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Abstract 

Tris (2-butoxyethyl) phosphate (TBOEP) is a compound produced at high volume that is used as both 

a flame retardant and a plasticizer. It is persistent and bioaccumulative, yet little is known of its 

toxicological modes of action. Such insight may aid risk assessment in a weight-of-evidence approach 

supplementing current testing strategies. We used an RNA sequencing approach as an unbiased and 

sensitive tool to explore potential negative health effects of sub-cytotoxic concentrations of TBOEP 

on the transcriptome of the human liver hepatocellular carcinoma cell line, HepG2, with the lowest 

concentration used potentially holding relevance to human physiological levels. Over-representation 

and gene set enrichment analysis corresponded well and revealed that TBOEP treatments resulted in 

an upregulation of genes involved in protein and energy metabolism, along with DNA replication. 

Such increases in cell and macromolecule metabolism could explain the increase in mitochondrial 

activity at lower TBOEP concentrations. In addition, TBOEP affected a wide variety of biological 

processes, the most notable one being the general stress response, wound healing. Finally, TBOEP 

showed effects on steroid hormone biosynthesis and activation, regulation, and potentiation of 

immune responses, in agreement with other studies. As such, this study is the first study 

investigating genome-wide changes in gene transcription in response to TBOEP in human cells. 

Keywords: Tris (2-butoxyethyl) phosphate, HepG2, RNA-seq, toxicogenomics, mode of action 
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1. Introduction 

Flame retardants (FRs) are compounds produced in high volume and present in nearly all 

manufactured items and materials with the purpose of averting fire. Their use is expected to 

increase due to the ever-increasing global population and urbanisation. These compounds have 

been shown to migrate out of consumer goods and contaminate surrounding environments such as 

house dust (de Boer et al., 2015; Dodson et al., 2012), biota (Malarvannan et al., 2014; Santín et al., 

2016), and food sources (Von Eyken et al., 2016; Zheng et al., 2015). Detection of FRs as far as the 

Arctic (Salamova et al., 2014) further lends evidence to the pervasiveness and persistence of these 

chemicals. Bioaccumulation is also indicated by the detection of FRs in human milk (Kim et al., 2014; 

Ryan and Rawn, 2014), birds’ eggs (Bouwman et al., 2014; Braune et al., 2015), and in bird offspring 

(Greaves and Letcher, 2014). FRs therefore could pose a significant risk to both human and 

environmental health. 

One of the most-abundantly detected organophosphate FRs is tris (2-butoxyethyl) phosphate 

(TBOEP). It is continuously detected at higher amounts compared to other brominated and 

organophosphate FRs in house dust (ranging from 2.3-5300 µg/g house dust) (Dodson et al., 2012; 

Fan et al., 2014; Marklund et al., 2003; Wei et al., 2015), drinking water (19.5-81.7 ng/L) (Li et al., 

2014), human milk (0-206 ng/g lipid) (Kim et al., 2014), and human placenta (0-77.8 ng/g lipid) (Ding 

et al., 2016). Its presence in mothers’ milk and placenta along with its high octanol-water coefficient 

(log Kow = 3.75) indicating lipophilicity demonstrates its potential for bioaccumulation (van der Veen 

and de Boer, 2012). Regulation of the use and production of such chemicals falls under the 

Registration, Evaluation, Authorisation, and restriction of Chemicals (REACH) directive tasked with 

protecting human end environmental health through the better classification and identification of 

potentially hazardous chemicals. Several classical toxicological endpoints are used to assess their 

threat to health, including; determination of lethal dose concentrations, investigating effects on skin 

sensitisation, effects on immune and reproductive systems, as well as genotoxicity and 
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carcinogenicity potential. However, little is uncovered concerning the mode of action (MOA) that 

may bring about these adverse health effects when looking at the above-mentioned classical 

toxicological endpoints. Such insight would allow for better prediction of potential health effects, 

along with improved characterisation of potentially hazardous chemicals, which would ultimately aid 

in a more comprehensive risk assessment. 

In vivo toxicological data used to assess the toxicity risk of TBOEP have marked it as a chemical of 

low mammalian toxicity and low irritation potential, while neurotoxic effects in rats were 

inconsistent (World Health Organisation, 2000). In vitro assays also identified TBOEP as harbouring 

no carcinogenic or clastogenic potential (World Health Organisation, 2000). Subchronic studies have 

revealed that the liver is a major target organ in rats, with a lowest-observed-adverse-effect level for 

liver effects being 150 mg/kg body weight per day (World Health Organisation, 2000). Short-term 

repeated exposure studies in rats have found effects on the liver by alterations to cholinesterase and 

gamma-glutamyltransferase activity, along with hepacellular hypertrophy (World Health 

Organisation, 2000). Neurotoxic effects included reduction nerve conductivity, increase in refractory 

periods, degeneration of myelin sheaths, and swelling and degeneration of nerve fibres (World 

Health Organisation, 2000). Similarly, neurotoxic effects were observed by decreased free swimming 

and photomotor responses in both Japanese medaka (Sun et al., 2016a) and zebrafish larvae (Sun et 

al., 2016b). 

While the data described above were key in elucidating the toxicological risk of TBOEP, little is 

uncovered about the MOA that may give rise to such adverse effects. Some studies have 

investigated potential molecular MOA by which TBOEP may affect health. For instance, the 

neurotoxic effects of TBOEP in both the Japanese medaka and zebrafish larvae were brought about 

by changes in gene transcription of genes involved in the nervous system (Sun et al., 2016a, 2016b). 

TBOEP was also shown to increase sex hormone production by altering genes involved in sex 

hormone metabolism in human adrenal cortex cells (Liu et al., 2012), while potentiating estrogen 
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signalling by altering receptor expression in zebrafish (Ma et al., 2015). Additionally, TBOEP has 

shown to effect development of zebrafish embryos by inducing malformations, ultimately resulting 

in death (Ma et al., 2016). These developmental effects were also observed concurrently with 

alterations to endocrine functions, by potentially reducing thyroid hormone production, altering 

cortisol homeostasis, and sex-hormone homeostasis (Ma et al., 2016). In line with the disruption of 

sex-hormone homeostasis, TBOEP was shown to alter serum 17β-estradiol and testosterone levels 

which led to a decrease in egg production, hatching success, and survival rates while also retarding 

oocyte maturation and spermiation in zebrafish (Xu et al., 2017). Further developmental effects of 

TBOEP in zebrafish was shown by a decrease in survival and hatching percentage along with a 

decrease in heart rate and body length (Han et al., 2014). These effects were accompanied by the 

inhibition of the use of vitellogenin, and affecting proteins involved in cell proliferation and DNA 

repair which brought about an increase in cells undergoing apoptosis (Han et al., 2014). In daphnia, 

TBOEP was shown to alter genes involved in protein and energy metabolism (Giraudo et al., 2015) 

while having very limited effects in chicken embryos (Egloff et al., 2014). Furthermore, effects on 

membrane and protein integrity were seen and likely brought about by oxidative damage as found 

using a bacterial gene profiling assay (Krivoshiev et al., 2015). However, many of these studies are 

limited to investigating only a subset of genes, and could therefore be biased and fail to identify 

other possible MOA.  

In vitro toxicological assays able to elucidate MOA are seen as the initial strategy in trying to predict 

adverse health effects. Such insight may be used to prioritise hazardous chemicals for further study 

in more time-consuming animal experiments (Colnot et al., 2014), while contributing to risk 

assessment concurrently with in vivo toxicological data to aid better risk assessment in a weight-of-

evidence approach (Ankley et al., 2010; Rouquie et al., 2015). Global gene expression profiling allows 

for greater utility in identifying possible toxicological MOA, which in turn can be used to identify 

biomarkers of exposure and adverse health effects (Beane et al., 2011; Bjerrum et al., 2013; Connor 
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et al., 2010; Ren et al., 2013, 2012; Yang et al., 2008). It may also generate hypotheses and identify 

candidate genes of interest that may be further examined in order to understand phenotypic 

responses (Smith et al., 2013). 

Given that the liver is another major target organ for TBOEP toxicity, biotransformation of FRs has 

shown to potentiate their toxicity compared to parent compounds (Dingemans et al., 2011, 2008; 

van Boxtel et al., 2008). In vitro liver models, such as HepG2 cells, have successfully been used to 

investigate drug metabolism for improved drug efficacy (Bai J et al., 2010; Stormo et al., 2014), and 

to investigate hepatotoxicity (Summeren et al., 2011; Valentin-Severin et al., 2003), while also being 

used in transcriptomics studies that monitor hepatic responses to xenobiotics (Van Delft et al., 

2012). Given the lack of insight into the MOA for TBOEP toxicity, particularly in human cells, we 

adopted RNA-seq to identify molecular changes that may give rise to TBOEP toxicity in HepG2 cells.  
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2. Materials and methods 

2.1 Chemicals and reagents 

TBOEP (CAS 78-51-3) (94% purity) and all other chemicals and reagents were purchased from Sigma-

Aldrich (USA) unless otherwise stated. TBOEP stock solution was made up in ≥99.9% dimethyl 

sulfoxide (DMSO) and stored at -20 oC. 

2.2 Cell culture 

The human hepatocellular carcinoma cell line, HepG2 (ATCC HB-8065), was maintained as a 

monolayer in T-25 Nunc culture flasks in Minimum Essential Medium supplemented with Earle’s 

salts (Gibco, USA), 1 mM sodium pyruvate, 4 mM L-glutamine, 1% non-essential amino acids, 50 

IU/ml penicillin, 50 mg/ml streptomycin, and 10% heat-inactivated foetal bovine serum (FBS). Cells 

were cultured in a 37oC incubator under 5% CO2, and once reaching 70-80% confluency, were 

passaged using 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA), without reaching a maximum 

of 25 passages. Cells were routinely assessed for mycoplasma contamination using the LookOut® 

Mycoplasma PCR Detection Kit (Sigma-Aldrich, USA) following manufacturer’s instructions. 

2.3 Cytotoxicity  

Dose-dependent cytotoxicity was determined by means of a resazurin cell-viability assay. The use of 

resazurin as a measure of cell viability and therefore also as cytotoxicity assays is well documented 

(McMillian et al., 2002; Mikus and Steverding, 2000; Page et al., 1993). The assay relies on the 

reduction of resazurin into resofurin by metabolically active cells. A spectrophotometer can be used 

to qualify the level of reduction, which is dependent on cell number, and whether cells are 

metabolically active or not (viable or dead). Cytotoxicity assays were designed to mimic proposed 

treatments. Briefly, 1 x 104 HepG2 cells were seeded in 96-well plates and allowed to attach and 

acclimatise for 72 hrs. Cells were then treated with a range of TBOEP concentrations made up in 
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0.1% DMSO as indicated in Supplementary Figure 1. Final exposure DMSO concentration was 0.1%. 

Following 72 hrs treatment, cells were washed with PBS and 50 mM resazurin sodium salt was added 

per well. Cells were allowed to incubate at 37 oC for 45 min and fluorescence at 570 nm was 

measured. Assays were conducted in triplicate on cells at three different passages on separate days. 

Statistical differences between exposure conditions and control treatment (0.1% DMSO) were 

determined using the unpaired t-test.  

2.4 Treatments 

3 x 105 HepG2 cells were seeded per well in 6-well plates and allowed to culture for 72 hrs for 

acclimatisation after detachment/reattachment. The number of seeding cells was optimised to allow 

for the necessary amount of RNA to be extracted after treatments while cells were at 70-80% 

confluency by the end of treatments to prevent over-confluency. 2.5 µM and 125 µM TBOEP in 0.1% 

DMSO were used for exposures to low and high concentrations respectively (concentrations at 

which there was an absence of cytotoxicity). Final DMSO concentrations in treatments did not 

exceed 0.1%, equivalent or even lower than the final concentrations used in other MOA 

transcriptomic studies of other chemicals in HepG2 cells (Jennen et al., 2011; Magkoufopoulou et al., 

2012; Souza et al., 2016; Zhang et al., 2016, 2015a, 2015b). Control treatments included cells treated 

with 0.1% DMSO only. Cells were exposed for 72 hrs before RNA isolation. Treatments were 

conducted as triplicates, involving separate seeding of cells (thus forming three separate cell 

populations), separate treatment of each cell population with compound solutions made up 

independently between replicates, and separate RNA isolations and sequencing reactions for each 

population of cells. 

2.5 RNA isolation and sequencing 

The combined TRIzol (Invitrogen, USA) and RNeasy (Qiagen, GER) approach was adopted for RNA 

isolation as it yields high RNA quality required for RNA-seq (Hook et al., 2014). Briefly, this involved 
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extracting RNA from cells with TRIzol as per manufacturer’s instructions through to phase 

separation, at which point the RNA in the aqueous phase was treated as lysate and then subjected to 

RNA clean up using the RNeasy kit according to manufacturer’s instructions. Isolated, pure total RNA 

was then quantified and qualified (260/280 and 230/280 ratios greater than 2) using the NanoDrop 

ND-1000 spectrophotometer (Thermo Scientific, USA). RNA integrity was determined visually using 

the QIAxcel System (Qiagen, GER) (Yednock et al., 2015). RNA was stored at -80 OC prior to library 

preparation. Sequencing libraries were prepared using the TruSeq® Stranded mRNA Sample 

Preparation kit (Illumina, USA) following the manufacturer’s protocol. Prepared libraries were 2 x 

50bp paired-end sequenced using the Illumina HiSeq® 1500 platform (Illumina, USA).  

2.6 Data and pathway analysis 

The average number of total reads per sample was 18.4 million, ranging from 6.4 – 30.3 million 

reads. Reads were mapped to the human reference genome (UCSC hg19) and only reads that were 

uniquely mapped and mapped concordantly in pairs were retained. Alignment, mapping, and 

annotation steps were performed with CLC Genomics Workbench (CLC Bio, DEN) using default 

parameters. Samples were normalised by quantile normalisation. Differential expression p-values 

were generated using Baggerly’s test statistic (Baggerly et al., 2003). These p-values were 

subsequently corrected with the Benjamini-Hochberg procedure to limit the false discovery rate 

(FDR) to 5% of the significant genes (Benjamini and Hochberg, 1995). Over-representation analysis of 

Gene Ontology (GO) terms characterising biological processes for differentially expressed genes 

(DEGs) was performed using the Cytoscape plugin, BiNGO (Maere et al., 2005). Only GO enrichments 

that were supported by at least three genes within that specific GO term were considered for further 

analysis and interpretation. Clustering of similar GO terms was done using the web applet REVIGO 

(Supek et al., 2011). Pathways annotated within the KEGG database were elucidated using Gene Set 

Enrichment Analysis (GSEA), normalised expression data for each triplicate (Subramanian et al., 

2005). Parameters for GSEA were used as previously published (Weidner et al., 2016). Pathways of 
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interest were clustered using a combination of the Cytoscape plugin, Enrichment Map (Merico et al., 

2010), and MultipleExperiment Viewer (Saeed et al., 2003). 

2.7 Quantitative real-time PCR validation 

Overall, thirteen DEGs were selected to be validated by quantitative real-time PCR (qRT-PCR). This 

was done on samples completely independent of the samples used for RNA-seq, using cells from a 

different frozen stock of cells and a different stock of TBOEP that was used for the samples that 

underwent RNA-seq. This therefore also validated the robustness and accuracy of our approach, 

albeit only using a limited number of genes as examples. HepG2 cells were seeded, treated, and 

underwent RNA isolation as for the samples that were used for RNA-seq. Only 125 µM treatments 

were conducted and verified by qRT-PCR. Once purified for mRNA, cDNA libraries were generated 

using the iScript™ Advanced cDNA Synthesis Kit (Bio-Rad, USA) as per manufacturer’s instructions. 

qRT-PCR was conducted using SsoAdvanced™ Universal SYBR Green Supermix and gene primers 

ordered as PrimePCR™ assays from Bio-rad (USA), and was performed according to manufacturer’s 

instructions. Primer sequences are unavailable given that PrimePCR™ assays are proprietary. Primer 

efficiencies of all primers used exceeded 95%. Based on the RNA-seq data, HSPD1 was selected as a 

reference gene given its high and unvaried expression over the three treatment conditions (0.1% 

DMSO, 2.5 µM TBOEP, and 125 µM TBOEP). Relative gene expression was analysed using the 2-ΔΔCt 

method (Livak and Schmittgen, 2001).  
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3. Results 

3.1 Effects on cell viability 

Cytotoxic effects of TBOEP on cell viability was first investigated over a range of concentrations (0 – 

1000 µM). Acute testing for 72 hrs showed toxicity effects only at 1000 µM (Supplementary Figure 

1), where a 50% decrease in cell viability was observed, with increases in mitochondrial activity at 

lower concentrations. Using a toxicogenomics approach, we aimed to identify molecular targets that 

were affected by exposure to 2.5 µM and 125 µM concentrations of TBOEP (denoted as low- and 

high-dose from here on out). RNA-seq was carried out using non-cytotoxic concentrations in an 

effort to limit effects of general stress response genes on the observed transcriptome. 

3.2 Differential gene expression by RNA-seq 

Extracted RNA from HepG2 cells originating from three exposure scenarios (low-dose TBOEP, high-

dose TBOEP, and control) were analysed in triplicate by RNA-seq. Supplementary Table 1 shows the 

sequencing and mapping statistics. Of the 57,774 genes annotated within the hg19 human reference 

genome, a total of 18,999, 19,163, and 18,367 genes were detected as expressed with a count of at 

least one in the TBOEP high-dose, TBOEP low-dose, and control treatments respectively 

(Supplementary Table 2). To identify DEGs between TBOEP and control treatments, a false-discovery 

(FDR) threshold of 5% was used. When applied, 4060 and 1055 genes were detected as differentially 

expressed for high- and low-dose TBOEP treatments respectively. In addition, a further restriction of 

DEGs with a fold-change (FC) of greater than 2 compared to control resulted in 939 and 80 DEGs for 

both high-dose and low-dose TBOEP group respectively (Supplementary Table 2). 

A majority of DEGs (73%) detected for the low-dose treatment were shared with the DEGs detected 

for high-dose TBOEP. Of the 1055 DEGs revealed for low-dose TBOEP treatments at FDR<0.05, 772 of 

those were shared with high-dose treatments, while only 283 DEGs were detected as differentially 
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expressed for low-dose TBOEP exclusively (Figure 1A). Similarly when employing a further restriction 

of absolute fold-changes greater than 2 (|FC|>2), of the 80 DEGs detected in response to low-dose 

TBOEP, 56 were shared with high-dose treatments while only 24 DEGs were detected as 

differentially expressed in response to low-dose TBOEP treatment only (Figure 1B). 

 

Figure 1. Differentially expressed genes in response to TBOEP. Venn diagrams of number of differentially expressed genes 
highlighting the number of common DEGs for high- and low-dose TBOEP treatments. DEGs were detected at (A) FDR<0.05, 
and at (B) FDR<0.05, |FC|≥2. A gene was differentially expressed, irrespective of actual gene fold-changes, when the 
expression change across the three replicates was significant from control treatments at FDR<0.05 following the Benjamini-
Hochberg correction for multiple comparisons. 

3.3 Over-representation analysis of biological processes 

To identify the biological processes affected by TBOEP exposure, DEGs were subjected to Gene 

Ontology (GO) term enrichment using over-representation analysis. Initially all DEGs detected at 

FDR<0.05 were used, and GO terms were enriched using BiNGO (Maere et al., 2005). All significant 

terms (Benjamini-Hochberg FDR<0.05) were then clustered based on similarity into representative 

clusters using REVIGO (Supek et al., 2011) (Supplementary Figure 2). 353 and 217 terms were 

enriched in the high- and low-dose treatments respectively (Supplementary File 1). 

For TBOEP high-dose treatments, GO terms typical of translation were effected most significantly, 

followed by GO term clusters characteristic of oxidative phosphorylation, negative regulation of 

cellular processes, cellular metabolism, and cellular response to stress, with minor clusters indicative 

of intracellular transport and organisation, biosynthesis, cell cycle, and cell death (Figure 2A). 
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Consistently, low-dose TBOEP treatments resulted in enrichment of GO terms representative of 

translation, oxidative phosphorylation, and cellular metabolism, with minor clusters suggestive of 

cellular organisation, biosynthesis, cell cycle, and response to chemical stimulus (Supplementary 

Figure 2B). The 283 genes detected as differentially expressed for TBOEP low-dose treatments only 

revealed effects primarily on cell cycle and spindle organisation (Supplementary Figure 3).  

Given the high number of DEGs induced by both TBOEP treatment doses, DEGs found to be 

expressed at |FC|>2 were also subjected to GO enrichment in an effort to identify biological 

processes that were most affected. The 939 DEGs found to be differentially expressed by high-dose 

treatments at these constraints were characteristic of a number of cellular processes, including; 

response to stress, response to stimulus and regulation of immune function, cell migrations and 

proliferation, tissue development and organ regeneration, and metabolism (Figure 2A). These 

general biological processes were further characterised to identify more specific responses that are 

affected by TBOEP (Figure 2B). Response to stress was mainly characterised by responses to wound 

healing, organic substances, and to corticosteroid stimulus. Response to stimulus and regulation of 

immune function was distinguished by regulation of wound healing, blood coagulation, chemotaxis, 

and inflammatory responses. Regulation of cell cycle, smooth muscle cell proliferation, and 

leukocyte migration amongst other processes were found to be typical of the cell migration and 

proliferation group. Tissue development and organ regeneration was denoted by blood vessel 

development and organ regeneration, while metabolism was represented by lipid, steroid hormone, 

and organophosphate metabolism. Specifically for steroid hormone metabolism, TBOEP was shown 

to significantly alter the expression of genes encoding for all the major enzymes (except for P450scc) 

in this pathway (Supplementary Figure 4). However, changes in gene expression for all enzymes 

involved in this pathway were not unidirectional (Supplementary Figure 5). GO enrichment of the 80 

DEGs found to be differentially expressed following treatment with low-dose TBOEP failed to enrich 

for any GO terms (data not shown). 
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Figure 2. Biological processes over-represented by DEGs detected for high-dose TBOEP treatments (FDR<0.05, |FC|≥2). 
(A) A GO tree obtained using BiNGO showing the hierarchy of GO terms representative of biological processes over-
represented by DEGs. A GO term was considered significantly altered at FDR<0.05 after Benjamini-Hochberg correction for 
multiple testing corrections. Biologically similar GO terms were further grouped into five groups representing general 
biological functions associated with each group. (B) The five biological process groups and characteristic responses for each 
are shown in greater detail. Coloured nodes indicate significant nodes (FDR<0.05), with more orange indicate greater 
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significance. For ease of reading, GO terms are arranged in a hierarchy, with more general GO terms being present near the 
top, and more specific GO terms being found at the bottom. Data from GO term enrichments are found in Supplementary 
File 2. 

3.4 Gene set enrichment of pathways 

Normalised expression data of all transcripts detected were analysed for enriched pathways using 

GSEA and the curated KEGG database. Analysis revealed enrichment (FDR<0.25) of ribosome 

(hsa03010), oxidative phosphorylation (hsa00190), tricarboxylic acid (TCA) cycle (hsa00020), and 

pyrimidine metabolism (hsa00240) KEGG pathways as over-expressed for TBOEP high-dose 

treatments (Supplementary Table 3), while no pathways were detected as under-expressed 

(Supplementary File 3). Similarly for low-dose TBOEP treatments, ribosome (hsa03010), oxidative 

phosphorylation (hsa00190), and pyrimidine metabolism (hsa00240) KEGG pathways were also 

enriched as over-expressed (FDR<0.25) along with the DNA replication (hsa03030) KEGG pathway 

(Supplementary Table 4). Once again, no pathways were detected as under-expressed 

(Supplementary File 3). 

Heatmaps of enriched KEGG pathways were generated using Log2 converted fold-change values of 

averaged expression data over the three triplicates per condition (Figure 3), allowing the 

visualisation of expression data for each gene making up each enriched pathway. Genes making up 

the separate pathways and treatment conditions were then clustered for each enriched KEGG 

pathway. Clustering reveals expression levels of a vast majority of genes making up these pathways 

were affected following treatment with TBOEP, both at high- and low-dose treatments. Most of 

these altered gene expressions concern increases in gene expression in response to TBOEP 

treatments.  
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Figure 3. KEGG pathways affected by TBOEP treatment. Heatmap visualisation and cluster analysis of genes characterising 
significantly enriched (FDR<0.25) KEGG pathways for both TBOEP high- and low-dose treatments. Expression data used was 
the averaged of triplicates per condition. Data represents Log2FC expression values compared to control. KEGG pathways 
were considered significantly altered at FDR<0.25 following adjustments for multiple hypothesis testing as recommended 
by the original authors (Subramanian et al., 2005). Variation between replicates for significantly affected KEGG pathways 
can be visualised in Supplementary Figure 6. 

3.5 qRT-PCR validation 

All thirteen genes selected for qRT-PCR validation showed good correlation to the results generated 

by RNA-seq for 125 µM treatments (Supplementary Figure 7), highlighting the robustness of our 

approach. Of the thirteen genes, eight (CYP19A1, AKR1C1, AKR1C2, HSD17B7, HSD17B8, CYP17A1, 

CYP21A2, and UGT24B4) that were detected as differentially expressed by RNA-seq and enriched for 

steroid hormone metabolism were included in the panel of genes selected for qRT-PCR. Five genes 
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(AKAP12, CYP24A1, RAB17, CLMN, and ASB2) were selected given their high expression and 

magnitude of differential-expression in response to TBOEP. 
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4. Discussion 

Given its presence in many different matrices, including; drinking water (Li et al., 2014), human milk 

(Kim et al., 2014), and placenta (Ding et al., 2016), along with limited insight into its potential MOA, 

there is a need to expand our understanding on the potential effects of TBOEP on human and 

environmental health. The present study elucidated toxicological MOAs of TBOEP using a 

hypothesis-free approach in an attempt to identify potential human health effects, and aid better 

risk assessment. For this, a toxicogenomic approach was followed, which has already proven its 

worth in identifying toxicological MOA that may give rise to potential negative health effects (Guyot 

et al., 2014; Hook et al., 2014; Li et al., 2015; Xu et al., 2015).  

Cytotoxicity 

Firstly, acute cytotoxicity of TBOEP was measured by means of a cell viability assay. Concentration-

dependant cytotoxicity by monitoring mitochondrial activity revealed that TBOEP had limited 

cytotoxicity in HepG2 cells, which is in line with other similar studies investigating the in vitro 

cytotoxicity of TBOEP in immortalised human cell lines (Krivoshiev et al., 2016; Liu et al., 2012) and in 

Daphnia magna (Giraudo et al., 2015). However, different levels of cytotoxicity are seen between 

different cell lines and different in vivo models (Table 1). 

  Model (origin) 
Concentration 

(µM) 
Cytotoxicity/
mortality (%) 

Exposure 
time (hrs) 

Reference 

in
 v

it
ro

 

HepG2 (human liver) 1000 80% 72 This study 

MCF-7 (human breast) 1000 0% 24 (Krivoshiev et al., 2016) 

H295R (human adrenal cortex) 250 <80% 48 (Liu et al., 2012) 

Chicken embryonic hepatocytes 60 50% 36 (Porter et al., 2014) 

Herring gull embryonic hepatocytes 95 50% 36 (Porter et al., 2014) 

E.coli 500 20% 1.5 (Krivoshiev et al., 2015) 

in
 v

iv
o

 

Daphnia magna 370 50% 48 (Giraudo et al., 2015) 

Zebrafish embryos 32 50% 48 (Han et al., 2014) 

Zebrafish embryos 8 50% 96 (Du et al., 2015) 

Zebrafish embryos 0.72 50% 96 (Ma et al., 2016) 
Table 1. Comparison of TBOEP concentration and level of cytotoxicity/mortality investigated in other studies. 
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Variations seen within different species, both in vitro and in vivo, indicates that TBOEP may elicit 

dissimilar levels of acute toxicity in a species-specific manner. However, it should be noted that 

different exposure times could cause these dissimilar levels of toxicity. Additionally, dissimilar levels 

of cytotoxicity between different cell types of the same species origin may be suggestive of differing 

TBOEP toxicity in an exposure time- and cell type-dependent manner. For instance, longer exposure 

times generally resulted in higher levels of cytotoxicity, while adrenal cortex cells appear to be more 

vulnerable to TBOEP toxicity compared to cells of liver and breast origin. Perhaps indicative of this, is 

the need to establish levels of both acute and chronic toxicity in not only mammals, but also 

invertebrates, plants, and sediment organisms for registration of a chemical with REACH. Here, we 

observed cells responding to TBOEP treatment firstly by increasing mitochondrial activity, with levels 

increasing to 30% above that of controls directly before noting cytotoxic effects at 1000 µM 

treatments only. This would suggest that TBOEP has limited cytotoxicity to HepG2 cells, however, it 

should be noted that only acute toxicity was measured here, and that mixture toxicity was not 

accounted for, given that mixtures of certain FRs have already been shown to potentiate their 

individual toxicity (Breitholtz et al., 2008).  

Alterations to the transcriptome 

The changes in mitochondrial activity were accompanied by changes in global gene expression. 4060 

and 1055 genes were differentially expressed in the HepG2 cells that were treated with high dose 

(125 µM) and low dose (2.5 µM) TBOEP respectively. Several data analysis strategies were employed 

to identify a wide variety of biological processes being altered. 

Firstly, over-representation analysis revealed that treatment with TBOEP impacts cell metabolism at 

many different points, with significant alternations in pathways related to protein metabolism, 

response to stress and chemical stimuli, tissue regeneration, and lipid metabolic processes. 

Clustering of the numerous significant GO terms to remove redundancy and thus group similar GO 
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terms based on similarity revealed that the most significant biological processes affected by TBOEP 

were typically related to mRNA translation and energy metabolism for both high- and low-dose 

treatments. The 283 genes detected as differentially expressed in low-dose TBOEP treatments 

indicated potential non-monotonic responses of some genes and therefore potentially some 

biological processes in response to TBOEP. Over-representation analysis of these genes revealed 

effects primarily on cell cycle and spindle formation processes, highlighting that TBOEP may affect 

some biological functions in a non-monotonic manner, while a vast majority of remaining effects 

seemed to be monotonic in response given that a majority of genes detected as differentially 

expressed in low-dose TBOEP were also detected as differentially expressed in high-dose TBOEP 

treatments. 

As a second analysis approach, we performed GSEA, which in contrast to Gene Ontology analysis 

(GOA) does not rely on cut-offs to identify DEGs (Subramanian et al., 2005), and can therefore be an 

interesting complementary analysis to GOA (Hedegaard et al., 2009). Gene set enrichment analysis 

revealed effects on TCA cycle, oxidative phosphorylation, pyrimidine metabolism, DNA replication, 

and ribosomal subunits. This is in agreement with the over-representation analysis that found 

alterations to protein and energy metabolism. However, effects of DNA metabolism were detected 

exclusively with GSEA. Overall, these results suggest that increases in these pathways may result in 

an increased production of macromolecules such as proteins and DNA, along with an increase in 

energy metabolism potential. Such an increase in basic cellular function might explain the significant 

increase in mitochondrial activity we observed at these TBOEP concentrations. Additionally, similar 

gene alterations to such pathways have already been characterised for some disorders. For example, 

out of three pathways found to be altered in an obese cohort compared to a lean cohort, ribosome 

and oxidative phosphorylation pathways were found to be upregulated (Ghosh et al., 2010). These 

alterations to specific pathways caused by TBOEP may also alter normal aging of the cell, given that 

modification of pathways involved in protein turnover and energy metabolism have been shown to 
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play a role in normal cell aging (Linford et al., 2007). Taken together, this indicates that changes in 

such general cellular pathways may give rise to a wide variety of adverse outcomes.  

GOA using DEGs with fold-changes of greater than two-fold was performed since a majority of DEGs 

exhibited only minor, though significant fold-changes, and are therefore less likely to affect biology 

compared to DEGs showing greater levels expression changes. Treatment with 125 µM revealed five 

broad biological processes being affected. A biological process consistently being seen as altered was 

wound healing. Wound healing is the complex process by which a wound may properly heal, and is 

comprised by the co-ordination of four biological functions; haemostasis, inflammation, 

proliferation, and remodelling (Guo and DiPietrio, 2010). Unsurprisingly, TBOEP was shown to alter 

genes involved in many of these processes as evidenced by enrichment of the GO terms 

representative of the regulation of angiogenesis, regulation of immune function, cell migration and 

proliferation, and organ development and regeneration. Additionally, responses to corticosteroid GO 

terms were also detected as enriched. Given that corticosteroids are released in response to stress 

and serve as a negative-feedback loop in regulating the wound healing process (Wicke et al., 2000), 

this therefore further reaffirms that the cellular response to stress induced by TBOEP mimics that of 

wound healing. Liver fibrosis is the wound healing response which involves the development of scar 

tissue that may originate from damage to hepatocytes and may ultimately lead to liver cirrhosis 

(Vinken, 2013). Given the enrichment of wound healing responses here, this would suggest that 

TBOEP may result in damage to hepatocytes and may hold potential to induce liver fibrosis. This is in 

agreement with other studies conducted in rats that have already revealed effects of TBOEP on the 

liver; including a decrease in cholinesterase activity, an increase in gamma-glutamyltransferase 

activity, and hepatocellular hypertrophy (World Health Organisation, 2000). A decrease and increase 

in cholinesterase and gamma-glutamyltransferase have been associated with liver cirrhosis (Meng et 

al., 2013) and liver damage (Alam et al., 2013) respectively, indicating that using these as 

biomarkers, TBOEP also showed potential to induce liver fibrosis by way of liver damage in rats. 
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To further explore how TBOEP exposure may alter immune responses, genes comprising the makeup 

such GO terms were investigated. Subsequently, TBOEP was found to alter the expression of a 

number genes involved in various aspects of immune function. For instance, genes involved in the 

formation (C8A, C8B, C8G) and regulation of the complement system (CFI), regulation of antigen 

presentation (TLR3, CD74, CD79A), pathogen pattern recognition (DDX58), modulation of immune 

responses (BCL6, DPP4, F2RL1, HMOX1) and the upregulation of immune response by upregulating 

interleukin receptors (IL4R, IL6R), were found to be altered in response to TBOEP. It should be noted 

that while HepG2 cells should not be used as a model cell line for investigating effects on immunity, 

their ability to mount innate immune responses (Israelow et al., 2014) have allowed for them to be 

used to investigate the pro-inflammatory effects of drugs on liver cells (Yuhas et al., 2011). 

Nevertheless, the potential hepatic pro-inflammatory effects of TBOEP seen here are agreement 

with previous studies documenting effects of some brominated FRs in affecting immune responses 

by either altering antigen presentation-related molecule expression in mouse immune cells (Koike et 

al., 2013), or by altering cytokine signalling in human immune cells (Mynster Kronborg et al., 2016). 

Finally, TBOEP had effects on lipid metabolism, specifically steroid hormone metabolism. Here, 

TBOEP was shown to alter the expression of genes encoding for all the major enzymes in steroid 

hormone biosynthesis. Genes encoding for the major enzymes; 17α-hydroxylase, 17,20 lyase, 17β-

hydroxysteroid dehydrogenase, 21-hydroxylase, and aromatase were all shown to be altered at high 

levels (|FC|>2) in response to TBOEP treatment, with nearly all other enzymes involved in steroid 

hormone biosynthesis barring one (P450-scc) exhibiting altered expression levels compared to 

control, albeit at smaller fold-change magnitudes. However, changes in expression for all enzymes 

were not unidirectional. Of interest, estrogenic effects of TBOEP have already been documented. 

Following a five-day treatment of 0.5 µM TBOEP in zebrafish embryos, an increase in estrogen 

receptor gene expression was observed, thereby potentiating normal estrogen signalling (Ma et al., 

2015). TBOEP was also shown to alter steroid hormone metabolism in human cells (Liu et al., 2012). 
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Our study therefore confirms that the estrogenic effects of TBOEP are likely as a result of alterations 

to steroid hormone biosynthesis. The non-unidirectional changes of gene expression in the steroid 

hormone biosynthesis cascade could be a sign of its lack of gene expression coordination of 

participating genes. The rationale is that genes making up a specific pathway or function should be 

regulated in a more coordinated manner than a random set of genes. However, this is not the case 

for all pathways. For instance, pathways with lower levels of expression coordination between its 

member genes are usually a result of cross-talk between pathways and that some genes have 

different roles in different pathways, while gene members of biological processes that are highly 

conserved and vital to basic biological function (such as transcription and translation) were found to 

be highly coordinated in expression (Huang et al., 2006). The steroid hormone biosynthesis pathway 

has already shown to hold little expression coordination amongst its gene members in human cancer 

cells (Huang et al., 2006), which is perhaps why we observed non-unidirectional changes in gene 

expression for all genes making up this process. 

In vitro to in vivo extrapolation 

Given that in vitro culturing practices are far removed from blood serum dynamics found in vivo and 

that in vitro cell cultures are not comparable to in vivo target tissue, models are needed to 

extrapolate in vitro findings to an in vivo setting. Firstly, cell culturing practices impart alterations to 

chemical behaviour (e.g. binding to plastic, evaporation, binding to proteins, etc.) that are not found 

in an in vivo setting. To control for such factors affecting free concentrations in vitro, biokinetic 

models can be used to describe accurate dosimetry (Blaauboer, 2010). Effective concentrations 

rather than nominal concentrations may then be extrapolated to an in vivo setting taking into 

account factors affecting dosimetry in cell culture (Blaauboer, 2010). Furthermore, simplified in vitro 

models lack complex biological functions such as in vivo absorption, distribution, metabolism, and 

excretion while also lacking the tissue complexity found in vivo. To overcome this, the physiologically 

based pharmacokinetic modelling (PBPK) approach has been introduced which involves 
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mathematical descriptions of routes of exposure, physiological parameters used to described the in 

vivo biological system of interest, and chemical-specific parameters used to describe the interaction 

between the chemical and the biological system of interest (D’Yvoire et al., 2007). The above-

mentioned modelling approaches are key to quantitative in vitro to in vivo extrapolations (Yoon et 

al., 2015), a process that has already been successfully used to identify margins of safety for the 

potential estrogenic effects of parabens using in vitro and in silico data (Campbell et al., 2015).  

These modelling approaches rely on chemical-specific data to be correctly executed. Multiple 

physiochemical, permeability, and clearance parameters are needed in conjunction with partitioning 

coefficients, all of which must be empirically derived (D’Yvoire et al., 2007; Kuepfer et al., 2016). 

Perhaps indicative of the need for empirical data before attempting such an undertaking is 

exemplified by the recent and only publication involving PBPK modelling and a flame retardant that 

has been studied for decades, polybrominated diphenyl ether (Song et al., 2016). Given that TBOEP 

is less well-studied, with its in vitro metabolism only recently being characterised in human liver 

microsomes (Van den Eede et al., 2015) and primary human hepatocytes (Van den Eede et al., 2016), 

such complex modelling approaches were not attempted to extrapolate our findings to in vivo 

settings. However, as a measure of the nominal concentrations used in this study, along with the 

only existing study investigating the levels of TBOEP in humans as weight per volume blood, a crude 

approximation relating the concentrations used in this study to physiologically relevant levels can be 

made. Whole blood samples from 257 adult individuals revealed that TBOEP was detected in 98.1% 

of subjects, with a median concentration of 0.54 ng/ml whole blood, and a range of not detected to 

16 ng/ml whole blood (Zhao et al., 2016). Considering that for small lipophilic molecules blood flow 

to the tissue becomes the limiting factor (Jones and Rowland-Yeo, 2013), and that TBOEP has a 

moderate clearance rate and therefore limited potential to bioaccumulate (Van den Eede et al., 

2015), 16 ng/ml whole blood corresponds to approximately 0.04 µM effective concentration that 

liver epithelial cells might be exposed to, roughly 62 times lower than our lowest nominal 
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concentration used here. However, given that TBOEP is rapidly metabolised (Van den Eede et al., 

2015), and that only the parent compound of TBOEP was measured in human blood (Zhao et al., 

2016), it is likely that human body-burden to TBOEP may be higher than indicated by measuring the 

parent TBOEP compound in blood. This, together with the fact that cell culturing with lipophilic 

compounds may result in reduced effective free concentrations that the cells may be exposed to and 

therefore lead to underestimation of toxic potency (Gülden et al., 2015), indicates that the lowest 

concentration used in this study may be even more relevant to physiological exposure levels. This is 

further compounded by the fact that toddlers are exposed to much higher levels of TBOEP than 

adults by a factor of nearly 10 times and perhaps more by measuring dust intake (Van den Eede et 

al., 2011), further making the lowest nominal concentration used in this study more physiologically 

relevant. 

Comparing our findings to those conducted in vivo, nominal external concentrations similar to the 

ones used here were found to elicit adverse effects by altering steroid hormone biosynthesis. For 

instance, treatment with 1.25 µM TBOEP for 21 days resulted in decreased egg production, hatching 

success, and survival rates in zebrafish offspring while also being found to affect gonadal 

development and sex hormone homeostasis (Xu et al., 2017). It should be stressed that the 

approach used above serves as a crude approximation to correlate the concentrations used here to 

physiologically relevant levels of TBOEP while also correlating our findings to other in vivo studies. 

For a thorough evaluation that can not only qualitatively but also quantitatively extrapolate our 

findings in vitro to in vivo settings, a fully described PBPK model would be needed. Nevertheless, 

despite this, given that risk assessment involves both hazard identification (which is the 

identification of potential health effects irrespective of potential exposure levels) and exposure 

assessments (which identifies potential exposure levels likely to be encountered), this study serves 

as a hazard identification of TBOEP to elicit changes in the transcriptome that may give rise to health 

effects independent of concentrations that might be experienced in a practical setting. Such studies 
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in conjunction with in vivo toxicological studies could prove useful in predicting adverse health 

effects (Rouquie et al., 2015), and can also support risk assessment in a weight-of-evidence 

approach (Behl et al., 2015; Colnot et al., 2014).   

Future perspectives 

While HepG2 cells are of liver origin, they appear to maintain lower metabolism of xenobiotics 

compared to primary hepatocytes as evidenced by lower expression of some phase I and phase II 

enzymes,  both at a gene (Wilkening et al., 2003) and protein level compared to primary hepatocytes 

(Wiśniewski et al., 2016). However, even primary human hepatocytes had a low level of sensitivity 

when detecting for known hepatotoxins (Gerets et al., 2012), highlighting that there is currently no 

perfect in vitro model for predicting drug metabolism. As such, further research using other in vitro 

liver models is required to develop a comprehensive understanding of potential hepatotoxic effects 

of TBOEP and its metabolites.  
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5. Conclusion 

Given the gaps in toxicological MOA data for TBOEP, we adopted RNA-seq to identify molecular 

changes in human hepatocellular carcinoma cells in response to TBOEP. TBOEP showed limited 

cytotoxicity, with mitochondrial activity increasing directly before cytotoxic effects occurred at very 

high concentrations. A transcriptome-wide approach was employed using two non-cytotoxic 

concentrations, the lowest of which might hold relevance to human physiological levels. Results 

from over-representation and gene-set enrichment analysis correlated well and revealed 

upregulation of protein, DNA, and energy metabolism. These changes were accompanied by 

enrichment of GO terms for a wide variety of biological processes, but most significantly for wound 

healing, immune function, and steroid hormone biosynthesis, which is in agreement with other 

studies. 
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Supplementary Figure 1. Cytotoxic effects of TBOEP on HepG2 cells indicated as a measurement of cell viability. 
Alterations to mitochondrial activity was considered significant across experiments compared to control following the 
unpaired t-tests test statistic; *p<0.05 **p<0.01 ***P<0.001 ****p<0.0001.   

Treatment Dose Triplicate 
Number of 

reads 

Reads 
mapped 
in pairs 

(%) 

Reads 
mapped in 

broken 
pairs (%) 

Reads 
not 

mapped 
(%) 

Total 
fragments 

Total unique 
fragments 

(%) 

Total non-
specific 

fragments 
(%) 

Uncounted 
fragments 

(%) 

Total fragments 
mapped to exons 

(%) 

TBOEP High 1 20,924,414 78.51 5.58 15.90 10,462,207 78.48 0.03 21.49 91.40 

 
125µM 2 30,297,034 79.46 4.34 16.19 15,148,517 79.43 0.03 20.54 91.53 

  
3 7,070,344 76.48 7.33 16.18 3,535,172 76.45 0.03 23.52 91.92 

 
Low 1 25,725,122 80.57 3.75 15.67 12,862,561 80.53 0.04 19.43 89.44 

 
2.5µM 2 26,667,750 78.68 4.70 16.61 14,333,875 78.65 0.03 21.32 91.63 

  
3 6,478,332 77.64 5.50 16.86 3,239,166 77.61 0.03 22.36 92.24 

DMSO 0.1% 1 25,784,896 79.49 5.14 15.36 12,892,448 79.45 0.04 20.51 89.68 

(Control) 
 

2 12,643,388 79.26 5.70 15.03 6,321,694 79.23 0.04 20.74 89.93 

  
3 10,381,144 78.77 5.50 15.74 5,190,572 78.73 0.03 51.23 90.80 

Average   18,441,380 78.76 5.28 15.95 9,331,801 78.73 0.03 24.57 90.95 

Supplementary Table 1. Sequencing and mapping statistics of RNA-seq reads to the reference human genome, hg19. 

Treatment Dose 

Number of 
genes 

detected 
as 

expressed  

Number of 
DEGs 

(FDR<0.05) 

Upregulated 
DEGs 

Downregulated 
DEGs 

Number of 
DEGs 

(FDR<0.05,
|FC≥2|) 

Upregulated 
DEGs 

Downregulated 
DEGs 

TBOEP High 18,999 4,060 2,127 1,933 939 501 438 

 
Low 19,163 1,055 579 476 80 51 29 

DMSO - 18,367 - - - - - - 
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Supplementary Table 2. Number of DEGs in response to TBOEP. Number of differentially expressed genes (DEGs) detected 
for 125 µM (high dose) and 2.5 µM (low dose) TBOEP compared to control treatments at FDR<0.05, and at FDR<0.05 
|FC|≥2. 

Supplementary Figure 2. Treemap clustering and visualisation of GO enrichment analysis representative of biological 
processes. GO enrichment was done using BiNGO, and all significant GO terms were clustered and visualised using REVIGO 
for all DEGs (FDR<0.05) detected in both (A) high-dose, and (B) low-dose TBOEP treatments. Size of rectangles represent 
significance |log(p-value)| of the GO term. The specific GO terms that make up the super clusters are characterised in 
Supplementary File 4.  



39 
 

 Supplementary Figure 3. Treemap clustering and visualisation of GO enrichment analysis for DEGs (FDR<0.05) detected 
in TBOEP low-dose treatments only. Size of rectangles represent significance |log(p-value)| of the GO term. The specific 
GO terms that make up the super clusters are characterised in Supplementary File 5.  

KEGG 
pathway 

Description 
Enrichment 
score 

Normalised 
enrichment 
score 

p-value FDR q-value 

hsa03010 Ribosome 0.86 1.82 0 0 

hsa00190 Oxidative phosphorylation 0.77 1.71 0.002 0.004 

hsa00020 TCA cycle 0.81 1.46 0.02 0.22 
Supplementary Table 3. KEGG pathways enriched at a level of FDR<0.25 for high-dose TBOEP treatments. 

KEGG 
pathway 

Description 
Enrichment 
score 

Normalised 
enrichment 
score 

p-value FDR q-value 

hsa03010 Ribosome 0.866 1.868 0 0 

hsa00190 Oxidative phosphorylation 0.780 1.745 0 0.001 

hsa00240 Pyrimidine metabolism 0.722 1.589 0 0.051 

hsa03030 DNA replication 0.806 1.537 0.007 0.088 
Supplementary Table 4. KEGG pathways enriched at a level of FDR<0.25 for low-dose TBOEP treatments. 



40 
 

Supplementary Figure 4. Simplified schematic diagram of steroid hormone biosynthesis pathway. Only major 
metabolites and enzymes are included for ease of reading. Metabolites are blue while enzymes are represented by boxes. 
Expression of genes encoding for specific enzymes that were significantly (p<0.05) altered across triplicates compared to 
control are coloured red. 



41 
 

 

Supplementary Figure 5. Heatmap indicating changes of expression of genes involved in the entire steroid hormone 
biosynthesis KEGG pathway (hsa00140). Genes encoding for the enzymes in Supplementary Figure 4 are also indicated. 
Data represents Log2FC expression values compared to control. 

 

 

 

 

 

 

 

 



 

Supplementary Figure 6. Visualisation of significantly affected KEGG pathways (FDR<0.25) across all triplicates. KEGG pathways found to be significantly altered by Gene Set Enrichment 
Analysis were clustered and gene expression of genes involved were visualised across all triplicates. Gene expression is Log2-converted and normalised to average control.



 

Supplementary Figure 7. Log2-converted changes in expression of thirteen genes in response to 125 µM TBOEP by RNA-
seq and qRT-PCR. Samples that underwent RNA-seq and qRT-PCR analysis were generated independent of each other. All 
expression changes for both RNA-seq and qRT-PCR were statistically significant from their respective controls across 
triplicates as determined by unpaired t-test statistics (p<0.05). Genes used for validation are described on the x-axis, while 
genes involved in steroid hormone metabolism are indicated. 


