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metabolism within human embryonic kidney (HEK293) cells
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Abstract

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a widely used, additive flame retardant that
migrates from end-use products, leading to ubiquitous exposure of humans around the world.
However, little is known about whether TDCIPP disrupts the physiology of human embryonic
cells. Therefore, the objective of this study was to determine whether TDCIPP alters cell viability,
cellular metabolism, cytosine methylation, and reactive oxygen species (ROS) levels within human
embryonic kidney (HEK?293) cells. Relative to vehicle controls, TDCIPP (0.015-0.1225 uM)
resulted in a concentration-dependent increase in cell viability, a finding that was driven by an
increase in relative ATP abundance. Interestingly, TDCIPP (0.061-0.98 uM) increased the rate of
glycolysis — an adaptive mechanism consistent with the Warburg effect exhibited by tumorigenic
cells. Moreover, relative to vehicle-treated cells, TDCIPP (0.245-15.63 uM) exposure for 48 h (but
not 24 h) resulted in a significant, concentration-dependent decrease in ROS in situ, and TDCIPP
(0.245 uM) exposure significantly increased carnosine within the histidine metabolism pathway.
However, TDCIPP did not affect global 5-methylcytosine (5-mC) methylation (0.015-15.63 pM),
cell membrane integrity (0.061-0.98 uM), nor the abundance of mitochondria (0.061-1.95 uM).
Overall, our findings with TDCIPP point to a novel mechanism of action that may be relevant to
human embryonic stem cells.
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1. Introduction

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is an additive organophosphate-based
flame retardant widely used around the world within products such as polyurethane foam.
As these products age, TDCIPP has the potential to migrate from end-use products into
environmental media such as air, dust, and surface water. Within the United States,
TDCIPP has been detected in serum, urine, hair, breast milk, and placental tissues [1-4].
Although TDCIPP rapidly metabolizes into mono- or diester metabolites that are excreted
in urine, the high frequency of TDCIPP detection in urine is due to ubiquitous exposure

in our surrounding environment [5,6] via multiple routes of exposure including inhalation,
ingestion, and dermal absorption [3]. Although the use of TDCIPP in upholstered furniture
has declined within California, TDCIPP is still prevalent within the indoor environment due
to its presence within a variety of existing consumer products including vehicles.

In 2011, TDCIPP was added to California’s Proposition 65 (Prop 65) list based on

its potential to cause cancer following ingestion [7]. In addition to being a suspected
carcinogen, TDCIPP impacts DNA methylation within zebrafish and mice during early
embryonic development [8-12]. Moreover, TDCIPP has been associated with adverse
pregnancy outcomes within human cohorts [13-15]. To our knowledge, no studies in

the peer-reviewed literature have investigated the potential effects of TDCIPP within
human embryonic cells and only a limited number of studies have characterized the
potential toxicity of TDCIPP within cell lines derived from pediatric patients (SH-SY5Y
neuroblastoma cells) [16] and adult patients (SMMC-7721 hepatocellular carcinoma cells,
NCI-1975 non-small cell lung cancer cells, normal corneal epithelial cells, and HK-2
papillomavirus 16-transformed kidney proximal tubule cells) [17-20]. Interestingly, across
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all five studies, TDCIPP induced reactive oxygen species (ROS) production, apoptosis,

and cytotoxicity within five different human cell lines, albeit the lowest concentration

that induced toxicity was highly variable (1-300 uM) and dependent on the duration of
exposure (24- vs. 72-h exposure). For 24-h exposures, the lowest concentrations that induced
toxicity were 1, 25, 100, and 300 pM for SMMC-7721 cells [17], SH-SY5Y cells [16],
HK-2 papillomavirus 16-transformed kidney proximal tubule cells [19], and normal corneal
epithelial cells [18], respectively. For a 72-h exposure, the lowest concentration that induced
toxicity was 50 uM for NCI-1975 cells [20].

Overall, prior studies suggest that TDCIPP-induced oxidative stress may be a common
mechanism of action within human cells, although the sensitivity of different cell lines to
TDCIPP is highly variable and no studies to date have investigated the effects of TDCIPP
within human embryonic cells. Therefore, the overall objective of this study was to address
how TDCIPP exposure affects the physiology of human embryonic kidney (HEK293) cells
by assessing cell viability, ATP production, reactive oxygen species (ROS) generation, as
well as the abundance of 5-methylcytosine (5-mC), cell membranes, and mitochondria in
situ. Although HEK?293 cells are tumorigenic and do not recapitulate the normal biology
of cells derived from human embryos, we utilized HEK293 cells as a model to begin
investigating the potential impacts of TDCIPP on cellular metabolism within cells originally
derived from human embryos, as human embryonic stem cells are cost-prohibitive and
require days to weeks to differentiate.

2. Materials and methods

2.1. Chemicals

TDCIPP (99% purity) was purchased from Chem Service, Inc. (West Chester, PA). A mother
stock solution of 50 mM TDCIPP was prepared in high-performance liquid chromatography
(HPLC)-grade dimethyl sulfoxide (DMSO) and stored within 2-mL amber glass vials with
polytetrafluoroethylene-lined caps. Additional stock solutions ranging from 0.015-31.25
mM TDCIPP were prepared by diluting the 50 mM mother stock solution into 100%

DMSO within 2-mL amber glass vials with polytetrafluoroethylene-lined caps. Working
solutions were prepared by spiking 1 pL of stock solutions into 999 uL of sterile cell culture
media immediately prior to each exposure, resulting in 0.1% DMSO within all vehicle and
treatment groups.

2.2. HEK293 cell culture

HEK?293 cells were purchased from American Type Culture Collection (ATCC) (Manassas,
VA, USA) and grown in Eagle’s Minimum Essential Medium (ATCC, Manassas, VA, USA)
supplemented with 10% fetal bovine serum (FBS) (ATCC, Manassas, VA, USA). Cells were
maintained in a temperature- and CO»-controlled incubator at 37 °C and 5%, respectively.
Cell culture media was changed every 48 h and cells were split at 70-90% confluency

every four to five days (depending on confluency) using 0.25% Trypsin/0.53 EDTA (ATCC,
Manassas, VA, USA).
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2.3. Cell viability assay

HEK?293 cells were counted using a hemocytometer and resuspended in 20 mL of sterile
cell culture media at a concentration of ~1 x 108 and ~5 x 10° cells for 24-h and 48-h
exposures, respectively. 200 uL of HEK293 cells were plated in sterile 96-well plates at a
final concentration of ~1 x 10% and ~5 x 103 cells per well for 24-h and 48-h exposures,
respectively, and allowed to adhere overnight. Media was then removed from each well and
replaced with 200 pL of media containing either vehicle (0.1% DMSO) or TDCIPP (0.015,
0.031, 0.061, 0.1225, 0.245, 0.49, 0.98, 1.95, 3.91, 7.81, 15.63, and 31.25 uM) within four
replicate wells per treatment. Cells were then incubated at 37 °C and 5% CO, for 24 h or
48 h. In addition, blank wells (media alone with cells) and negative control wells (media
alone without cells) were also included to account for any DMSO-specific effects and/or
background fluorescence, respectively. At the end of the exposure duration, the plate was
allowed to equilibrate to room temperature. Treatment solutions were removed from all
wells and replaced with 100 uL of sterile cell culture media (warmed to room temperature)
and 100 pL of CellTiter-Glo (CTG) reagent (Promega, Madison, WI, USA). The plate was
mixed on an orbital shaker for 2 min to induce cell lysis and then allowed to incubate at
room temperature for 10 min to allow luminescence to stabilize. Luminescence was then
measured using a GloMax-Multi + Detection Dual Injector System (Promega, Madison, W1,
USA).

2.4. Pre-treatment with oligomycin or compound 3 K

To determine the maximum tolerated concentration (MTC), HEK293 cells were plated and
pre-treated for 12 h as described above to either vehicle (0.1% DMSO), oligomycin (an ATP
synthase inhibitor), or compound 3 K (a pyruvate kinase M2, or PKM2, inhibitor) using

the following concentrations: 0.05, 0.10, 0.50, or 1 uM. 1 uM was used as an upper limit,

as previous studies found that 1 uM was sufficient to successfully disrupt mitochondrial

or glycolytic activity without inducing cytotoxicity [21-23]. The exposure solution was
aspirated from each well, replaced with 4% paraformaldehyde (PFA) for 5 min at room
temperature, and washed three times for 5 min with 1X phosphate-buffered saline (PBS).
Cells were then counterstained with a 1:4 solution of DAPI Fluoromount-G (Southern
Biotechnology, Birmingham, AL) for 5 min at room temperature on an orbital shaker (100
rpm). Cells were washed three times for 5 min with 1X PBS at room temperature before
being preserved in 250 pL of 1X PBS. Cells were then imaged at 10X magnification under
a DAPI filter using our ImageXpress Micro XLS Widefield High-Content Screening System.
Within MetaXpress 6.0.3.1658, each well was analyzed for total fluorescence area intensity
using custom automated image analysis procedures. After exporting data from MetaXpress
into Excel files, R coding along with packages deployerand writex/were used to sort, and
summate data points for each well, filter by well number, and export summated data output
from MetaXpress into an Excel file.

Cells were pre-treated with vehicle (0.1% DMSO), the MTC of oligomycin, or the MTC of
compound 3 K for 12 h, and then cells were exposed to vehicle (0.1% DMSQO) or TDCIPP
(0.061, 0.245, or 0.98 uM) for either 24 h or 48 h. Untreated and negative control wells were
utilized to account for any vehicle-specific effects. Each treatment group was conducted in
replicates of eight. At the end of the exposure, four replicate wells were utilized for each
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treatment group. After aspirating the exposure solution from each well, cells were fixed
with 4% PFA, counterstained with DAPI, preserved, and imaged as described above. For
the remaining four replicates, a CTG assay was used to determine cell viability. CTG-based
luminescence data were normalized to DAPI total area to account for any variability in the
number of cell nuclei.

2.5. Seahorse XFp analyzer assays

2.5.1. Real-time ATP rate assay—We relied on a Seahorse XFp Real-Time ATP Rate
Assay Kit (Agilent, Wilmington, DE) as a broad approach to quantify the rate of ATP
production from glycolysis and mitochondrial respiration in live cells. HEK293 cells were
plated in a Seahorse XFp cell culture miniplate (~4 x103 cells per well in 80 pL) and
allowed to adhere overnight in a 37°C CO, incubator. HEK293 cells were exposed to vehicle
(0.1% DMSO) or TDCIPP (0.015, 0.98, and 3.91 pM) for 24 h using methods described
above (three replicate wells per treatment group). Per the manufacturer’s instructions, the
sensor cartridge was hydrated one day prior to the assay at 37°C in a non-CO» incubator
overnight using sterile molecular grade biology (MGB) water. On the day of the assay,
MGB water was discarded from the utility plate and replaced with prewarmed XF Calibrant
50 min prior to loading the ports. Under sterile conditions, assay media was created

by supplementing 10 mL of Seahorse XF DMEM Medium (pH=7.4) with 10 mM of

XF glucose, 1 mM of XF pyruvate, and 2 mM of XF glutamine and then warmed to

37°C in a non-CO» incubator. At exposure termination, cells were removed from a 37°C
COy, incubator and examined under a microscope for confirmation of consistent plating

and proper cell morphology. Cells were then washed with warmed Seahorse media and
transferred to a non-CO» incubator for incubation at 37°C for 45 min prior to the assay. As
cells were incubating, fresh stock compound solutions of oligomyocin (75 M) and rotenone
+ antimycin A (24 pM) were prepared and vortexed for ~1 min before being diluted to 1.5
UM and 0.5 uM, respectively. Diluted stock solutions were then added to their respective
ports in the sensor cartridge and placed in the Seahorse XFp analyzer for calibration. After
45 min, cells were washed with warmed assay media prior to being placed in the Seahorse
XFp analyzer and initiating the assay. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were recorded for each well. Seahorse media was then aspirated
from each well and replaced with 200 pL of Hoechst 33342 dye diluted in Seahorse media
for a final concentration of 0.002 UM per well. The plate was then placed in a non-CO, 37
°C incubator for 5 min. Cells were then imaged on a Nikon Eclipse TI under a DAPI filter
using a 10X objective and exported as a TIFF file for each replicate well. Each TIFF file was
then imported into ImageJ to count the total number of detectable cells. OCR and ECAR
rates were then imported into ImageJ to count the total number of detectable cells. OCR

and ECAR rates were then normalized by their respective cell counts and initial readings for
each time point.

2.5.2. Glycolytic rate assay—We relied on a Seahorse XFp Glycolytic Rate Assay Kit
(Agilent, Wilmington, DE) as a targeted approach to quantify a potential shift from basal to
compensatory glycolysis. HEK293 cells were plated in a Seahorse XFp Microplate (~4 x103
cells per well) and then allowed to adhere overnight in a 37°C CO5 incubator. Non-treated
and blank wells were used to account for any vehicle-specific effects or background noise.
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We exposed cells to either vehicle (0.1% DMSO) or TDCIPP (0.061, 0.245, and 0.98 uM)
for 24 h using methods described above. As cells incubated, fresh stock compound solutions
of rotenone + antimycin A (50 pM) and 2-deoxy-D-glucose (500 mM) were reconstituted
and vortexed for ~1 min before being diluted to 0.5 pM and 50 mM, respectively, in warmed
seahorse media. We then quantified OCR, ECAR, and proton efflux rate (PER) through
real-time measurements of changes in glycolytic rates in vehicle-vs. TDCIPP-treated cells
using a Seahorse XFp Analyzer. Cells were then stained with Hoechst as well as imaged and
analyzed as described above.

2.6. CellROX green assay

Detailed methods are provided within the Supplemental Material.

2.7. Central carbon metabolism-specific metabolomics

Cells were plated and exposed as described above. For analysis of biomolecules involved in
central carbon metabolism, cells were exposed to either vehicle (0.1% DMSQ) or TDCIPP
(0.061, 0.245, or 0.98 uM) for 24 h (96 wells pooled per replicate; four replicates per
treatment). At exposure termination, treatment solutions were aspirated and replaced with 50
uL of a 1:2 dilution of Trysin-EDTA in cell culture media. Cells were then incubated for
3-5 min at 37 °C before adding 100 pL of media to deactivate trypsin. Trypsinized cells
(96 wells per replicate) were washed and then transferred into a 15-mL tube. Cells were
centrifuged for 10 min at 1.2 rpm, and the supernatant was discarded and replaced with 200
pL of Hank’s Balance Salt Solution (HBSS). The cell pellet was washed by gentle agitation
and centrifuged for 10 min at 1.2 rpm, and cells were washed and centrifuged two more
times.

On the third wash, 10 pL was removed from each sample to perform a cell count using a
hemocytometer and a 1:1 dilution of Trypan Blue (Thermo Fisher Scientific, Waltham, MA).
Cells were then centrifuged for 20 min at 1.2 rpm. HBSS was removed and replaced with
50 uL of chilled 100% methanol. Cells were stored at — 80 °C overnight. On the following
day, samples were sonicated for 10 min in an ice bath, vortexed, and sonicated for 5 min or
until the cell pellet was completely disrupted. Samples were then centrifuged for 20 min at
4000 rpm and 4 °C in 15 mL falcon tubes. The supernatant was then aspirated, transferred
to an amber glass vial, and a nitrogen blower was used to evaporate the methanol. Samples
were resuspended in 50 UL of methanol and then processed by UCR’s Metabolomics Core
Facility using a Waters TQ-XS triple quadrupole mass spectrometer coupled to a Waters
two-dimensional I-class UPLC.

Targeted metabolomics of polar, primary metabolites were performed at UCR’s
Metabolomics Core Facility as previously described [24]. Briefly, the analysis was
performed on a TQ-XS triple quadrupole mass spectrometer (Waters, Milford MA) coupled
to an I-class UPLC system (Waters, Milford MA). Separations were carried out on a ZIC-
pHILIC column (2.1 x150 mm, 5 uM) (EMD Millipore, Burlington, MA). The mobile
phases were A) water with 15 mM ammonium bicarbonate adjusted to pH 9.6 with
ammonium hydroxide and B) acetonitrile. The flow rate was 200 pL/min and the column
was held at 50 °C. The injection volume was 2 pL. The gradient was as follows: 0 min,
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90% B; 1.5 min, 90% B; 16 min, 20% B; 18 min, 20% B; 20 min, 90% B; 28 min,

90% B. The MS was operated in multiple reaction monitoring mode (MRM). Source and
desolvation temperatures were 150 °C and 600 °C, respectively. Desolvation gas was set to
1100 L/hr and cone gas to 150 L/hr. Collision gas was set to 0.15 mL/min. All gases were
nitrogen except the collision gas, which was argon. Capillary voltage was 1 kV in positive
ion mode and 2 kV in negative ion mode. A quality control (QC) sample, generated by
pooling equal aliquots of each sample, was analyzed periodically to monitor system stability
and performance. Samples were analyzed in random order.

2.8. 5-methylcytosine (5-mC) Immunocytochemistry, cell membrane labeling, and
mitotracker orange staining

Detailed methods are provided within the Supplemental Material.

2.9. Statistical analyses

A general linear model (GLM) analysis of variance (ANOVA) (a=0.05) and Tukey-based
multiple comparisons were performed using SPSS Statistics 24 for detecting significant
differences between treatment groups for cell viability, CelROX-Green, Seahorse,
MitoTracker Orange, WGA, and 5-mC IHC data. For the metabolomics data, we assessed
all detectable metabolites that were statistically different in TDCIPP-treated groups relative
to the vehicle control using a confidence interval between 80-95% confidence (a=0.05, 0.1,
and 0.2).

3. Results

3.1. TDCIPP increases cell viability at concentrations < 1 uM

Relative to vehicle-treated cells, exposure to TDCIPP for 24 h or 48 h resulted in a
significant concentration-dependent increase in cell viability up to 0.98 uM (Fig. 1).
However, higher concentrations of TDCIPP (>1 uM) did not increase nor decrease cell
viability relative to vehicle-treated cells (Fig. 1). Interestingly, relative to 48 h of exposure,
the magnitude of the effect of TDCIPP on cell viability was higher following 24 h of
exposure. Pre-treatment with an ATP synthase inhibitor (cligomycin) and PKM2 inhibitor
(compound 3 K) alone up to 1 uM did not affect the total number of HEK293 cells (Fig.
S1), albeit there was a slight non-significant decrease in cell viability at 1 uM. Therefore, we
relied on 0.1 uM as the MTC for oligomycin and compound 3 K to minimize the possibility
of cytotoxicity or off-target effects prior to TDCIPP exposures. However, pre-treatment
with 0.1 uM oligomycin or 0.1 uM compound 3 K did not mitigate TDCIPP-induced
effects on cell viability across all three concentrations at 24 h nor 48 h (Fig. 2), suggesting
that TDCIPP-induced enhancement of cell viability was not mediated by direct or indirect
activation of ATP synthase or PKM2.

3.2. TDCIPP increases the rate of glycolysis

Based on the broad ATP production rate assay, exposure for 24 h to TDCIPP (0.061,

0.245, and 0.98 pM) did not significantly affect ECAR (glycolysis) nor OCR (mitochondrial
respiration) within live HEK293 cells relative to vehicle-treated cells (Fig. 3), albeit

there was a non-significant increase in ECAR (glycolysis) following exposure to 0.245
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UM TDCIPP after injection of rotenone/antimycin A. Interestingly, based on a targeted
glycolytic rate assay that can more precisely detect a shift from basal to compensatory
glycolysis, exposure for 24 h to TDCIPP resulted in a significant increase in ECAR

and PER relative to vehicle-treated cells after injection of rotenone/antimycin A (Fig. 4),
suggesting that TDCIPP exposure for 24 h increased the rate of glycolysis within live
HEK?293 cells. Although there was not a clear concentration-response relationship between
the concentration of TDCIPP and glycolytic rate of HEK 293 cells, effects on glycolysis
were, like the ATP rate assay, more pronounced following exposure to 0.245 uM TDCIPP.

3.3. TDCIPP decreases intracellular ROS and impacts the histidine metabolism pathway

Although 24 h of exposure resulted in no effect on ROS, there was a statistically significant,
concentration-dependent decrease in ROS (relative to vehicle-treated cells) after 48 h of
exposure starting at 0.245 uM TDCIPP (Fig. 5). ROS approached levels within blanks
(untreated cells) by 3.91 uM TDCIPP (Fig. 5), suggesting that 1) exposure to 0.1% DMSO
alone may increase ROS generation within HEK293 cells and 2) TDCIPP may counteract
the effects of 0.1% DMSO. Overall, these data indicate that 48 h of continuous TDCIPP
exposure may decrease ROS from 0.245-15.63 puM relative to vehicle-treated cells.

Interestingly, relative to vehicle-treated cells, exposure for 24 h to 0.245 uM TDCIPP
resulted in alterations in biomolecules involved in central carbon metabolism that were
statistically significant at an a.= 0.05, 0.1, or 0.2 (Fig. 6), with carnosine being the most
significantly affected. In addition, we found significant impacts of TDCIPP on the histidine
metabolism pathway, with a specific increase in intracellular carnosine levels following
exposure to 0.245 uM TDCIPP (Fig. 7). These data suggest that TDCIPP exposure up to
24 h resulted in an increase in intracellular carnosine and impacts the histidine metabolism
pathway within HEK293 cells, although this effect is strongly dependent on the TDCIPP
concentration.

3.4. TDCIPP does not affect 5-mC, cell membrane integrity, nor mitochondria in situ

TDCIPP exposure up to 15.63 pM for either 24 h or 48 h did not affect the abundance of
5-mC relative to vehicle-treated cells (Fig. S2). Exposure for either 24 h or 48 h TDCIPP
(0.061, 0.245, and 0.98 uM) did not result in statistically significant differences relative
to vehicle-treated cells (Fig. S3). In addition, pre-treatment with oligomycin or compound
3 K did not affect cell membrane integrity in the presence or absence of TDCIPP (Fig.
S3). Exposure for either 24 h or 48 h to TDCIPP (0.061, 0.245, and 0.98 uM) did not
result in statistically significant differences in the abundance of mitochondria relative to
vehicle-treated cells (Fig. S4).

4. Discussion

Prior studies published in the peer-reviewed literature found that TDCIPP induces oxidative
stress and cytotoxicity in human cells originally derived from pediatric and adult patients
at concentrations ranging from 1-300 uM depending on the exposure duration (24- or

72-h exposure) [16-20]. However, contrary to all five prior studies, within this study we
unexpectedly revealed that, within human embryonic cells (HEK293), TDCIPP increased
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cell viability — rather than induced cytotoxicity — after 24 h and 48 h of exposure at
concentrations (<1 uM) that are lower than any TDCIPP concentrations tested to date
within human cell lines. Therefore, this raised the question of whether TDCIPP activated
key ATP-producing enzymes, as the CTG assay is based on ATP quantification as a
readout for metabolically active cells. However, pre-treatment with either oligomycin (an
ATP synthase inhibitor) or compound 3 K (PKM2 inhibitor) did not mitigate TDCIPP-
induced enhancement of cell viability, suggesting that TDCIPP did not increase the relative
abundance of ATP via direct or indirect activation of key, rate-limiting enzymes — ATP
synthase and PKM2 — involved in intracellular ATP production. Therefore, we relied on a
Seahorse XFp Analyzer to determine whether TDCIPP increased the rate of ATP production
via mitochondrial respiration or glycolysis within live HEK293 cells.

While TDCIPP had no effect on ATP production via mitochondrial respiration, we found
that TDCIPP increased the rate of glycolysis (albeit in the absence of a clear concentration-
response relationship), suggesting that a TDCIPP-induced increase in cell viability at
TDCIPP concentrations < 1 uM may have been driven by an increase in ATP production

via glycolysis. Interestingly, these findings are consistent with the Warburg effect that is
exhibited by tumorigenic cells such as HEK293 cells [25-27]. Originally postulated in 1923,
the Warburg effect is an adaptive mechanism that accelerates the conversion of glucose

to lactate in malignant tumors via glycolysis [25], allowing tumorigenic cells to rapidly
generate ATP in the presence or absence of functioning mitochondria and, as such, provide
the bioenergetic demand needed to support uncontrolled proliferation and survival of tumor
cells [25,26,28, 29]. Similarly, since mitochondrial function and the number of mitochondria
in situ were not affected by TDCIPP, our data suggests that, even in the presence of
functioning mitochondria, HEK293 cells increased the rate of glycolysis as an adaptive
mechanism to support cell proliferation and survival in response to TDCIPP exposure.

Although TDCIPP did not affect global 5-mC methylation nor cell membrane integrity in
situ, we found that TDCIPP decreased intracellular ROS within the same concentration
range that increased cell viability and the rate of glycolysis. Within mitochondria, ROS
species are created as by-products of cellular metabolism and play a role in oxidative
reduction in the electron transport chain [30-32]. As ROS is utilized downstream for cellular
signaling and redox signaling pathways, perturbations in the balance of mitochondrial ROS
formation may negatively impact cell cycle checkpoints, cell proliferation, and cellular
metabolism [33]. Indeed, as a result of increased glycolysis, the Warburg effect is known

to disrupt mitochondrial redox potential, leading to a decrease in ROS generation by
mitochondria [27,34]. Therefore, our findings suggest that a TDCIPP-induced increase in
the rate of glycolysis may have decreased ROS generation within HEK293 cells by reducing
the reliance on mitochondrial oxidative phosphorylation for ATP production.

Interestingly, we also found that TDCIPP significantly impacted the histidine metabolism
pathway, with a specific increase in the levels of carnosine — a small molecule that is found
in high levels in skeletal tissue and plays a role in antioxidant activity and scavenging
carbonyls [35-37]. Within humans, histidine is an essential amino acid obtained from
dietary sources and carnosine is synthesized from B-alanine and histidine by carnosine
synthase within the cytosol [38]. Although carnosine decreases glycolytic ATP production
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and proliferation of tumorigenic cells [39-41], we found that increased carnosine levels
were associated with increased glycolysis and cell viability as well as decreased ROS,
suggesting that the presence of higher levels of carnosine may have played a direct role

in scavenging ROS rather than interfering with glycolysis. Overall, these findings support
the conclusion that the metabolic environment of HEK293 cells was rewired in response to
TDCIPP, another hallmark that is consistent with the Walburg effect within tumorigenic cells
[27].

In summary, based on our results within human embryonic (HEK293) cells, our findings
suggest that exposure to concentrations < 1 uM TDCIPP 1) increases cell viability; 2)
increases the rate of glycolysis via the Warburg effect; 3) decreases mitochondrial ROS
generation; and 4) increases carnosine levels within the histidine metabolism pathway.

As a halogenated flame retardant, chlorine atoms on TDCIPP directly interact with and
quench high energy free radicals produced in the vapor phase during combustion [42].
Therefore, following partitioning into HEK293 cells, there is a possibility that TDCIPP
directly sequestered ROS which, in turn, decreased ROS levels, leading to disruption of the
mitochondrial redox potential, ROS-mediated signaling pathways, and cellular metabolism
(Fig. 8). Alternatively, as discussed above, TDCIPP may have directly induced the Warburg
effect (i.e., an increased rate of compensatory glycolysis) and activated histidine metabolism
pathways — both of which are adaptive mechanisms within tumorigenic cells that lead

to decreased ROS generation (Fig. 8). Nevertheless, future studies are needed to further
explore the underlying link between ROS generation and disruption of cellular metabolism
by TDCIPP within human cells, including cancer cells and embryonic stem cells that may be
more susceptible to the impacts of TDCIPP exposure.

Environmental Implication

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is an additive organophosphate flame
retardant that is widely used within products such as textiles, plasticizers, and polyurethane
foam. Within the United States, TDCIPP has been detected in breast milk and placental
tissues. Although TDCIPP rapidly metabolizes into metabolites that are excreted in uring,
the high frequency of TDCIPP detection in urine is due to its ubiquitous exposure in our
surrounding environment. Overall, our findings with TDCIPP point to a novel mechanism
of action that may be relevant to human embryonic stem cells and/or other organohalogen
flame retardants that are frequently detected within human biomonitoring studies.
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HIGHLIGHTS
. TDCIPP is a flame retardant with ubiquitous human exposure around the
world.
. Little is known about TDCIPP-induced effects on human embryonic cells.
. TDCIPP increases the viability and rate of glycolysis within HEK293 cells.
. TDCIPP decreases mitochondrial ROS generation after 48 h of exposure.
. TDCIPP increases carnosine levels within the histidine metabolism pathway.
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Mean (x standard deviation) CellTiter-Glo luminescence of HEK293 cells exposed to either
vehicle (0.1% DMSO) or 0.015-31.25 uyM TDCIPP for 24 h (A) or 48 h (B). Blank =
unexposed cells. Sample sizes (number of wells) are indicated above each treatment group.
Asterisk (*) denotes a significant difference (p < 0.05) relative to vehicle (0.1% DMSO).
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Fig. 2.
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Mean (£ standard deviation) CellTiter-Glo (CTG) luminescence (A, D), DAPI area (B, E),
or DAPI-normalized CTG of HEK293 cells pre-treated with either vehicle (0.1% DMSO),
oligomycin (0.1 pM), or compound 3 K (0.1 pM) for 12 h and then exposed to either vehicle
(0.1% DMSO) or TDCIPP (0.061, 0.245, or 0.98 uM) for 24 h (A, B, C) or 48 h (D, E, F).
Blank = unexposed cells. Sample sizes (number of wells) are indicated above each treatment
group within Panels A, B, D, and E. Asterisk (*) denotes a significant difference (p < 0.05)
relative to cells pre-treated with vehicle (0.1% DMSO) followed by exposure with vehicle

(0.1% DMSO).
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Fig. 3.
Mean extracellular acidification rate (ECAR) (A, C, E) and oxygen consumption rate (OCR)

(B, D, F) of HEK293 cells exposed to either vehicle (0.1% DMSO) or TDCIPP (0.061,
0.245, or 0.98 uM) for 24 h. Asterisk (*) denotes a significant difference (p < 0.05) relative
to vehicle controls.

J Hazard Mater. Author manuscript; available in PMC 2024 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Avila-Barnard et al. Page 18
A Pt 200w B Romimon 200w C 200 e
gm.-_ —— 0.061 uM g‘.i-- ——tereeTe 0.061 uM gm.-- —— 0.061 uM
i“' T ET Y Y ) e P é"‘ bl L2 PO P S i"‘ il L2 O PO POl
‘ §§§§§§§§§§§“§w§m§§§§§§§§§ : igigigigiﬁiﬁiﬁgigig T TN
o E R F o
gm..- —— 0.245 yM gm Tt 0.245 uM gm--- ——tee 0.245 yM
PHnRnnngnngn Ygnnunnonnng OO HHRGEnn
O B e s I el
gm..- —= 0.98 uM g‘ o o A I 0.98 uM 1'.4-- — e 0.98 uM
§ NOBHnnRGGnG ! OB GHHN § HHEHHHHIETHEE

Time (min)

Fig. 4.

Time (min)

Mean oxygen consumption rate (OCR) (A, D, G), extracellular acidification rate (ECAR)
(B, E, H), and proton efflux rate (PER) (C, F, 1) of HEK293 cells exposed to either vehicle
(0.1% DMSO) or TDCIPP (0.061, 0.245, or 0.98 uM) for 24 h. Asterisk (*) denotes a
significant difference (p < 0.05) relative to vehicle controls.
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Fig. 5.

Mean (£ standard deviation) CellROX Green fluorescence (A, D) and DAPI (B, E) of
HEK?293 cells exposed to either vehicle (0.1% DMSO) or 0.015-15.63 uM TDCIPP for 24
h (A-C) or 48 h (D-F). Blank = unexposed cells. Panels C and F show mean (£ standard
deviation) CellROX green fluorescence area divided by DAPI stained area of HEK293 cells.
Asterisk (*) denotes a significant difference (p < 0.05) relative to vehicle controls.
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A P-value by Treatment for Detected Metabolites
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Fig. 6.
GLM-generated p-values for HEK293 cells exposed to either 0.061, 0.245, or 0.98 uM

TDCIPP for 24 h. p-values are relative to vehicle-treated cells. Red color denotes a
significant difference (p < 0.05) relative to vehicle controls.
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Fig. 7.

Significantly enriched metabolites (A) and pathway analysis (B) from MetaboAnalyst
output. Histidine metabolism pathway from Panel B along with significantly affected
metabolites (C). Mean (z standard deviation) carnosine relative abundance of HEK293 cells
exposed to either vehicle (0.1% DMSO) or 0.245 uM TDCIPP for 24 h (D). Asterisk (*)
denotes a significant difference (o < 0.05) relative to vehicle controls.
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Proposed mechanisms of action for TDCIPP-induced disruption of metabolism within

HEK?293 cells.
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