TH levels. The results improved our knowledge about the molecular 

mechanism of the TCS-induced thyroid toxicity and investigated the mechanism of 

the TCS-induced behavioral changes from the perspective of thyroid. The dermal 

toxicity induced by TCS was studied using human keratinocytes. Metabolomics and 

lipidomics data showed that purine metabolism, GSH metabolism, amino acid 

metabolism and lipid metabolism were disturbed. These metabolic disorders 

resulted in ROS overproduction and ammonia accumulation, which were found to 

exacerbate oxidative damage to cause cell toxicity including inflammation and 

apoptosis. Our findings update the existing understanding of skin health risks of 

TCS application at the molecular level. On this stage, we have demonstrated the 

dermal and behavioral effects induced by TCS and delineated the underlying 

mechanisms. The last part of the thesis is a study on potential human effects 

associated with dioxins using nontargeted metabolomics, nontargeted lipidomics 
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study and targeted analysis of acyl-CoAs and FFAs. Our results revealed the 

associations of dioxin exposure with TG accumulation, Cer overproduction, GP 

remodeling, and FFA metabolism, providing evidence for adverse health outcomes 

related to dioxin exposure, such as CVDs, NAFLD, and inflammation. The results 

obtained in this study may provide evidence that the potential human health risks 

of dioxin exposure should not be ignored. 

However, our study has certain limitations. To begin with, morphological analyses 

of hippocampus and thyroid to show the tissue injury triggered by TCS were lacking. 

Moreover, the targeted substructures of TCS in hippocampus to cause behavioral 

changes remain to be explored. What’s more, the levels of deiodinases in different 

brain regions are needed to verify whether TCS can affect the neurofunctions via 

regulating brain THs and deiodinases. In future work, to further study the TCS-

induced neurotoxicity, hypothalamus, and striatum where TCS was found to 

accumulate will be analyzed. Moreover, mass spectrometry imaging will be applied 

to localize the potential target substructures of TCS in hippocampus and to identify 

biomarkers in specific substructures related to cognitive and emotional disorders. 
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