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Abstract: Tris (2-ethylhexyl) phosphate (TEHP) is an organophosphate flame retardant (OPFRs) which
is extensively used as a plasticizer and has been detected in human body fluids. Contemporarily,
toxicological studies on TEHP in human cells are very limited and there are few studies on its
genotoxicity and cell death mechanism in human liver cells (HepG2). Herein, we find that HepG2
cells exposed to TEHP (100, 200, 400 pM) for 72 h reduced cell survival to 19.68%, 49.83%, 58.91% and
29.08%, 47.7% and 57.90%, measured by MTT and NRU assays. TEHP did not induce cytotoxicity
at lower concentrations (5, 10, 25, 50 pM) after 24 h and 48 h of exposure. Flow cytometric analysis
of TEHP-treated cells elevated intracellular reactive oxygen species (ROS), nitric oxide (NO), Ca**
influx and esterase levels, leading to mitochondrial dysfunction (A¥m). DNA damage analysis by
comet assay showed 4.67, 9.35, 13.78-fold greater OTM values in TEHP (100, 200, 400 uM)-treated
cells. Cell cycle analysis exhibited 23.1%, 29.6%, and 50.8% of cells in SubG1 apoptotic phase after
TEHP (100, 200 and 400 uM) treatment. Immunofluorescence data affirmed the activation of P53,
caspase 3 and 9 proteins in TEHP-treated cells. In qPCR array of 84 genes, HepG2 cells treated with
TEHP (100 uM, 72 h) upregulated 10 genes and downregulated 4 genes belonging to a human cancer
pathway. Our novel data categorically indicate that TEHP is an oxidative stressor and carcinogenic
entity, which exaggerates mitochondrial functions to induce cyto- and genotoxicity and cell death,
implying its hepatotoxic features.

Keywords: organophosphorus flame retardants; TEHP; genotoxicity; hepatotoxicity; toxicogenomics;
apoptosis; transcriptomics; oxidative stress; DNA damage; cytotoxicity

1. Introduction

The global consumption of flame retardants (FRs) in 2019 has surpassed 2.9 million
tons, out of which 18% was shared by organophosphate flame retardants (OPFRs). Based
on the IHS Consulting 2020 survey, it was anticipated that between 2019 and 2025, the use
of FRs will increase worldwide at an annualized rate of 2.7% [1]. OPFRs are profoundly
added to various consumer and industrial products such as electronics, furniture, textiles,
plastics, building materials and vehicle parts [2]. OPFRs have the tendency to erode
from the products, resulting in their appearance in drinking water, food, outdoor and
indoor air, waste water, sludge, sediment, surface water, and indoor dust [3]. Abrasion,
leaching, and volatilization are the prominent processes behind the release of OPFRs from
the products [4,5]. Environmental studies have affirmed the presence of OPFRs (1600 ng/L)
in a sample of drinking water in Korea [6]. Indoor air and dust samples collected from New
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York, USA have been detected for 2.96 to 635 ng/ m3 and 16.2 to 224 ng/g of OPERs [7].
Soil and river sediment samples collected from Tianjin, China and Bagmati River, Nepal
showed 37.7 to 2100 ng/g and 983 to 7660 ng/g of OPFRs [8,9]. Persistent use of OPFRs
in consumer products and their appearance in environmental samples raises concerns for
human exposure via the consumption of drinking water, inhalation of indoor dust, and
absorption of contaminated food [10]. Human biomonitoring studies have also confirmed
the presence of OPFRs in human body fluids [11,12].

Tris (2-ethylhexyl) phosphate (TEHP) is an OPFRs and plasticizer, mostly used in
polyvinyl chloride and other polymers. Significant levels of TEHP have been detected
in marine sediments from coastal areas of Columbia and San Francisco Bay [13,14]. A
human non-small cell lung cancer cell line (NCI-H1975) exposed to TEHP (0-200 uM) for
72 h demonstrated cytotoxicity, oxidative stress and apoptosis [15]. In vitro studies using
two-hybrid gene reporter and e-screening assays have demonstrated the antiestrogenic
properties of TEHP [16]. Indoor air dust analyzed for the presence of OPFRs exhibited
higher concentration of TEHP [17]. Elderly persons exposed to TEHP via inhalation of
indoor dust were frequently detected with higher concentrations in the blood [17]. Hair
from Norwegian mothers and children’s exposed to indoor dust exhibited TEHP in 93%
of samples, although the level was relatively higher in mothers than in children’s [18].
Distantly, elevated levels of TEHP has been reported in processed and non-processed
foods [19]. Meat samples (chicken, beef, and pork) in China were detected with a TEHP
mean concentration of 3.07 ng/g dw [20]. Dietary intake of TEHP containing rice and
vegetables has been attributed as the main factor for exposure in male and female children
in China [20]. Human breast milk has been detected with 0.26-2.1 ng/mL of TEHP; it
is estimated that an infant (0-1 year) consuming 450 mL daily would result in average
daily intake of 76 ng/kg b.w. of TEHP [11]. Consequently, dietary intake of TEHP has
been recognized as one of the principal pathways of exposure for adults, followed by dust
ingestion and air inhalation [21].

Notwithstanding the above facts, during the 1980s, TEHP was studied comprehen-
sively for carcinogenicity; however, most of the publicly available in vivo data employed
for human health risk assessment are too old [22,23]. In a recent study, TEHP-exposed
rats showed testicular pathology and histological changes after 28 days of exposure [24].
The above evidence indicates that TEHP has the ability to accumulate and induce adverse
effects to human health. Regardless of that fact, TEHP has not been studied for its hepa-
totoxic effects in human liver cells. We present the toxicological impact and carcinogenic
potential of TEHP in human liver cells (HepG2) owing to its ability for differentiation and
genotypic similarities with normal human liver, as well as it is a preferred cell line for
the toxicological screening of chemicals [25]. In this study, novel information on TBEP is
provided by measuring (i) cytotoxicity, (ii) DNA damage, oxidative stress, mitochondrial
dysfunction (A¥m), (iii) apoptosis and (iv) transcriptomic alterations in HepG2 cells.

2. Materials and Methods
2.1. Cell Culture and Cytotoxicity Assays

HepG2 cells were procured from ATCC (Manassas, VA, USA). Experiments were
conducted with the 10th passage of cells. HepG2 were seeded and sub-cultured routinely
in RPMI-1640 media having 10% FBS and 1% antibiotic solution. Cells were grown in a
CO; (5%) incubator at 37 °C (95% humidity). TEHP (CAS #78-42-2, Cat #289922, Sigma
Aldrich, St. Louis, MO, USA) exposure concentrations were prepared in DMSO, and prior
to exposing the cells it was diluted in serum free medium. To minimize the binding and
interference of serum with flame retardants [26,27], we have exposed the HepG2 cells with
TEHP in serum free medium (without FBS) for 72 h, and cytotoxicity assessments were
carried out by MTT and NRU assays. TEHP screening experiments were carried out at 5,
10, 25, 50, 100, 200, and 400 uM for 24-72 h. No cytotoxicity was found till 50 uM after 72 h
(Supplementary Figures S1 and S2). TEHP at the exposure concentrations of 100, 200, and
400 uM showed cytotoxicity after 72 h; hence, these concentrations were selected for further
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studies. MTT cytotoxicity analysis was performed following the earlier method [28]. Cells
were cultured in 96-well culture plate and grown in a CO; incubator. Subsequently, cells
were exposed to 100, 200 and 400 uM of TEHP for 72 h. Control cells did not receive any
concentration of TEHP. Post exposure, medium was discarded, cells were washed and 10 pL
of MTT (5 mg/mL) was added to the wells and incubated for 4 h. Afterwards, medium was
removed from the wells, DMSO (200 pL) was added, mixed gently, and the absorbance was
read at 550 nm wavelength on a microplate reader (Multiskan Ex, Thermo Fisher Scientific,
Vantaa, Finland). Lysosomal toxicity in HepG2 cells was assessed by NRU assay following
the previous method [28]. Cells were grown in 96-well culture plate in a CO, incubator.
TEHP exposure (100, 200 and 400 M) was carried out for 72 h. Subsequently, medium was
removed, and cells were incubated in 50 ng/mL of neutral red dye for 3 h. Washing was
carried out twice with buffer containing 1% CaCl, and 0.5% CH;O. Extraction of dye was
carried out in 200 uL of dilution buffer (1% acetic acid and 50% ethanol). Absorbance was
measured at 550 nm on a microplate reader.

2.2. Quantification of ROS, NO, A¥m, Ca** Influx, and Esterase Level

Flow cytometric quantification of ROS, NO, A¥m, Ca** influx, and esterase level were
carried out as described previously [29]. For each of the above parameters HepG2 cells
were separately exposed to TEHP (100400 uM) for 72 h. The treated and control cells were
harvested at 3000 rpm for 5 min. Cell pellets were aliquoted in PBS (500 pL). For ROS
generation, HepG2 cells were stained with DCFH-DA dye (5 uM); NO staining was carried
out with DAF2-DA dye (5 uM); A¥m staining was carried out with Rh123 dye (5 ng/mL);
Ca** quantification was carried out with 4 pM of Fluo-3 dye; and esterase level in cells
were measured with 5 uM of CFDA-SE dye. Staining with above dyes was carried out for
at least 1 h in dark at 37 °C in a CO; (5%) incubator. Fluorescence intensity of dyes were
recorded in 10,000 cells on a flow cytometer at FL1 channel (Coulter Epics XL/XI-MCL,
Brea, CA, USA).

2.3. DNA Damage Analysis

DNA strand breaks in TEHP-treated cells were measured by our previously described
method [30]. Control and TEHP (100-400 uM, 72 h)-treated cells were trypsinized and
washed twice with PBS. Pellets were resuspended in 100 pL of PBS to which 100 pL of
low melting agarose (LMA) was added and mixed gently. A volume of 75 uL was quickly
overlayed on a 1/3rd frosted slides and a cover glass was placed to form a uniform layer
of gel. Slides were kept on ice to solidify the gel, and 90 uL of LMA was overlayed on
each slide. All slides were kept in lysis buffer, electrophoresed, and DNA damage was
quantitated by comet assay IV software (Instem, Perceptive Instruments, Cambridge, UK)
by following the previous method [30].

2.4. Cell Cycle Dysfunction and Apoptosis Analysis

HepG2 cells were exposed to 100-400 uM of TEHP for 72 h in a CO, incubator (5%,
95% humidity). Control cells were run parallel under similar conditions. Post exposure,
cells were harvested and washed with PBS. Cells were fixed for 1 h in 500 pL cold ethanol
(70%). Cells were washed with PBS, and finally resuspended in 500 pL of PBS containing
propidium iodide dye (50 pug/mL). Cell cycle phases of 10,000 cells were recorded on FL3
Log channel of flow cytometer [29]. Apoptosis analysis was carried out by growing the
HepG2 cells in the same way as described for the cell cycle analysis. Post exposure time,
HepG2 cells were harvested and washed twice with PBS at 1000 rpm for 3 min. Cell pellets
were resuspended in 100 uL of binding buffer, to this 10 uL of Annexin V-PE was added,
and under dark condition incubated for 15 min on ice. Afterwards, 10 uL of 7-AAD and
380 uL of binding buffer was added. Subsequently, 10,000 cells were analyzed for early, late,
and dead cells on a flow cytometer (Muse® Cell Analyzer, Merck Millipore, Burlington,
MA, USA).
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2.5. Apoptotic Protein Analysis

HepG2 cells were exposed to TEHP (100 uM) for 72 h on glass chamber slides in a CO,
incubator (5%, 95% humidity). Afterwards, cells were washed in PBS, and fixation was
carried out in 70% methanol. Subsequently, blocking was carried out with 5% BSA followed
by incubation (1 h) of cells with primary antibodies of P53, caspase-3 and -9 (1:50) (Santa
Cruz Biotechnology Inc., Dallas, TX, USA). After incubation time, primary antibodies were
washed, and secondary antibodies (Goat anti-rabbit IgG-FITC and goat anti-rabbit IgG-TR
(1:100) (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was added and incubated for 1 h.
Nuclear staining was carried out with 300 nM of DAPI (4',6-diamidino-2-phenylindole) for
5 min. After mounting the slides with Prolong Gold Antifade Mountant (Life Technologies,
Carlsbad, CA, USA), cell images were grabbed using a fluorescence microscope (Nikon
Eclipse 80i, Tokyo, Japan) [29].

2.6. Transcriptomic Analysis by RT-qPCR

The transcriptomic analysis has been carried out using RT? Profiler PCR Array, a
commercially available 96-well plate using real-time PCR (RT-qPCR) approach. In brief,
HepG2 cells were seeded in 6-wells plate and treated with 100 uM of TEHP for 72 h. Total
RINA was isolated by using RNeasy Mini Kit (Qiagen, Germantown, MD, USA). Purity
of RNA was measured on Nanodrop 8000 and cDNA synthesis was carried out using
ready-to-go PCR beads (GE Healthcare, Chalfont Saint Giles, UK). Transcriptomic changes
of 84 genes belonging to human cancer pathway was analyzed by RT? Profiler™ PCR Array
(PAHS-033Z, SA Biosciences Corporation, Allentown, PA, USA) on Roche® LightCycler®
480 (Roche Diagnostics, Rotkreuz, Switzerland). Expressional changes in TEHP-treated
cells were normalized with five housekeeping genes and the results are represented heat
map, scatter plot, and fold change [29].

3. Results
3.1. Cytotoxicity Induced by TEHP

Cytotoxic effects of TEHP in HepG2 cells were quantitated by measuring the activity
of mitochondrial dependent MTT dye reduction into formazan product and measuring
the lysosomal membrane fragility by NRU assay. Firstly, the morphological analysis of
TEHP (100400 pM, 72 h)-treated cells were examined, which displayed gaps between the
adjourning cells and loss of anchorage that led to the appearance of round floating bodies
in the culture medium (Figure 1A). On the contrary, control cells retained the morphology
of typical epithelial cells. MTT response exhibited a concentration reduction in the survival
of exposed cells. TEHP at 100, 200 and 400 uM significantly reduced cell survival to
19.68%, 49.83%, and 58.91% after 72 h of exposure (Figure 1B). Relatively, NRU assay also
showed similar effects. HepG2 cells treated with 100, 200 and 400 uM of TEHP for 72 h
demonstrated 29.08%, 47.7%, 57.90% reduction in cell survival (Figure 1C).

3.2. Intracellular Quantification of ROS, NO, A¥m, Ca** Influx, and Esterase

Flow cytometric analysis was performed to quantitate intracellular ROS, NO, A¥m,
Ca*™ influx, and esterase level in TEHP-treated HepG2 cells. In the ROS analysis, HepG2
cells after TEHP (100, 200 uM) treatment showed shifting of MnIX values (13.7% and
12.5%) of DCF towards greater values on the log scale of the flow cytometric graph, as
compared to MnIX (7.3%) in the control cells (Figure 2A). HepG2 cells grown in the
presence of 100 and 200 uM of TEHP significantly increased the intracellular ROS level
to 187.67% and 171.23% (Figure 2B). Moreover, ROS decrement at 400 uM TEHP relates
with the higher cell death, indicating the inability of cells to oxidize DCFH-DA. Similarly,
intracellular NO analysis exhibited that TEHP (100-400 uM) exposure resulted in the
gradational increase in the MnIX values of DAF-2DA recorded as 12.3%, 12.7% and 15.0%
(Figure 2C). Cumulative analysis of MnIX data from TEHP (100400 uM) showed 112.3%,
114.7% and 134.9% greater NO production in cells, as compared to the 100% fluorescence
in control (Figure 2D). Quantification of mitochondrial membrane potential (A'¥m1) after
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TEHP (100, 200 and 400 pM) treatment showed greater MnIX values on the log scale of
overlay graph, measured as 10.3%, 12.0%, and 14.9%, indicating higher fluorescence of
Rh123 vis a vis control showed MnIX of 8.8% (Figure 2E). Relative to 100% fluorescence
in control, TEHP (100-400 uM) exposure resulted in 118.3%, 137.8%, 170.7% higher Rh123
fluorescence indicating the dysfunction of A¥m (Figure 2F).

Ca*" influx and intracellular esterase level in TEHP-treated HepG2 cells showed
fluorescence enhancement of dyes. TEHP (100—400 uM) treated cells exhibited a gradual
increase in the MnIX values of Fluo-3 and CFDA-SE dyes, recorded as 16.5%, 17.1%,
19.0% and 9.1%, 10.4%, and 11.0%, while their controls showed MnIX of 10.2% and 7.0%,
respectively (Figure 2G,I). Cumulative analysis of Fluo-3 and CFDA-SE MnIX from TEHP
(100, 200 and 400 uM)-treated cells showed 150.4%, 162.8%, 180.7% and 129.1%, 149.1%,
160.0% higher Ca** influx and esterase level (Figure 2H,]). Qualitative analysis of Ca**
influx also exhibited an increase in the green fluorescence in TEHP (72 h)-treated cells
stained with Fluo-3 (Figure S3).

A

% Cell Survival
4

Control 100 200 400
TEHP (uM)

% Cell Survival

TEHP (uM)

Figure 1. Cytotoxic effects of TEHP in HepG2 cells. (A) TEHP-induced structural changes in HepG2
cells after 72 h. Photomicrographs were taken at 20x. (B) Mitochondrial dehydrogenase-based
cytotoxicity quantification by MTT assay, and (C) lysosomal membrane fragility-based NRU assay,
indicating lysosomal toxicity. Morphological changes, dead cells are indicated with arrows. * p < 0.05,
** p < 0.01 versus control.
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Figure 2. Flow cytometric quantification on intracellular (A) ROS, (C) NO, (E) A¥m, (G) Ca*™ influx,
and (I) esterase levels in HepG2 cells after 72 h of exposure at different concentrations of TEHP. MnIX:
mean intensity of dye on the X-axis. Histograms in the subfigures (B,D,F,H,J) are plotted from the
mean + SD of MnIX obtained from three independent experiments carried out in triplicate wells
(* p <0.05, ** p < 0.01 versus control).

3.3. DNA Damage Measurement

Genotoxic effects of TEHP in HepG2 cells were quantitated by measuring the DNA
strand breaks using alkaline comet assay. HepG2 cells grown in the presence of TEHP
induced significant DNA damage, appearing as a comet tail electrostretched from the
nuclear head (Figure 3A). Relative to 0.65 OTM in the control, TEHP (100, 200, and 400 pM)-
treated HepG2 cells showed 4.67, 9.35, 13.78-fold greater OTM values (Table 1). Frequency
distribution showed the existence of varying levels of DNA damage in HepG2 cells as an
effect of TEHP treatments (Figure 3B).

Table 1. TEHP-induced DNA damage in HepG2 cells, analyzed using different parameters of alkaline
comet assay.

Olive Tail Moment

Groups (Arbitrary Unit) Tail Intensity (%)
Control 0.65 £ 0.09 3.23 £0.33
EMS (2 mM) 12.26 +1.88 ** 34.21 £ 2.65 **
TEHP (uM)
100 3.04 £0.41 * 10.54 4+ 1.39 **
200 6.08 £ 1.40 ** 14.27 +0.92 **
400 8.96 £ 0.92 ** 20.23 + 1.66 **

Data are the mean & S.D. of three independent experiments carried out in triplicate slides. ** p < 0.01; EMS: Ethyl
methanesulphonate.
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Control

TEHP (200 uM)

TEHP (100 pM)

400 o

200 o

TEHP (uM)

TEHP (400 pM)
100 *x

EMS
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Control

0 50 100 150
Tail Length (um)

Figure 3. Alkaline comet assay depicting DNA damage in TEHP-treated HepG2 cells. (A) Typical
comet assay images showing broken DNA liberated as tail from the nuclear head of HepG2 cells after
72 h of TEHP exposure. Ethyl methane sulfonate (EMS) was run as positive control. (B) Varying level
of comet tail length measured after TEHP exposure. (** p < 0.01 versus control).

3.4. TEHP Trigger Apoptosis in HepG2 Cells

Flow cytometric analysis was carried out to evaluate the disruption cell cycle phases
in HepG2 cells after 72 h of TEHP treatment. TEHP-treated cells showed an augmentation
in the apoptotic SubGl1 peak, depicted in the characteristic cell cycle images (Figure 4A).
Cumulative data of SubG1 peak showed 23.1%, 29.6%, and 50.8% of cells in this phase
after 72 h of treatment with 100, 200 and 400 uM TEHP; relatively, 9.9% of SubGl cells
were recorded in the control. HepG2 cell cycle phases (G1, S, G2ZM) were also significantly
affected after 72 h of TEHP (100, 200 and 400 uM) treatment (Figure 4B). Overall, TEHP-
exposed cells (100, 200 and 400 pM) showed SubGl1 arrest as well as a transient G2M arrest
in 100 and 200 pM-treated cells. Furthermore, Annexin V-PE staining was carried out to
quantify the percentage (%) of cells in early apoptosis, late-apoptosis, and dead phase. The
quadrant plots of flow cytometric analysis exhibited apoptosis induction in cells. HepG2
cells grown in the presence of 100, 200 and 400 uM TEHP for 72 h showed 5.26%, 1.00%
and 15.67%; 9.58%, 2.49% and 20.57%; 19.80%, 10.25% and 21.55% cells in early apoptotic,
late-apoptotic and dead cells. Relatively, control cells showed 3.52%, 0.38% and 4.10% early
apoptotic, late-apoptotic and dead cells (Figure 4C).
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Figure 4. Flow cytometric quantification of cell cycle phases in HepG2 cells exposed to TEHP for
72 h. (A) Representative cell cycle images from TEHP-treated HepG2 cells showing a concentration
dependent increase in the apoptotic peak (SubGl1). (B) Cumulative data of all phases are depicted as
heat map derived from three independent experiments carried out in triplicate wells. SubG1, G1 and
S phases (**** p < 0.0001); S phase (** p 0.0017 Control vs. 100, ** p 0.0038 Control vs. 400); G2M
phase (*** p 0.0006 Control vs. 100, ** p 0.0067 Control vs. 200, ** p 0.0072 Control vs. 400). (C) Early
apoptotic, late-apoptotic and dead cells quantification in control and TEHP-treated cells after 72 h.

3.5. Translational Activation of Apoptotic Proteins

Immunofluorescence analysis of DNA damage (P53) and apoptotic proteins (Caspase 3
and 9) in HepG2 cells were analyzed after 72 h treatment with the lowest concentration of
TEHP. The fluorescent signal of P53 in HepG2 cells were considerably high in the cytoplasm
after TEHP exposure. P53 was conspicuously localized in the nucleolus of TEHP-treated
cells. Both caspases (3 and 9) were found localized prominently in the cytoplasm and
nucleolus after 72 h of treatment with TEHP (100 uM) (Figure 5).
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P53
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DAPI

Caspase 9
Control

Caspase 9
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Figure 5. Translational activation of apoptotic proteins (P53 and caspases 3 and 9) in TEHP (100 puM)-

Caspase 3
TEHP (100 M)

treated (72 h) HepG2 cells. Images were captured at 100x magnification by the use of a fluores-
cence microscope.

3.6. Activation of Cancer Pathway Genes

The effect of the lowest concentration of TEHP on HepG2 transcriptomic levels were
quantitated by using a pathway focused on 84 genes in a 96-well format. TEHP (100 uM)-
treated HepG2 cells exhibited upregulation and down regulation of human cancer pathway
genes, represented as a heat map and the corresponding list of genes in the array plate
(Figure 6A,C). The normalized expression of all genes in the array between TEHP and the
control is shown as a scatter plot (Figure 6B). Within the group of over-expressed (>2.0-fold)
genes are ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1,
cardiac muscle (ATP5A1, 2.63-fold); Growth Arrest and DNA Damage Inducible Gamma
(GADD45G, 45.13-fold); Glycerol-3-phosphate dehydrogenase 2 (mitochondrial) (GPD2,
4.84-fold); Insulin-like growth factor binding protein 5 (IGFBP5, 5.19-fold); Antigen identi-
fied by monoclonal antibody Ki-67 (MKI67, 2.88-fold); Phosphofructokinase, liver (PFKL,
9.16-fold); S-phase kinase-associated protein 2 (p45) (SKP2, 2.20-fold); Stathmin 1 (STMN1,
6.26-fold); Telomeric repeat binding factor 2, interacting protein (TERF2IP, 2.12-fold); and
Tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase 2 (TNKS2, 3.15-fold).
However, among the under-expressed genes are Erythropoietin (EPO, —3.30-fold); Ex-
cision repair cross-complementing rodent repair deficiency, complementation group 5
(ERCC5, —2.47-fold); Glucose-6-phosphate dehydrogenase (G6PD, —2.01-fold); and Mitogen-
activated protein kinase 14 (MAPK14, —5.26-fold).
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Figure 6. Transcriptomic changes in HepG2 cells after 72 h of TEHP (100 uM) exposure. (A) Heat map
displaying upregulated (red boxes), downregulated (green boxes), and (gray boxes) undetermined
genes in the array. (B) Genes that has exceeded the threshold of >2.0-fold regulation is shown in
scatter plot. (C) Annotation of human cancer pathway genes, their location in array plate and fold
regulation is depicted in the panel.

4. Discussion

Recent evidence has confirmed the presence of TEHP in the blood and urine of elderly
people via inhalation of indoor dust. Higher consumption of OPFRs containing food has
also been attributed as a prominent a route of TEHP exposure in them [17]. Moreover,
an ample amount of TEHP has been reported in COVID-19 face masks, and it has been
categorized as a potential substance for human health risk [31]. Given the limited number
of studies on the toxicity and carcinogenicity of TEHP, it is imperative to mention that
studies on TEHP-induced geno-and-hepatotoxicity are still obscure. Notwithstanding
these facts, human hepatocytes or primary hepatocytes (PHHSs) are considered as the
gold standard when evaluating hepatotoxicity and enzymatic activity, as they preserve
ample characteristics of their in vivo CYP450 metabolism after isolation [32]. Nonetheless,
there are a few limitations on the frequent application of PHHs, including high variability
between donors, limited availability or scarcity of tissue samples, and high expenses owing
to their inability to proliferate in vitro [33]. Additionally, PHHs lose their phenotype after a
couple of days of culturing, even though the optimized cryopreservation techniques for
PHHs have failed in reducing their plateability and CYP450 activity. PHHs accessibility is
reliant on organ donation, which is infrequent, and isolation is performed only on marginal
livers rejected for transplantation [33,34]. To overcome a few of the above problems,
immortalized hepatoma cell lines of human origin have been developed. In this connection,
HepG2 cells have been regarded as the most widely used cell line in toxicological research,
and are considered an alternative to PHHs [25] as they possess several hepatic functions,
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ranging from synthesis and secretion of plasma proteins to insulin signaling and bile acid
synthesis [35-37]. Undoubtedly, the CYP450 (phase I) enzyme expression in HepG2 cells is
relatively low compared to PHHs. Nevertheless, expression of some CYPs in HepG2 cells
is responsive to some inducers and drugs, which leads to its wider application in the drug
metabolism and chemical toxicological research [38—41]. Moreover, phase II coding genes
in HepG2 cells are similar to PHHs; thereby, HepG2 cells might provide protection against
promutagens [42]. HepG2 cells, due to their greater differentiation potential and genotypic
resemblance to human liver cells, are one of the favored cell lines for analyzing the toxicity
of chemicals [25]. Consequently, in this study we have selectively used HepG2 cells for the
evaluation of TEHP hepatotoxicity.

In addition to the survival responses, morphological changes in cells are also a promi-
nent feature to analyze cytotoxicity [43]. Viewing the cobblestone morphology of control
cells, TEHP exposure resulted in cell shrinkage, leading to the formation of round floating
bodies, specifying cell death. Indistinguishable changes have been reported previously
in TEHP-exposed NCI-H1975 cells, indicating apoptotic cell death [15]. We have found
that TEHP (100-400 uM) exposure for 72 h significantly declined the survival of HepG2
in MTT and NRU assays, although, no cytotoxicity was observed at lower concentrations
(5-50 uM) and early time points (24—48 h). Analogous to our data, NCI-H1975 cells also
demonstrated cytotoxic effects at higher concentrations (TEHP, 0-200 uM) at a late time
period of 72 h [15]. Taken together, MTT and NRU responses contended a possible interfer-
ence in the functionality of mitochondria, as well as disturbance in the lysosome membrane
in TEHP-exposed HepG2 cells [28]. Hence, we further examined the impact of TEHP
on mitochondrial membrane potential (A¥m). Flow cytometry data showed a gradual
increase in Rh123 fluorescence in the TEHP-exposed cells, which could be related with
the mitochondrial intrinsic property to swell, especially under the unfavorable situations
such as influx of Ca*™ and apoptotic cell death [44]. In this line, TEHP-exposed cells also
showed significant levels of Ca*™ influx, affirming its role in mitochondrial dysfunction.
We have also found the gradational increase in ROS and NO in TEHP-exposed cells. Mito-
chondria is a major hub for the production of ROS in the respiratory chain, which disrupts
mitochondrial homeostasis; thereby, apoptosis and proapoptotic signals were activated to
induce cell death [45]. Consequently, our flow cytometric data affirm the onset of oxidative
stress, which affected the mitochondrial functionality of HepG2. In addition to that, TEHP
treatment elevated intracellular esterase activity, which has been reported to occur due
to obtrusion of cell division [46]; a similar effect has been verified in earlier studies on
OPFRs-exposed cells [29,47].

Following this, we quantified DNA damage in TEHP-treated cells; a valid reason for
such analysis resides in the fact that the above complications act as multifactorial precursors
to trigger apoptosis [48]. Comet assay data demonstrated a discernible increase in the
broken DNA liberated from TEHP-treated cells, verifying the malfunctioning of the DNA
repair system. This is obvious by G2/M arrest, as evident by the greater percentage of cells
in the G2/M phase (100 and 200 pM) to fix the damage. However, the transient G2/M arrest
was not a permanent and the cells arrested in the SubG1 apoptotic phase (100, 200, 400 uM),
clearly indicating a solid reason to recognize the unsuccessful repair of DNA [49]. Similar to
our data, TCP-, TECP-, and TDCPP-exposed cell lines have shown DNA damage [29,47,50].
We further quantified the cell cycle phases and verified the activation of apoptotic proteins.
The flow cytometric data exhibited significant levels of cell death in TEHP-treated cells,
as evident by the greater percentage of cells in the SubG1 apoptotic phase. A similar
trend of apoptosis induction was also evidenced in annexin V-PE analysis, validating a
substantial number of early apoptotic, late-apoptotic and dead cells after TEHP exposure.
Our apoptosis data corroborates well with flow cytometric measurements of apoptosis in
TEHP-treated NCI-H1975 cells after 72 h of exposure [15]. Immunolocalization of DNA
damage and apoptotic proteins (P53, caspase 3 and 9) in TEHP-treated cells affirmed the
onset of mitochondrial depended apoptosis. P53, being a DNA damage response protein,
translocates to the nucleus and is known to activate proapoptotic and cell cycle checkpoint
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genes [51,52], while the initiator caspase 9 becomes activated upon mitochondrial injury
and cleaves caspase 3 to effectuate the apoptotic process in cells [53]. Similar to our finding,
TCP-, TCEP-, and TDCPP-treated HepG2, RAW264.7 macrophages, and HCECs cells also
resulted in the activation of P53, caspase 9 and 3 proteins to effectuate the apoptotic
process [29,47,50].

Viewing the above cellular anomalies, we were encouraged to pursue the activation
of an array of genes belonging to a human cancer pathway and delineate molecular cog-
nizance about the carcinogenic potential of TEHP. In this line, GADD45A showed maximal
upregulation in the TEHP-treated cells. GADD45A is a landmark gene which can sense
both non-genotoxic and genotoxic stimulus, including DNA repair, DNA damage and
apoptosis [54]. Hence, the activation of GADD45A endorses the validity of our data on
DNA damage and apoptosis in HepG2 cells. Distantly, ERCC5 was downregulated in
TEHP-treated cells. ERCC5 is a fundamental gene within the cohort of nucleotide exci-
sion repair pathway [55]. Hence, its under-expression affirmed the abrogation of DNA
repair machinery in HepG2 cells, which led to DNA damage and apoptosis. On the other
hand, ATP5A1 was upregulated and its activation candidly linked to mitochondrial ATP
synthase and catalysis of ATP synthesis. Consequently, the mitochondrial dysfunction
in TEHP-treated cells certifies the reliability that the functioning of oxidative phosphory-
lation may have been disrupted, which may lead to mitochondrial encephalopathy [56].
GPD2 was also upregulated in TEHP-treated HepG2 cells. GPD2 governs the catalysis of
glycerol-3-phosphate to dihydroxyacetone phosphate in the inner mitochondrial membrane;
moreover, it also takes part in the hyper-reduction in ubiquinone and mitochondrial release
of ROS [57]. Essentially, the response of mitochondrial dysfunction in TEHP-treated HepG2
cells may have been supplemented by the additional role of GPD2. TEHP exposure resulted
in the upregulation of IGFBP5, which is prominently involved in the cell metabolism, its
growth, migration, differentiation and invasion [58-60]. Upregulation of IGFBP5 has been
documented in mammary epithelial cells that exhibit DNA damage and apoptosis [61,62].
Hence, in this relationship IGFBP5 upregulation corresponds with our data on DNA dam-
age, apoptosis and inhibition of cell division (measured in terms of esterase level). STMN1
was upregulated in TEHP-treated cells. STMNT1 is a hallmark gene for cancer prediction,
mainly due to its active involvement in cell proliferation, cell cycle and cancer progression.
Thus, its upregulation is related with the cell cycle disruptions and apoptosis induction in
TEHP-exposed cells. We also found that PFKL was one of the most upregulated genes in
the current analysis. PFKL plays a fundamental role in glycolysis; its upregulation acts as
a turning point in quickly multiplying cancer cells and, most often, its activation fosters
proliferation and metastasis via the Warburg effect [63]. Consequently, PFKL upregulation
entails the existence of imperfect metabolism in HepG2 cells grown in the presence of TEHP.
MAPK14 expression was downregulated, indicating unsuccess in rescuing HepG2 from
TEHP-induced apoptosis. Being an important member of the p38 MAPK family, MAPK14
has been attributed to play a dual role (activator and suppressor) in a variety of cancers
by affecting the expression of downstream genes, especially by phosphorylation of other
MAPK members [64,65], which need a detailed analysis from the perspective of OPFRs
toxicity. Overall, the above data unequivocally affirm the toxicological effects of TEHP in
HepG2 cells, especially at higher concentrations, indicating its hepatotoxic potential. It can
be surmised that the prolonged exposure of TEHP at high concentrations surpasses the
cellular threshold to fix anomalies and damages, eventually triggering apoptotic cell death.
Our finding is in close agreement with previous reports on OPFRs, which also exhibited
similar toxic effects at high concentrations after extended exposure time periods [66,67].

5. Conclusions

MTT and NRU assay responses have affirmed that TEHP disturbs the performance
of mitochondrial dehydrogenase, and also affects the membrane integrity of lysosomes
in HepG2 cells. TEHP exposure resulted in oxidative stress by the accumulation of ROS
and NO; such oxidative stressors affected the mitochondrial potential (A¥m), eventually
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causing Ca** influx. TEHP possess the capability to interact with DNA to induce strand
breaks, indicating its genotoxic potential. An advancement in the esterase level specifies
the prospect that TEHP may also act as an antiproliferative agent in HepG2 cells. Above
anomalies explicitly reveal the reality that TEHP not only affects the structural features of
cells, but the functionality of cells is severely compromised, which is evident by the onset
of cell death via the mitochondrial-dependent pathway. TEHP-treated cells demonstrated
the activation of several genes from a human cancer pathway, indicating its carcinogenic
potential. Nonetheless, in-depth studies are warranted using suitable tests models to
unravel its cancer-causing mechanism. In total, we provide novel data that TEHP carry
credible evidence to act as a hepatotoxic, genotoxic, and a putative carcinogenic agent;
hence, we strongly encourage human biomonitoring studies to investigate the link between
TEHP exposure, hepatotoxicity and carcinogenicity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23073998 /s1.

Author Contributions: Conceptualization, Q.S., X.Z. and A.A.A.-K,; data curation, Q.S., AM.A.-S,,
SM.A. and M.AS,; formal analysis, A.M.A.-S. and S.M.A.; funding acquisition, Q.S.; investiga-
tion, Q.S., M.AS,, X.Z. and A.A.A.-K.; methodology, AM.A.-S,, Q.S., SM.A. and M.A.S.; project
administration, Q.S.; resources, A.A.A.-K.; software, A M.A.-S. and S.M.A.; supervision, Q.S., X.Z.
and A.A.A.-K; validation, A.M.A.-S., Q.S.,, M.A.S. and S.M.A_; visualization, Q.S. and A.A.A.-K,;
writing—original draft, AM.A.-S., SM.A. and Q.S.; writing—review and editing, AM.A.-S.,, SM.A,,
Q.S., X.Z. and A A A-K. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the National Plan for Science, Technology, and Innovation
(MAARIFAH), King Abdulaziz City for Science and Technology, Kingdom of Saudi Arabia, Award
Number (13-ENV2116-02).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This project was funded by the National Plan for Science, Technology, and
Innovation (MAARIFAH), King Abdulaziz City for Science and Technology, Kingdom of Saudi
Arabia, Award Number (13-ENV2116-02).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Flameretardants-Online. The Flame Retardants Market. Available online: https://www.flameretardants-online.com/flame-
retardants/market (accessed on 31 January 2022).

2. Wang, X.; Zhu, Q.; Yan, X.; Wang, Y.; Liao, C,; Jiang, G. A review of organophosphate flame retardants and plasticizers in the
environment: Analysis, occurrence and risk assessment. Sci. Total Environ. 2020, 731, 139071. [CrossRef] [PubMed]

3. Hu, Z,; Yin, L.; Wen, X,; Jiang, C.; Long, Y.; Zhang, J.; Liu, R. Organophosphate Esters in China: Fate, Occurrence, and Human
Exposure. Toxics 2021, 9, 310. [CrossRef] [PubMed]

4. Marklund, A.; Andersson, B.; Haglund, P. Organophosphorus flame retardants and plasticizers in air from various indoor
environments. J. Environ. Monit. 2005, 7, 814-819. [CrossRef]

5. Van den Eede, N.; Dirtu, A.C.; Neels, H.; Covaci, A. Analytical developments and preliminary assessment of human exposure to
organophosphate flame retardants from indoor dust. Environ. Int. 2011, 37, 454-461. [CrossRef]

6. Lee, S.;Jeong, W.; Kannan, K.; Moon, H.B. Occurrence and exposure assessment of organophosphate flame retardants (OPFRs)
through the consumption of drinking water in Korea. Water Res. 2016, 103, 182-188. [CrossRef] [PubMed]

7. Kim, U]J.; Wang, Y; Li, W.; Kannan, K. Occurrence of and human exposure to organophosphate flame retardants/plasticizers in
indoor air and dust from various microenvironments in the United States. Environ. Int. 2019, 125, 342-349. [CrossRef] [PubMed]

8. Wang, Y,; Sun, H.; Zhu, H,; Yao, Y; Chen, H.; Ren, C.; Wu, E; Kannan, K. Occurrence and distribution of organophosphate flame
retardants (OPFRs) in soil and outdoor settled dust from a multi-waste recycling area in China. Sci. Total Environ. 2018, 625,
1056-1064. [CrossRef] [PubMed]

9. Yadav, I.C; Devi, N.L,; Li, J.; Zhang, G.; Covaci, A. Concentration and spatial distribution of organophosphate esters in the

soil-sediment profile of Kathmandu Valley, Nepal: Implication for risk assessment. Sci. Total Environ. 2018, 613-614, 502-512.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms23073998/s1
https://www.mdpi.com/article/10.3390/ijms23073998/s1
https://www.flameretardants-online.com/flame-retardants/market
https://www.flameretardants-online.com/flame-retardants/market
http://doi.org/10.1016/j.scitotenv.2020.139071
http://www.ncbi.nlm.nih.gov/pubmed/32438088
http://doi.org/10.3390/toxics9110310
http://www.ncbi.nlm.nih.gov/pubmed/34822701
http://doi.org/10.1039/b505587c
http://doi.org/10.1016/j.envint.2010.11.010
http://doi.org/10.1016/j.watres.2016.07.034
http://www.ncbi.nlm.nih.gov/pubmed/27450356
http://doi.org/10.1016/j.envint.2019.01.065
http://www.ncbi.nlm.nih.gov/pubmed/30739054
http://doi.org/10.1016/j.scitotenv.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29996402
http://doi.org/10.1016/j.scitotenv.2017.09.039
http://www.ncbi.nlm.nih.gov/pubmed/28923753

Int. ]. Mol. Sci. 2022, 23, 3998 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ali, N.; Alhakamy, N.A; Ismail, LM.L; Nazar, E.; Summan, A.S.; Shah Eqani, S.A.; Malarvannan, G. Exposure to Phthalate and
Organophosphate Esters via Indoor Dust and PM10 Is a Cause of Concern for the Exposed Saudi Population. Int. ]. Environ. Res.
Public Health 2021, 18, 2125. [CrossRef]

He, C.; Toms, LM.L.; Thai, P; Van den Eede, N.; Wang, X,; Li, Y.; Baduel, C.; Harden, F.A.; Heffernan, A.L.; Hobson, P. Urinary
metabolites of organophosphate esters: Concentrations and age trends in Australian children. Environ. Int. 2018, 111, 124-130.
[CrossRef] [PubMed]

Zhang, T,; Bai, X.Y,; Lu, S.Y.; Zhang, B.; Xie, L.; Zheng, H.C.; Jiang, Y.C.; Zhou, M.Z.; Zhou, Z.Q.; Song, S.M. Urinary metabolites
of organophosphate flame retardants in China: Health risk from tris (2-chloroethyl) phosphate (TCEP) exposure. Environ. Int.
2018, 121, 1363-1371. [CrossRef]

Caballero-Gallardo, K.; Olivero-Verbel, J.; Corada-Fernandez, C.; Lara-Martin, P.A.; Juan-Garcia, A. Emerging contaminants
and priority substances in marine sediments from Cartagena Bay and the Grand Marsh of Santa Marta (Ramsar site), Colombia.
Environ. Monit. Assess. 2021, 193, 596. [CrossRef] [PubMed]

Sutton, R.; Chen, D.; Sun, J.; Greig, D.J.; Wu, Y. Characterization of brominated, chlorinated, and phosphate flame retardants in
San Francisco Bay, an urban estuary. Sci. Total Environ. 2019, 652, 212-223. [CrossRef]

Meng, Y.; Xu, X.; Niu, D.; Xu, Y.; Qiu, Y.; Zhu, Z.; Zhang, H.; Yin, D. Organophosphate flame retardants induce oxidative stress
and Chop/Caspase 3-related apoptosis via Sod1/p53/Map3k6/Fkbp5 in NCI-1975 cells. Sci. Total Environ. 2022, 819, 153160.
[CrossRef] [PubMed]

Zhang, Q.; Lu, M.; Dong, X.; Wang, C.; Zhang, C.; Liu, W.; Zhao, M. Potential Estrogenic Effects of Phosphorus-Containing Flame
Retardants. Environ. Sci. Technol. 2014, 48, 6995-7001. [CrossRef] [PubMed]

Hou, M.; Fang, J.; Shi, Y,; Tang, S.; Dong, H.; Liu, Y.; Deng, E; Giesy, ].P.; Godri Pollitt, K.J.; Cai, Y.; et al. Exposure to
organophosphate esters in elderly people: Relationships of OPE body burdens with indoor air and dust concentrations and food
consumption. Environ. Int. 2021, 157, 106803. [CrossRef]

Kucharska, A.; Cequier, E.; Thomsen, C.; Becher, G.; Covaci, A.; Voorspoels, S. Assessment of human hair as an indicator of
exposure to organophosphate flame retardants. Case study on a Norwegian mother—child cohort. Environ. Int. 2015, 83, 50-57.
[CrossRef] [PubMed]

Poma, G.; Sales, C.; Bruyland, B.; Christia, C.; Goscinny, S.; Van Loco, J.; Covaci, A. Occurrence of Organophosphorus Flame
Retardants and Plasticizers (PFRs) in Belgian Foodstuffs and Estimation of the Dietary Exposure of the Adult Population. Environ.
Sci. Technol. 2018, 52, 2331-2338. [CrossRef]

Zhang, X.; Zou, W.; Mu, L.; Chen, Y.; Ren, C.; Hu, X.; Zhou, Q. Rice ingestion is a major pathway for human exposure to
organophosphate flame retardants (OPFRs) in China. J. Hazard. Mater. 2016, 318, 686—-693. [CrossRef] [PubMed]

Gbadamosi, M.R.; Abdallah, M.A.E.; Harrad, S. A critical review of human exposure to organophosphate esters with a focus on
dietary intake. Sci. Total Environ. 2021, 771, 144752. [CrossRef]

National Toxicology Program. NTP Toxicology and Carcinogenesis Studies of Tris (2-ethylhexyl)phosphate (CAS No. 78-42-2)
In F344/N Rats and B6C3F1 Mice (Gavage Studies). Natl. Toxicol. Program Tech. Rep. Ser. 1984, 274, 1-178. Available online:
https:/ /https:/ /pubmed.ncbi.nlm.nih.gov/12748680/ (accessed on 2 April 2022).

MacFarland, H.N.; Punte, C.L. Toxicological Studies on Tri-(2-Ethylhexyl)-Phosphate. Arch. Environ. Health Int. ]. 1966, 13, 13-20.
[CrossRef]

Pelletier, G.; Rigden, M.; Wang, G.S.; Caldwell, D.; Siddique, S.; Leingartner, K.; Kosarac, L.; Cakmak, S.; Kubwabo, C. Comparison
of tris(2-ethylhexyl) phosphate and di(2-ethylhexyl) phosphoric acid toxicities in a rat 28-day oral exposure study. J. Appl. Toxicol.
JAT 2020, 40, 600-618. [CrossRef]

Gerets, H.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B.; Dhalluin, S.; Atienzar, F. Characterization of primary human
hepatocytes, HepG2 cells, and HepaRG cells at the mRNA level and CYP activity in response to inducers and their predictivity
for the detection of human hepatotoxins. Cell Biol. Toxicol. 2012, 28, 69-87. [CrossRef]

Reistad, T.; Mariussen, E.; Ring, A.; Fonnum, F. In vitro toxicity of tetrabromobisphenol-A on cerebellar granule cells: Cell death,
free radical formation, calcium influx and extracellular glutamate. Toxicol. Sci. 2007, 96, 268-278. [CrossRef] [PubMed]
Kronborg, T.M.; Hansen, J.E.; Rasmussen, AK,; Vorkamp, K.; Nielsen, C.H.; Frederiksen, M.; Hofman-Bang, J.; Hahn, C.H.;
Rambhegj, L.; Feldt-Rasmussen, U. The flame retardant DE-71 (a mixture of polybrominated diphenyl ethers) inhibits human
differentiated thyroid cell function in vitro. PLoS ONE 2017, 12, e0179858. [CrossRef]

Saquib, Q.; Siddiqui, M.A.; Ahmad, J.; Ansari, S.M.; Al-Wathnani, H.A.; Rensing, C. 6-OHBDE-47 induces transcriptomic
alterations of CYP1A1, XRCC2, HSPA1A, EGR1 genes and trigger apoptosis in HepG2 cells. Toxicology 2018, 400, 40—47.
[CrossRef] [PubMed]

Al-Salem, A.M.; Saquib, Q.; Siddiqui, M.A.; Ahmad, J.; Wahab, R.; Al-Khedhairy, A.A. Organophosphorus flame retardant
(tricresyl phosphate) trigger apoptosis in HepG2 cells: Transcriptomic evidence on activation of human cancer pathways.
Chemosphere 2019, 237, 124519. [CrossRef]

Saquib, Q.; Al-Khedhairy, A.A.; Al-Arifi, S.; Dhawan, A.; Musarrat, ]. Assessment of methyl thiophanate-Cu (II) induced DNA
damage in human lymphocytes. Toxicol. In Vitro 2009, 23, 848-854. [CrossRef]

Fernandez-Arribas, J.; Moreno, T.; Bartroli, R.; Eljarrat, E. COVID-19 face masks: A new source of human and environmental
exposure to organophosphate esters. Environ. Int. 2021, 154, 106654. [CrossRef] [PubMed]


http://doi.org/10.3390/ijerph18042125
http://doi.org/10.1016/j.envint.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/29195135
http://doi.org/10.1016/j.envint.2018.11.006
http://doi.org/10.1007/s10661-021-09392-5
http://www.ncbi.nlm.nih.gov/pubmed/34426877
http://doi.org/10.1016/j.scitotenv.2018.10.096
http://doi.org/10.1016/j.scitotenv.2022.153160
http://www.ncbi.nlm.nih.gov/pubmed/35051466
http://doi.org/10.1021/es5007862
http://www.ncbi.nlm.nih.gov/pubmed/24844797
http://doi.org/10.1016/j.envint.2021.106803
http://doi.org/10.1016/j.envint.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26081984
http://doi.org/10.1021/acs.est.7b06395
http://doi.org/10.1016/j.jhazmat.2016.07.055
http://www.ncbi.nlm.nih.gov/pubmed/27484948
http://doi.org/10.1016/j.scitotenv.2020.144752
https://https://pubmed.ncbi.nlm.nih.gov/12748680/
http://doi.org/10.1080/00039896.1966.10664501
http://doi.org/10.1002/jat.3930
http://doi.org/10.1007/s10565-011-9208-4
http://doi.org/10.1093/toxsci/kfl198
http://www.ncbi.nlm.nih.gov/pubmed/17205976
http://doi.org/10.1371/journal.pone.0179858
http://doi.org/10.1016/j.tox.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29601929
http://doi.org/10.1016/j.chemosphere.2019.124519
http://doi.org/10.1016/j.tiv.2009.04.017
http://doi.org/10.1016/j.envint.2021.106654
http://www.ncbi.nlm.nih.gov/pubmed/34051653

Int. ]. Mol. Sci. 2022, 23, 3998 150f 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.
51.
52.
53.
54.
55.

56.

57.

58.

LeCluyse, E.L. Human hepatocyte culture systems for the in vitro evaluation of cytochrome P450 expression and regulation. Eur.
J. Pharm. Sci. 2001, 13, 343-368. [CrossRef]

Li, A.P. Human hepatocytes: Isolation, cryopreservation and applications in drug development. Chem.-Biol. Interact. 2007, 168,
16-29. [CrossRef]

Roymans, D.; Van Looveren, C.; Leone, A.; Parker, J.B.; McMillian, M.; Johnson, M.D.; Koganti, A.; Gilissen, R.; Silber, P,;
Mannens, G.; et al. Determination of cytochrome P450 1A2 and cytochrome P450 3A4 induction in cryopreserved human
hepatocytes. Biochem. Pharmacol. 2004, 67, 427-437. [CrossRef]

Javitt, N.B. Hep G2 cells as a resource for metabolic studies: Lipoprotein, cholesterol, and bile acids. FASEB J. 1990, 4, 161-168.
[CrossRef] [PubMed]

Dongiovanni, P; Valenti, L.; Fracanzani, A.L.; Gatti, S.; Cairo, G.; Fargion, S. Iron depletion by deferoxamine up-regulates glucose
uptake and insulin signaling in hepatoma cells and in rat liver. Am. J. Pathol. 2008, 172, 738-747. [CrossRef] [PubMed]

Donato, M.T.; Tolosa, L.; Gémez-Lechén, M.]. Culture and Functional Characterization of Human Hepatoma HepG2 Cells.
In Protocols in In Vitro Hepatocyte Research; Vinken, M., Rogiers, V., Eds.; Springer: New York, NY, USA, 2015; pp. 77-93. [CrossRef]
Gomez-Lechon, ].M.; Donato, T.M.; Lahoz, A.; Castell, V.J. Cell Lines: A Tool for In Vitro Drug Metabolism Studies. Curr. Drug
Metab. 2008, 9, 1-11. [CrossRef]

Liu, C.L,; Lim, Y.-P; Hu, M.L. Fucoxanthin attenuates rifampin-induced cytochrome P450 3A4 (CYP3A4) and multiple drug
resistance 1 (MDR1) gene expression through pregnane X receptor (PXR)-mediated pathways in human hepatoma HepG2 and
colon adenocarcinoma LS174T cells. Mar. Drugs 2012, 10, 242-257. [CrossRef] [PubMed]

Tirona, R.G.; Lee, W.; Leake, B.E,; Lan, L.B.; Cline, C.B.; Lamba, V.; Parviz, E; Duncan, S.A.; Inoue, Y.; Gonzalez, FJ.; et al. The
orphan nuclear receptor HNF4« determines PXR- and CAR-mediated xenobiotic induction of CYP3A4. Nat. Med. 2003, 9,
220-224. [CrossRef]

Chen, Z; Xie, J.; Li, Q.; Hu, K;; Yang, Z.; Yu, H; Liu, Y. Human CYP enzyme-activated clastogenicity of 2-ethylhexyl diphenyl
phosphate (a flame retardant) in mammalian cells. Environ. Pollut. 2021, 285, 117527. [CrossRef] [PubMed]

Wilkening, S.; Stahl, F.; Bader, A. Comparison of primary human hepatocytes and hepatoma cell line Hepg?2 with regard to their
biotransformation properties. Drug Metab. Dispos. 2003, 31, 1035-1042. [CrossRef] [PubMed]

Xiang, P; He, RW,; Liu, R.Y,; Li, K.; Gao, P; Cui, X.Y.; Li, H.; Liu, Y.; Ma, L.Q. Cellular responses of normal (HL-7702) and
cancerous (HepG2) hepatic cells to dust extract exposure. Chemosphere 2018, 193, 1189-1197. [CrossRef] [PubMed]

Saquib, Q.; Siddiqui, M.A.; Ahmed, J.; Al-Salim, A.; Ansari, S.M.; Faisal, M.; Al-Khedhairy, A.A.; Musarrat, J.; AlWathnani, H.A;
Alatar, A.A. Hazards of low dose flame-retardants (BDE-47 and BDE-32): Influence on transcriptome regulation and cell death in
human liver cells. . Hazard. Mater. 2016, 308, 37-49. [CrossRef]

Ryter, S.W.; Kim, H.P,; Hoetzel, A ; Park, ].W.; Nakahira, K.; Wang, X.; Choi, A.M.K. Mechanisms of Cell Death in Oxidative Stress.
Antioxid. Redox Signal. 2006, 9, 49-89. [CrossRef] [PubMed]

Wang, X.Q.; Duan, X.M,; Liu, L.H.; Fang, Y.Q.; Tan, Y. Carboxyfluorescein Diacetate Succinimidyl Ester Fluorescent Dye for Cell
Labeling. Acta Biochim. Biophys. Sin. 2005, 37, 379-385. [CrossRef]

Al-Salem, AM.; Saquib, Q.; Siddiqui, M.A.; Ahmad, J.; Al-Khedhairy, A.A. Tris(2-chloroethyl) Phosphate (TCEP) Elicits
Hepatotoxicity by Activating Human Cancer Pathway Genes in HepG2 Cells. Toxics 2020, 8, 109. [CrossRef]

Norbury, C.J.; Zhivotovsky, B. DNA damage-induced apoptosis. Oncogene 2004, 23, 2797-2808. [CrossRef] [PubMed]
Houtgraaf, ].H.; Versmissen, J.; van der Giessen, W.J. A concise review of DNA damage checkpoints and repair in mammalian
cells. Cardiovasc. Revasc. Med. 2006, 7, 165-172. [CrossRef]

Zhang, W.; Wang, R.; Giesy, ].P; Li, Y.; Wang, P. Tris (1,3-dichloro-2-propyl) phosphate treatment induces DNA damage, cell cycle
arrest and apoptosis in murine RAW264.7 macrophages. |. Toxicol. Sci. 2019, 44, 133-144. [CrossRef] [PubMed]

Sheikh, M.S.; Fornace, A.]., Jr. Role of p53 family members in apoptosis. J. Cell. Physiol. 2000, 182, 171-181. [CrossRef]

El-Deiry, W.S. Regulation of p53 downstream genes. Semin. Cancer Biol. 1998, 8, 345-357. [CrossRef] [PubMed]

Potokar, M.; Milisav, I.; Kreft, M.; Stenovec, M.; Zorec, R. Apoptosis triggered redistribution of caspase-9 from cytoplasm to
mitochondria. FEBS Lett. 2003, 544, 153-159. [CrossRef]

Tamura, R.E.; de Vasconcellos, ].E,; Sarkar, D.; Libermann, T.A.; Fisher, P.B.; Zerbini, L.F. GADD45 proteins: Central players in
tumorigenesis. Curr. Mol. Med. 2012, 12, 634—651. [CrossRef]

Walsh, C.S.; Ogawa, S.; Karahashi, H.; Scoles, D.R.; Pavelka, J.C.; Tran, H.; Miller, C.W.; Kawamata, N.; Ginther, C.; Dering, J.; et al.
ERCCS5 is a novel biomarker of ovarian cancer prognosis. J. Clin. Oncol. 2008, 26, 2952-2958. [CrossRef]

Jonckheere, A.I; Renkema, G.H.; Bras, M.; van den Heuvel, L.P.; Hoischen, A.; Gilissen, C.; Nabuurs, S.B.; Huynen, M.A.; de
Vries, M.C.; Smeitink, J].A. A complex V ATP5A1 defect causes fatal neonatal mitochondrial encephalopathy. Brain 2013, 136,
1544-1554. [CrossRef] [PubMed]

Kaminski, M.M.; Sauer, S.W.; Kaminski, M.; Opp, S.; Ruppert, T.; Grigaravic¢ius, P.; Grudnik, P.; Gréne, H.-J.; Krammer, P.H.;
Giilow, K. T cell Activation Is Driven by an ADP-Dependent Glucokinase Linking Enhanced Glycolysis with Mitochondrial
Reactive Oxygen Species Generation. Cell Rep. 2012, 2, 1300-1315. [CrossRef]

Chen, Z.; Zhang, W.; Zhang, N.; Zhou, Y.; Hu, G.; Xue, M,; Liu, J.; Li, Y. Down-regulation of insulin-like growth factor binding
protein 5 is involved in intervertebral disc degeneration via the ERK signalling pathway. J. Cell. Mol. Med. 2019, 23, 6368-6377.
[CrossRef]


http://doi.org/10.1016/S0928-0987(01)00135-X
http://doi.org/10.1016/j.cbi.2007.01.001
http://doi.org/10.1016/j.bcp.2003.09.022
http://doi.org/10.1096/fasebj.4.2.2153592
http://www.ncbi.nlm.nih.gov/pubmed/2153592
http://doi.org/10.2353/ajpath.2008.070097
http://www.ncbi.nlm.nih.gov/pubmed/18245813
http://doi.org/10.1007/978-1-4939-2074-7_5
http://doi.org/10.2174/138920008783331086
http://doi.org/10.3390/md10010242
http://www.ncbi.nlm.nih.gov/pubmed/22363234
http://doi.org/10.1038/nm815
http://doi.org/10.1016/j.envpol.2021.117527
http://www.ncbi.nlm.nih.gov/pubmed/34380225
http://doi.org/10.1124/dmd.31.8.1035
http://www.ncbi.nlm.nih.gov/pubmed/12867492
http://doi.org/10.1016/j.chemosphere.2017.11.123
http://www.ncbi.nlm.nih.gov/pubmed/29874748
http://doi.org/10.1016/j.jhazmat.2016.01.025
http://doi.org/10.1089/ars.2007.9.49
http://www.ncbi.nlm.nih.gov/pubmed/17115887
http://doi.org/10.1111/j.1745-7270.2005.00051.x
http://doi.org/10.3390/toxics8040109
http://doi.org/10.1038/sj.onc.1207532
http://www.ncbi.nlm.nih.gov/pubmed/15077143
http://doi.org/10.1016/j.carrev.2006.02.002
http://doi.org/10.2131/jts.44.134
http://www.ncbi.nlm.nih.gov/pubmed/30842366
http://doi.org/10.1002/(SICI)1097-4652(200002)182:2&lt;171::AID-JCP5&gt;3.0.CO;2-3
http://doi.org/10.1006/scbi.1998.0097
http://www.ncbi.nlm.nih.gov/pubmed/10101800
http://doi.org/10.1016/S0014-5793(03)00494-0
http://doi.org/10.2174/156652412800619978
http://doi.org/10.1200/JCO.2007.13.5806
http://doi.org/10.1093/brain/awt086
http://www.ncbi.nlm.nih.gov/pubmed/23599390
http://doi.org/10.1016/j.celrep.2012.10.009
http://doi.org/10.1111/jcmm.14525

Int. J. Mol. Sci. 2022, 23, 3998 16 of 16

59.

60.

61.

62.

63.

64.

65.

66.

67.

Gleason, C.E.; Ning, Y.; Cominski, T.P; Gupta, R.; Kaestner, K.H.; Pintar, J.E.; Birnbaum, M.]. Role of Insulin-Like Growth
Factor-Binding Protein 5 (IGFBP5) in Organismal and Pancreatic 3-Cell Growth. Mol. Endocrinol. 2010, 24, 178-192. [CrossRef]
[PubMed]

Han, W,; Fang, W.; Zhang, G.; Jia, L.; Lei, W,; Jia, R;; Li, T. Studies on Cataclastic Lithofacies and Copper Metallogenic Regularity
for the Glutenite-type Sareke Copper deposit, Xinjiang. Acta Geol. Sin.-Engl. Ed. 2017, 91, 210-211. [CrossRef]

Marshman, E.; Green, K.A ; Flint, D.]J.; White, A.; Streuli, C.H.; Westwood, M. Insulin-like growth factor binding protein 5 and
apoptosis in mammary epithelial cells. J. Cell Sci. 2003, 116, 675-682. [CrossRef] [PubMed]

Lochrie, J.D.; Phillips, K.; Tonner, E.; Flint, D.J.; Allan, G.J.; Price, N.C.; Beattie, J. Insulin-like growth factor binding protein
(IGFBP)-5 is upregulated during both differentiation and apoptosis in primary cultures of mouse mammary epithelial cells. J. Cell.
Physiol. 2006, 207, 471-479. [CrossRef]

Feng, Y,; Zhang, Y.; Cai, Y.; Liu, R.; Lu, M,; Li, T;; Fu, Y.; Guo, M.; Huang, H.; Ou, Y.; et al. A20 targets PFKL and glycolysis to
inhibit the progression of hepatocellular carcinoma. Cell Death Dis. 2020, 11, 89. [CrossRef]

Igea, A.; Nebreda, A.R. The Stress Kinase p38«x as a Target for Cancer Therapy. Cancer Res. 2015, 75, 3997-4002. [CrossRef]
[PubMed]

Liu, J.; Yu, X,; Yu, H,; Liu, B.; Zhang, Z.; Kong, C.; Li, Z. Knockdown of MAPK14 inhibits the proliferation and migration of clear
cell renal cell carcinoma by downregulating the expression of CDC25B. Cancer Med. 2020, 9, 1183-1195. [CrossRef] [PubMed]
Ren, G.; Hu, J.; Shang, Y.; Zhong, Y.E; Yu, Z.; An, ]. Tributylphosphate (TBP) and tris (2-butoxyethyl) phosphate (TBEP) induced
apoptosis and cell cycle arrest in HepG2 cells. Toxicol. Res. 2017, 6, 902-911. [CrossRef]

An,]; Hu, ], Shang, Y,; Zhong, Y.; Zhang, X.; Yu, Z. The cytotoxicity of organophosphate flame retardants on HepG2, A549 and
Caco-2 cells. J. Environ. Sci. Health A Toxic Hazard. Subst. Environ. Eng. 2016, 51, 980-988. [CrossRef]


http://doi.org/10.1210/me.2009-0167
http://www.ncbi.nlm.nih.gov/pubmed/19897600
http://doi.org/10.1111/1755-6724.13260
http://doi.org/10.1242/jcs.00263
http://www.ncbi.nlm.nih.gov/pubmed/12538768
http://doi.org/10.1002/jcp.20587
http://doi.org/10.1038/s41419-020-2278-6
http://doi.org/10.1158/0008-5472.CAN-15-0173
http://www.ncbi.nlm.nih.gov/pubmed/26377941
http://doi.org/10.1002/cam4.2795
http://www.ncbi.nlm.nih.gov/pubmed/31856414
http://doi.org/10.1039/C7TX00180K
http://doi.org/10.1080/10934529.2016.1191819

	Introduction 
	Materials and Methods 
	Cell Culture and Cytotoxicity Assays 
	Quantification of ROS, NO, m, Ca++ Influx, and Esterase Level 
	DNA Damage Analysis 
	Cell Cycle Dysfunction and Apoptosis Analysis 
	Apoptotic Protein Analysis 
	Transcriptomic Analysis by RT-qPCR 

	Results 
	Cytotoxicity Induced by TEHP 
	Intracellular Quantification of ROS, NO, m, Ca++ Influx, and Esterase 
	DNA Damage Measurement 
	TEHP Trigger Apoptosis in HepG2 Cells 
	Translational Activation of Apoptotic Proteins 
	Activation of Cancer Pathway Genes 

	Discussion 
	Conclusions 
	References

