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ABSTRACT: Oil sands process-affected water (OSPW) has
been reported to cause oxidative stress in organisms, yet the
causative agents remain unknown. In this study, a high-
throughput in vitro Nrf2 reporter system was used, to
determine chemicals in OSPW that cause oxidative stress.
Five fractions, with increasing polarity, of the dissolved organic
phase of OSPW were generated by use of solid phase
extraction cartridges. The greatest response of Nrf2 was
elicited by F2 (2.7 ± 0.1-fold), consistent with greater
hydroperoxidation of lipids in embryos of Japanese medaka
(Oryzias latipes) exposed to F2. Classic naphthenic acids were
mainly eluted in F1, and should not be causative chemicals.
When F2 was fractionated into 60 subfractions by use of
HPLC, significant activation of Nrf2 was observed in three grouped fractions: F2.8 (1.30 ± 0.01-fold), F2.16 (1.34 ± 0.05-fold),
and F2.25 (1.28 ± 0.15-fold). 54 compounds were predicted to be potential chemicals causing Nrf2 response, predominated by
SO3

+ and O3
+ species. By use of high-resolution MS2 spectra, these SO3

+ and O3
+ species were identified as hydroxylated

aldehydes. This study demonstrated that polyoxygenated chemicals, rather than classic NAs, were the major chemicals
responsible for oxidative stress in the aqueous phase of OSPW.

■ INTRODUCTION

Extraction of bitumen from the oil sands of Alberta, Canada has
increased rapidly with projected output ranging from 2.0 to 2.9
million barrels per day by 2020.1,2 In surface mining operations,
extraction of bitumen from oil sands with hot water results in
production of oil sands process-affected water (OSPW).
Development of oil sands and leakage from tailings ponds
has raised concerns about potential pollution and ecological/
health risks posed by exposure to OSPW.3,4 Specifically, there is
concern about the rate at which OSPW in end pit lakes (EPLs)
will be detoxified.5 Development of tools, such as bioassays and
high-resolution mass spectrometry analysis of specific chemicals
that cause toxicity, to monitor detoxification of OSPW in EPLs
would greatly assist industry and regulatory agencies charged
with monitoring EPLs.

OSPW has been reported to cause multiple chronic
toxicities,6−12 but the mechanism(s) of these toxicities are
not well understood. Numerous studies have suggested that
oxidative stress, which can lead to damage to nucleotide acids,
proteins, and lipids, and thereby cause cellular dysfunction and
ultimately cause phenotypic adverse effects, might be an
important mechanism of toxicity of OSPW.7,9,13 In hepatocytes
of rainbow trout (Oncorhynchus mykiss), expression of genes
related to oxidative stress was significantly up-regulated after
exposure to OSPW,14 and oxidative stress and apoptosis were
induced in embryos of fathead minnows exposed to OSPW.7
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Cytotoxicity in strains of yeast exposed to OSPW has also been
reported to be mediated by pathways related to oxidative
stress.13 Results of both in vitro and in vivo experiments
indicated the significance of oxidative stress as mechanism of
toxicity of OSPW, but identities of those chemicals in OSPW
that cause oxidative stress are not known.
Because the aqueous phase of OSPW is a complex mixture of

dissolved organic compounds it is difficult to identify those
chemicals that cause toxicities. Advances in ultrahigh-resolution
mass spectrometry have led to understanding that the aqueous
phase of OSPW contains not only naphthenic acids (NAs;
CnH2n+ZO2),

15 but also mono- and polyoxygenated com-
pounds, many unidentified species of acids containing sulfur
and nitrogen atoms, and a variety of polar neutral substances
containing oxygen, sulfur, and nitrogen.16−18 Initial studies of
the toxicity of OSPW suggested that toxicity of OSPW was
caused by NAs.19 However, it has been argued that these
studies implicate a broader group of polar organic acids as
causative of the toxicity of OSPW.15,20 Recently, NAs and
several species of polar neutral compounds containing oxygen
and sulfur were identified as causing acute lethality.11,12 In
another study, a pull-down assay, combined with untargeted
chemical analysis (termed PUCA) was used to identify ligands
of peroxisome proliferator-activated receptor γ (PPARγ) from
extracts of OSPW.21 However, because oxidative stress could be
mediated by multiple pathways, rather than one known target,
targeted enrichment of corresponding toxic components using
the PUCA assay is not available.
Effects-directed analysis (EDA) has been used extensively to

identify toxic components of complex mixtures.6,22,23 In the
current study, a high-throughput and reproducible in vitro assay
and high-resolution EDA were recruited for identification of
causative chemicals in OSPW. The transcription factor NF-E2-
related factor 2 (Nrf2) has been identified as a general regulator
of cellular defense against oxidative stress through binding to
the antioxidant response element (ARE) in the upstream
promoter region of many genes that are important for defense
against oxidative stress.24,25 Elevated levels of ROS or
electrophilic species that resulted in an altered redox status in
cells could trigger the transcriptional response mediated by
Nrf2.24,26 In this study, a cell line that has been stably
transfected with a pTA-NRF2-luciferase reporter vector was
used as in vitro monitoring system, in combination with in vivo
Medaka exposure, and untargeted chemical analysis conducted
by Q Exactive quadrupole, Orbitrap, to identify chemicals in
OSPW that cause oxidative stress.

■ MATERIALS AND METHODS
Chemicals and OSPW. Hexane, dichloromethane (DCM),

and methanol (MeOH), each of HPLC grade, were purchased
from Fisher Scientific (Ottawa, ON, Canada). Anhydrous
ethanol was obtained from GreenField Ethanol Inc. (Brampton,
ON, Canada). OSPW was collected during September of 2012,
from Base Mine Lake, which is the first end-pit-lake in the
surface mining oil sands industry and was constructed from the
West-In-Pit settling basin that received water from the main
extraction facility on the site of Syncrude Canada, Ltd. (Fort
McMurray, AB, Canada). The OSPW was shipped to the
University of Saskatchewan (Saskatoon, SK, Canada), stored in
the dark, and used for fractionation immediately upon
arrival.21,27

OSPW Fractionation. A 500 mg EVO-LUTE ABN solid
phase extraction (SPE) cartridge (Biotage, Charlotte, NC) was

used for initial extraction and fractionation of organic chemicals
in the aqueous phase of OSPW. This adsorbent material was
used because initial experiments showed that this cartridge
could capture more constituents of OSPW than did HLB
cartridges.19 A procedure blank was conducted using ultrapure
water, and no significant Nrf2 activity was detected. Prior to
fractionation, to remove particulate matter, 1 L of OSPW was
passed through a glass microfiber filter (GF/D 0.47 mm,
Whatman) then pH was adjusted to 2 by use of concentrated
HCl (37%). Cartridges were conditioned with 6 mL of
methanol and 6 mL of pure water and a 1 L aliquot of filtered
and acidified OSPW was passed through cartridges, which were
subsequently washed with water and allowed to dry under
vacuum for 30 min. Fractionation, based on polarity, was used
to separate constituents of OSPW into five fractions isolated
with successive mixtures of solvents of increasing polarity.
Fractions were eluted with 6 mL of solvents (volume
percentage, v/v) in sequence as follows (Supporting
Information (SI) Figure S1): F1) 100% Hexane; F2) 20%
DCM in hexane; F3) 50% DCM in hexane; F4) 100% DCM;
and F5) 100% MeOH. Fractions were dried under nitrogen and
redissolved in 500 μL of ethanol to get a final 2000× nominal
concentration of original OSPW sample. The distribution of
each chemical specie across SPE fractions has been described in
our previous study.21 Equal volumes of the five fractions were
pooled to make a reconstituted total extract (TE) of dissolved
organic chemicals from OSPW. Recoveries of OSPW
compounds were determined by comparing the relative
abundance of species in original OSPW water and OSPW
extracts eluted from SPE cartridges. The recoveries were ranged
from 30.9% (SO4

+) to 143% (O5
+).

Fraction F2 exhibited the greatest potency to cause oxidative
stress, so it was selected for further fractionation using reversed-
phase, high-performance liquid chromatography (RP-HPLC).
50 μL of F2 were injected, and fractionation was accomplished
by use of a Betasil C18 column (5 μm; 2.1 mm × 100 mm;
Thermo Fisher Scientific). Ultrapure water (A) and methanol
(B) were used as mobile phases. Initially, 5% B was increased to
30% over 5 min, then increased to 100% at 20 min and held
static for 8 min, followed by a decrease to initial conditions of
5% B and held for 2.5 min to allow for column re-equilibration.
The flow rate was 0.3 mL/min. The column and sample
chamber temperatures were maintained at 30 and 10 °C,
respectively. Fractions were collected at 0.5 min intervals
obtaining a total of 60 subfractions.

Nrf2 Bioassay. The Nrf2 Luciferase reporter cell line
(Signosis, Santa Clara, CA) was stably transfected with the
pTA-NRF2-luciferase reporter vector. The amount of luciferase
produced is directly proportional to the activation of Nrf2
signaling, and thus also proportional to the amount of oxidative
stress present. The culture medium was Dulbecco’s Modified
Medium (DMEM) (Sigma, St. Louis, MO) supplemented with
10% (v/v) of fetal bovine serum (FBS) (Gibco, Grand Island,
NY) and 75 mg/L of G418 (Life Technologies, Burlington,
ON, Canada). The amount of FBS was reduced to 0.1% (v/v)
in exposure media. Cells were incubated at 37 °C, in a 5%
humidified CO2 incubator. Fourth generation Nrf2 cells were
used for assessing potency of extracts to activate Nrf2. Cells
were seeded to 96-well flat bottom microplates with 5 × 104 in
100 μL per well, and were dosed after incubation overnight in
exposure medium. A 5-fold dilution of TE or each fraction
starting from 5× was added to exposure medium to yield a final
concentration of solvent of 0.1% (v/v). Cells were dosed with
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0.1% (v/v) of ethanol as the solvent control. Cells were
exposed to the 60 subfractions of F2 at 1× without serial
dilution because responses of Nrf2 were relatively small and the
dose−response was linear. To confirm oxidative stress
responses of exposed cells, rescue experiments were conducted
by coexposing cells to 10 mM of reduced glutathione (GSH)
(Sigma) with different concentrations of active fractions. Each
concentration of each sample was conducted with four
replicates. Cells were exposed to tBHQ (tert-butylhydroqui-
none, Sigma), which is an reference chemical known to activate
Nrf2 through two-electron oxidation to form an electrophilic
quinone in cells,26,28 with 3-fold serial concentrations ranging
from 50 to 0.6 μM. Exposure of 5.6 μM tBHQ was used as
positive control in each plate. Response of Nrf2 cells to
hydrogen peroxide (H2O2, Sigma), a well-known reactive
oxidant, was also conducted (10 mM − 13.7 μM, with 3-fold
dilutions). After 16 h of exposure, activity of luciferase was
detected by measurement of light produced by use of the
SteadylitePlus Kit (PerkinElmer, MA).
Cytotoxicity of fractions was measured by use of the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Biotium, Hayward, CA). Cells were plated and exposed
the same as in measurements of potency. An aliquot of 10 μL of
MTT was added per well and incubated for 4 h at 37 °C.
Afterward, 200 μL of DMSO was added to each well for 30 min
to dissolve crystals of formazan. The OD570 of the supernatant
was measured and corrected for background absorbance at 690
nm using a POLARStar OPTIMA microplate reader (BMG
Labtech, Offenburg, Germany). If viability of cells was <80% of
the solvent control, the corresponding exposure dose was
considered as cytotoxic and therefore was not used in other
exposures. No cytotoxicity occurred when Nrf2 cells were

exposed to 50 μM or less of tBHQ, 1.1 mM or less of H2O2, or
1× or less of TE and fractions.

Animal Care and Exposure of Medaka Embryos. All
work with fish was conducted according to the University of
Saskatchewan’s Council on Animal Care and Supply (Protocol
20090108). Japanese medaka (Oryzias latipes) were cultured in
the Aquatic Toxicology Research Facility at the University of
Saskatchewan. Eggs were collected daily and maintained in
embryo rearing medium (1 g/L NaCl, 0.030 g/L KCl, 0.040 g/
L CaCl2·H2O, 80 mg/L MgSO4 and 1 mg/L Methylene Blue in
distilled water) until hatch. All culturing of adult fish and
rearing of embryos was conducted at a water temperature of 28
°C with a photoperiod of 16 h: 8 h (light: dark). Embryos at
the fry stage of development (one-day posthatch, 7 ± 1 dpf),
which is the developmental stage that extends from hatching
until appearance of fin rays in the caudal and pectoral fins29

were collected immediately upon hatching. Twenty embryos
were put into one Petri-dish, and were exposed to 0.1% of
ethanol (negative control) or fractions of OSPW (F1−F5) at
0.5× or 0.25× of original concentration. Each exposure was
conducted with three replicates (n = 3), and exposure time was
1 h.

Peroxidation of Lipids. Peroxidation of lipids (LPO) was
quantified in embryos of Japanese medaka after exposure. The
lipid hydroperoxide assay kit (Cayman Chemical, Ann Arbor,
MI) was used for determination of peroxidation of lipids
according to recommendations of the manufacturer. Wet
masses (mg) of the 20 embryos per exposure were determined
prior to extraction of lipids. Samples were homogenized on ice
and lipids were extracted with 500 μL of chloroform containing
1% Triton X-100. The amount of lipid peroxide (nmol) was
quantified by absorbance at 500 nm on a VersaMax Microplate

Figure 1. Effects of samples of OSPW on activity of Nrf2 cells. (A) Effects of the total extract (TE) and the five SPE fractions (F1−F5) of OSPW.
(B) Effects of coexposure to 10 mmol/L of reduced GSH and the TE of OSPW. (C) Effects coexposure to 10 mmol/L of reduced GSH and F2.
Averages of fold changes relative to a solvent control are given. Error bars represent standard deviation. Significances changes are indicated by an
asterisk, where *** means p < 0.001, ** means p < 0.01, and * means p < 0.05.
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reader (Molecular Devices, Sunnyvale, CA). Data were
normalized by the wet mass of embryos.
Profiling of OSPW. Chemical profiles and elemental

composition for chemical species containing oxygen, nitrogen
and sulfur, in each of fractionated samples, were determined by
use of a Q Exactive mass spectrometer (Thermo Fisher
Scientific) equipped with a Dionex UltiMate 3000 ultrahigh-
performance liquid chromatography (UHPLC). Data was
acquired in all ion fragment (AIF) mode. Parameters for AIF
were, one full MS1 scan (100−1,000 m/z) recorded at
resolution R = 70 000 (at m/z 200) with a maximum of 3 ×
106 ions collected within 100 ms, followed by one AIF MS/MS
scan recorded at a resolution R = 35 000 (at m/z 200) with
maximum of 1 × 106 ions collected within 60 ms. Details of this
procedure are given in the SI.
Data Analysis. Linear regression of concentrations and fold

changes than control was used to evaluate the bioanalytical
equivalent concentrations of OSPW samples and H2O2 for
activation of Nrf2. The linear part of concentration−response
relationships for activation of Nrf2 by tBHQ that was within 5-
folds were used for linear regression.26 The tBHQ equivalent
factor (tBHQ-EF) of H2O2 and tBHQ equivalent concen-
trations (tBHQ-EQ) of the TE and fractions of OSPW were
calculated (eqs 1 and 2), based on concentrations that induced
a response of 1.5-fold than control according to a previous
study.26

− =t BHQ EF
Conc

Conc
t BHQ1.5

H O 1.52 2 (1)

− =t BHQ EQ
Conc

Conc
t BHQ1.5

sample1.5 (2)

where ConctBHQ1.5, ConcH2O21.5, and Concsample1.5 are the
calculated concentrations of tBHQ, TE or fractions, and
H2O2, respectively, at which 1.5-fold of inductions relative to
that of control were induced in Nrf2 cells.
Effects of treatments relative to controls and between

treatments were evaluated by use of one-way ANOVA with
Tukey’s post hoc test. Differences were considered significant at
a p-value < 0.05.

■ RESULTS AND DISCUSSION
Nrf2-mediated Oxidative Stress of OSPW. A dose

response was observed when Nrf2 cells were exposed to tBHQ
(SI Figure S2), which is known to cause oxidative stress in
vitro.26 The maximal response was 20.3 ± 1.6 fold (p < 0.001)
at a concentration of 16.7 μM of tBHQ. Considering the fact
that oxidative stress may be caused by multiple oxidants and
pathways, to test the method breadth, the Nrf2 system was also
tested for another well-known reactive oxidant H2O2.
Significant responses were induced by H2O2 at concentrations
of 13.7 to 1111.1 μM (SI Figure S2). According to the linear
regression of H2O2 concentrations and responses in Nrf2 cells
(SI Figure S3), the tBHQ-EF of H2O2 was determined to be
0.0063.
After benchmarking, the in vitro assay was applied to TE of

OSPW. Activation of Nrf2 was significantly related to
concentrations of TE (Figure 1A), while no cytotoxicity was
observed at concentrations of 1× (or less) for TE. Maximal
induction was 2.9 ± 0.14 fold (p < 0.001) at 1× of TE. A
significant response was detected at 0.04× of the TE (1.2 ±
0.06 fold, p = 0.006), which was about 10-fold less than the

concentration of OSPW extracts (0.5 × ) that induced oxidative
stress in primary cultures of rainbow trout hepatocytes,14 which
indicates the sensitivity of Nrf2 assay to oxidative stress caused
by OSPW. However, differences in the source of OSPW,
method of extraction, and unknowns regarding the profile of
chemicals in the extract make direct comparison between these
studies difficult. Regardless, multiple toxicities of OSPW have
been reported, but with exception of activation of PPARγ
signaling,21 effects of OSPW at concentrations as small as those
qualified here have not been reported.7,10,30 According to the
regression (SI Figure S3), the bioassay-derived tBHQ-EQ of
TE was determined to be 7.06 μM. To further confirm that
responses of Nrf2 to the TE were caused by generation of
oxidative stress, coexposures of cells to TE and glutathione
(GSH) were conducted. Reduced GSH is a well-known
antioxidant preventing damage to important cellular compo-
nents from reactive oxygen species. Exposure of 10 mM GSH
did not influence the basal response of Nrf2 cells. The
induction of Nrf2 cells by tBHQ was reduced to 76.3% (p <
0.001) by coexposure to 10 mM GSH (Figure 1B and C).
When coexposed with 10 mM of reduced GSH, the response of
Nrf2 to 1× or 0.2× of the TE were also significantly reduced to
62.8% (p < 0.001) and 82.4% (p < 0.001), respectively, of the
response in cells exposed to the TE (Figure 1B). This result
further confirmed that responses of Nrf2 to TE were mediated
by oxidative stress.

In Vitro and in Vivo Oxidative Stress of SPE Fractions.
To identify causative agents, the distribution of activations of
Nrf2 among the five fractions that were generated by use of the
SPE cartridges was determined. Three of the fractions (F1, F2
and F5) exhibited significant potency for activation of Nrf2, of
which F2 was the most potent, with 2.7 ± 0.1 fold activation
compared with that of the solvent control (p < 0.001).
Activation of Nrf2 (1.1 ± 0.05, p = 0.021) was detected even at
the least concentration of 0.04× of F2. Consistent with effects
of the TE, when coexposed with GSH, activation of Nrf2 in
cells exposed to 1× and 0.2× of F2 were significantly reduced
to 61.5% (p < 0.001) and 79.7% (p = 0.01), respectively,
(Figure 1C) of activation by exposure only to the fraction.
Significant responses to F1 (1.2 ± 0.14 fold, p = 0.032) and F5
(1.7 ± 0.11 fold, p < 0.001) were observed, but only at the
maximal concentration of 1× (Figure 1A). Because activity of
Nrf2 was distributed among multiple SPE fractions, it suggested
that multiple chemicals, with different polarities, in the aqueous
phase of OSPW can cause oxidative stress. Based on predictions
by use of linear regressions of concentration−response
relationships for F1, F2, and F5 (SI Figure S2), the tBHQ-
EQ of F1, F2, and F5 were 0.50 μM, 4.97 μM, and 1.92 μM,
respectively. The summed tBHQ-EQ of these three fractions
was 7.39 μM, which was similar to that of the TE (7.06 μM).
This result indicated additive agonistic activities of multiple
causative chemicals in fractions of OSPW, a result that was
consistent with previous results for pure standards.26

Potencies of the five fractions to cause oxidative stress were
further investigated in vivo by exposing freshly hatched
embryos of Japanese medaka to 0.5× and 0.25× of each
fraction, and quantifying hydroperoxidation of lipids (LPO)
(Figure 2). This end point has been widely used as an in vivo
biomarker of oxidative stress.7 Significant production of LPO
was detected (1.70 ± 0.26 fold, p < 0.001) only in embryos
exposed to F2 at 0.5× of the original OSPW. Increased
production of LPO was observed (1.40 ± 0.27 fold, p = 0.07),
although not significant, in embryos exposed to F5 at 0.5× of
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the original OSPW. Oxidative stress responses to oil sands
derived materials at the level of gene expression have also been
reported for the nonbiting midge, Chironomus dilutus,31 and
fathead minnows exposed to OSPW7,9 and embryos of Japanese
medaka exposed to diluted bitumen.32 The greater concen-
trations of reactive oxygen species in fathead minnows7 and
LPO in Chironomus dilutus31 in other studies are consistent
with results of this study, indicating that exposure of OSPW
could cause oxidative stress. Greater in vivo oxidative stress
caused by F2 and F5 was consistent with potencies for
activation of Nrf2 observed in vitro for these fractions (as
shown by red dots in Figure 2), which further supports use of
the Nrf2 system for assessing oxidative stress caused by OSPW.

Chemical Profiling of SPE Fractions. A statistical strategy
combined with untargeted chemical analysis was applied to
identify specific chemicals in F2 that caused oxidative stress. A
total of 16,037 peaks were detected across the five SPE
fractions (Figure 3A). Among these, 3352 peaks were detected
in ESI− and 12 685 peaks were detected in ESI+. While previous
studies have focused on oxidative chemicals in OSPW detected

Figure 2. Fold changes of concentrations of lipid hydroperoxides
(LPO) in embryos of Japanese medaka (1 day posthatch) after
exposure to fractions of OSPW. Four replicates were conducted for
each group (n = 4), with 20 embryos in each replicate. Dots and line
indicate fold changes induced in Nrf2 cells by F1−F5 at 1× of
exposure. Significance is indicated by an asterisk, where *** means p <
0.001, ** means p < 0.01, and * means p < 0.05.

Figure 3. Distribution of species across SPE fractions. (A) Heatmap of peak abundances of all 16 037 detected peaks across five fractions. (B)
Species exhibiting greater peak abundances in F2. The color is proportional to the log-transformed ratio of chemical abundances in F2 to those in F1.
Sizes of dots are proportional to peak abundances of chemicals. (C) Heatmap of peak abundances of species from different fractions of SPE
cartridges in both ESI− and ESI+. (D) Heatmap of species from different fractions of SPE cartridges after normalization to the maximal intensity.
Black bordered areas indicate O3

−, NO3
+, and SO3

+ species of chemicals that were associated with oxidative stress in F2.
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by ESI−,13 results of this study indicated 4-fold more chemicals
could be detected in ESI+. Thus, if ESI− alone was applied for
analysis, 60−80% of organic chemical constituents would not
have been included in the analysis, thus limiting any
conclusions regarding causative chemicals in the aqueous
phase of OSPW.
While the total abundance of organic chemicals detected by

use of both ESI− and ESI+ was greater in F1 and F2 (Figure
3C), different chemical species exhibited distinct patterns of
distribution among the five fractions. O+ species and classic
NAs (O2

− species) exhibited the greatest abundances in F1,
while abundances of O3

−, O5
−, NO3

−, NO4
−, SO2

−, O6
+, NO3

+,
SO2

+, and SO3
+ species were greatest in F2 (Figure 3D).

Because the greatest activation of Nrf2 and the greatest
induction of LPO were observed in cells or in Japanese medaka
exposed to F2, chemicals abundant in F2 were likely the causes
of oxidative stress effects, but not classic NAs and O species
that were most abundant in F1 (Figures 3C and D). Based on
the strategy used for identification of causative chemicals,
chemicals in F2 with total abundances 9.0-fold greater than
those in F1 and 34-fold greater than those in F3 (see method
details in SI) were considered as potential causative chemicals
for induction of oxidative stress. Thus, potential causative
chemicals in F2 were narrowed to 917 detected by use of ESI+

and 162 detected by use of ESI−. Many of the individual
chemicals were O3

−, NO3
+, and SO3

+ species. These results
indicated that the initial SPE fractionation removed more than
93% of chemicals from consideration as potential causative
chemicals. The 1079 proposed potential causative chemicals
exhibited variation in abundances of their peaks (2.1 × 104−1.4
× 108), retention times (3.6−27.0 min) and m/z values
(156.3525−996.5622) (Figure 3B). According to their exact m/
z values, formulas of several of the most abundant chemicals
were predicted to be C30H62O4NS (rt = 26.1 min, m/z =
532.4404, abundance = 6.2 × 107); C16H23O3 (rt = 9.3 min, m/
z = 263.1653, abundance = 3.5 × 107); C15H21O3 (rt = 7.8 min,
m/z = 532.4404, intensity = 6.2 × 107); C22H34O3S (rt = 19.2

min, m/z = 378.2219, intensity = 2.3 × 107). Such results
indicated that heteroatomic and polyoxygenated chemicals
were specifically accumulated in F2. A Kendrick plot of the
1,079 chemicals further confirmed relatively great mass defects
of these chemicals (SI Figure S4). Previous studies have
reported that classic NAs (O2

−) often exhibit lesser mass
defects (<0.1), whereas heteroatomic or polyoxygenated
chemicals exhibit greater mass defects.33 Results of this study
indicated that heteroatomic and polyoxygenated chemicals,
rather than classic NAs that were eluted in F1, are potential
causative chemicals of oxidative stress in aquatic organisms
exposed to OSPW.
Only small amounts of organic chemicals were detected in F5

(methanol fraction) (Figure 3C), even though this fraction
exhibited relatively great potency for activation of Nrf2. Such
results indicated that some specific, highly polar chemicals
could be responsible for the potency observed in that fraction.
Several species containing greater numbers of oxygen atoms
(O6

−, SO3
−, SO4

−, SO5
−, NO4

+, SO4
+, and SO5

+) were
specifically enriched in F5. Enrichment of these chemicals in
F5 can be attributed to the greater numbers of oxygen and
concomitantly greater polarities, which could be eluted from
SPE cartridges by more polar solvent, methanol. The greater
contents of oxygen in these chemicals might also contribute to
their reactive oxidative activity. Results of previous studies have
demonstrated that chemicals with greater oxygen (phenol,
ketone), such as tBHQ, often caused oxidative stress.34

Recently, it was reported that the SO3
− species in OSPW

were responsible for cytotoxicity of yeast through oxidative
stress and detrimental effects on cellular membranes,13 which is
consistent with the specific accumulation of SO3

− species in F5
observed in the present study. However, that study focused on
detoxification of OSPW by algae.13 Our results showed that
many other chemicals in OSPW may also contribute to
oxidative stress. Although a potential limitation of the present
study is that some chemical species may be lost during the SPE
pretreatment step, most chemical species showed sufficient

Figure 4. Distribution of Nrf2 activities and 54 proposed potential causative chemicals across 60 HPLC fractions of F2. The abundance of the
activity and chemicals was normalized according to the maximal abundance in the 60 fractions. Red arrows indicated three bioactive fractions with
Nrf2 activity detected. The first row indicated Nrf2 activity. Other rows indicated the normalized abundances of proposed causative chemicals
identified in each group (F8, F16, F25).
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recoveries, for example, the recovery of SO4
+ specie was only

30.9%. Thus, further evaluation of oxidative stress response of
OSPW extracted by different methods is warranted in future
studies.
Identification of Causative Chemicals by HPLC

Fractionation. Although SPE fractionation excluded 93% of
inactive chemicals, 1,079 potential causative chemicals were still
present in F2, which was the most potent fraction for activation
of Nrf2 and was the only fraction that caused significant
induction of LPO. To decrease the number of false
identifications, HPLC fractionation of F2 was further
conducted to identify potential causative chemicals. Among
the 60 subfractions, activation of Nrf2 was identified in three
primary groups centered on fraction F2.8 (1.30-fold, p <
0.001), F2.16 (1.34-fold, p < 0.001) and F2.25 (1.28-fold, p <
0.001) (Figure 4). Thus, in F2, at least three groups of
chemicals could be responsible for the activation of Nrf2.
Similar to the SPE fractions, the summed activity in these three
fractions was 2.2-fold, which was slightly less than that in F2
(2.7-fold), supporting the possibility of additive effects in these
fractions, and the preservation of most bioactive chemicals
during HPLC fractionation.
Chemicals in active subfractions were identified by use of an

untargeted chemical analysis strategy involving three steps (SI
Figure S5). First, chemicals in subfractions that exhibited
potency for activation of Nrf2 were identified, then these
chemical peaks were matched across different fractions. Second,
the interferences from these subfractions were excluded
according to the statistical strategy and the activity pattern
(see Method section in SI) among these subfractions (e.g., 15
chemicals were specifically enriched in F2.8). Third, only
chemicals identified as potential causative chemicals from the
SPE step were proposed as potential causative chemicals in the
subfraction of F2 (e.g., 10 chemicals were finally identified in
F2.8). Based on this three-step workflow, only 10, 24, and 20
chemicals were proposed as potential causative chemicals in
F2.8, F2.16, and F2.25, respectively. Predicted formulas, and
exact mass information for 10 of the most abundant causative
chemicals were presented (Table 1). Consistent with results of
the SPE fractionation, heteroatomic chemicals (e.g., SO3

+) and/
or chemicals with great number of oxygen (e.g., O4

+) were
proposed as the putative causative chemicals. Several analogues,
with different double bound equivalency or carbon number
were identified (i.e., C18H31SO3 and C19H33SO3) (Table 1).
Relatively great abundances of several SO3

+ and O3
+

chemicals enabled collection of ultrahigh-resolution MS2

spectra of these chemicals, from which potential structures

for formulas predicted from accurate masses could be proposed.
Interferences of the MS2 were further excluded by correlating
all ions in the spectra with those of precursor ions. Ions that
exhibited poor correlations were discarded, as described
previously.21 Based on this strategy, “clean” MS2 spectra of
fragmentation patterns were obtained for an abundant SO3

+

chemical (predicted formula was C18H31O3S) and O3
+ chemical

(predicted formula was C16H23O3). Stepwise neutral loss of two
H2O, and one CO group clearly indicated that two hydroxyl
groups and one aldehyde group were contained in the O3

+

chemical (Figure 5A). Patterns of fragmentations of SO3
+

chemicals are similar to those of O3
+ chemicals. Neutral loss

of H2O and CO group was also clearly observed (Figure 5B).
The lack of SH fragments indicated that thiol groups were not
contained in the SO3

+ chemical, and the sulfur atom was
contained as an inserted chain. Such results indicated that
hydroxylated aldehydes are major oxidative chemicals in

Table 1. 10 Most Abundant Species Proposed to Cause Nrf2 Activity Identified by Effect Directed Assay

fraction #a m/z rt (min)e intensityb ion mode formulac mass errord

F2.25 327.1991 12.7 6.1e6 ESI+ C18H31O3S 0.79
F2.25 341.2147 12.6 4.5e6 ESI+ C19H33O3S 0.61
F2.25 353.2146 12.6 3.5e6 ESI+ C20H34O3S 0.31
F2.16 212.0745 7.82 3.0e6 ESI+ C10H14O2NS 2.5
F2.25 361.1817 12.6 2.6e6 ESI+ C19H27O2N3S −0.41
F2.25 329.2146 12.6 2.5e6 ESI+ C18H33O3S 0.33
F2.25 355.2302 12.6 1.9e6 ESI+ C20H35O3S 0.44
F2.16 263.1643 8.06 1.7e6 ESI+ C16H23O3 0.49
F2.16 329.1751 8.18 1.6e6 ESI+ C20H25O4 −0.40
F2.25 320.2222 12.7 1.4e6 ESI+ C19H30O3N 0.56

aThe subfraction number of the corresponding causative species. bThe absolute peak intensity of causative specie peaks. cPredicted formulas for [M
+ H]+ based on exact mass, isotopic peak and MS2 information. dMass error (ppm) of the predicted formulas. eRetention time.

Figure 5. High resolution MS2 and predicted chemical structures of
O3

+ (top, formula was predicted as C16H22O3) and SO3
+ (bottom,

formula was predicted as C18H30SO3) species identified as causing
oxidative stress.
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OSPW. Previous studies have reported that hydroxylated
aldehydes could be potent inducers of oxidative stress by
covalently binding to cysteine residues of protein, which was
consistent with basic principle of disruption of the Keap1-Nrf2
complex.35 Further studies are warranted in which these O3

+

and SO3
+ species are synthesized and used to determine

concentrations in OSPW and to confirm their role in oxidative
stress.
Implications. Systematic evaluation of toxic effects of

OSPW and identification of toxic components is needed to
specify priority chemicals or toxicities that could be monitored
to assess potential environmental effects and detoxification of
OSPW stored in EPLs. However, this is a great challenge
because of the complexity of chemical constituents in OSPW.
By combining a reproducible in vitro assay, a powerful
statistical strategy and untargeted chemical analysis, this
study, for the first time, successfully narrowed the number of
chemicals responsible for induction of oxidative stress by
OSPW from ∼16 000 to 54. Polyoxygenated chemicals,
especially hydroxylated aldehyde chemicals, rather than
classically defined NAs, were the primary chemicals in the
aqueous phase of OSPW that caused oxidative stress. In
contrast to traditional EDA, inclusion of semiquantitative
dose−response information and untargeted chemical analysis
allowed unbiased, efficient focusing of the list of potential
chemicals. Such a strategy could be used as a general approach
for identification of other toxic chemicals in OSPW, including
endocrine disruptive chemicals.
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Chemical profiling of OSPW. Aliquots of extracts were analyzed using a Q Exactive 

UHRMS (Thermo Fisher Scientific) equipped with a Dionex™ UltiMate 3000 UHPLC 

system (Thermo Fisher Scientific).  Separation of chemicals was achieved by use of a 

Betasil C18 column (5 μm; 2.1 mm × 100 mm; Thermo Fisher Scientific).  Injection volume 

was 5 μL.  Ultrapure water (A) and methanol (B) were used as mobile phases.  Initially 5% 

B was increased to 60% in 7 min, then increased to 100% at 20 min and held static for 10 min, 

followed by a decrease to initial conditions of 5% B and held for 3 min to allow for 

equilibration.  Rate of flow was 0.40 mL/min.  The column and sample compartment 

temperatures were maintained at 30 °C and 10 °C, respectively.  Data was acquired in all ion 

fragment (AIF) mode.  Parameters for AIF were, one full MS
1
 scan (100-1,000 m/z) 

recorded at resolution R=70,000 (at m/z 200) with a maximum of 3×10
6
 ions collected within 

100 ms, followed by one AIF MS/MS scan recorded at a resolution R=35,000 (at m/z 200) 

with maximum of 1×10
6
 ions collected within 60 ms.  The general mass spectrometry 

settings for electrospray ionization (ESI) mode were as follows: spray voltage, 2.8 kV; 

capillary temperature, 350 C; sheath Gas, 35 L/h; auxiliary gas, 8 L/h; probe heater 

temperature, 350 C. 

 Untargeted mass spectrometry data analysis was accomplished with an in-house R 

version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). Raw mass 

spectrometry files were converted to mzXML format. The mass spectrometry data and initial 

peaks were detected with XCMS package which has been used widely for metabolomics 

studies.
1
  After adjustment of retention time, peaks among different samples were matched 

and grouped together. Causative chemicals were first identified from peaks in F2 according to 
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the potency folds of F2 in Nrf2 cells compared with F1 and F3. The tBHQ-EQ of F2 in Nrf2 

cells was 4.5 μM, which was 9.0-fold greater than that in F1 (0.5 μM), and 34-fold greater 

than that in F3 (<0.13 µM).  
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Where responseF2 and responseF3 are fold changes of responses in Nrf2 cells induced by F2 

and F3. Since Nrf2 cells did not show any response after exposure to F3, a background of 1.05 

fold (tBHQ-EQ was 0.13 μM) was used for the calculation. 

 Using this strategy, only peaks exhibiting 9.0-fold greater peak intensities in F2 than in 

F1, and 34-fold greater than F3 were considered as potentially causative chemicals for 

activation of Nrf2.  To confirm these results the final differentiated peak list from output of 

the R program was checked manually by use of exact MS
1
 masses and retention times.  

Elemental compositions of causative chemicals were calculated using an in-house R program, 

in which the mass tolerance was set to 5 ppm.  Chemical formulas were set to contain up to 

100C, 200 H, 8 N, 10 O, and 5 S per molecule.
2
 Considering the potential existence of 

multiple adducts for a given ion, neutral compound formula was not calculated and formulas 

of ions were provided instead. 
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Figure S1. Fractionation strategy of oil sands process-affacted water. Fractions from SPE 

were eluted with 6 mL solvents in sequence from left to right, and active fraction (F2) was 

selected for further HPLC fractionation. 
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Figure S2. Dose-response relationships activation of Nrf2 signaling and concentrations of 

tBHQ and H2O2. 
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Figure S3. Linear regressions of concentrations and responses in Nrf2 cells for tBHQ (p = 

0.012), H2O2 (p = 0.018), the TE of OSPW (p = 0.021), and OSPW fractions F1 (p = 0.033), 

F2 (p = 0.001), and F5 (p = 0.003). The linear part of concentration-response relationships 

within 5 folds of induction compared to control were used for linear regression. 
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Figure S4. Kendrick plot of 1,079 chemicals proposed as potential chemicals causing 

oxidative stress response in fraction F2.  
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Figure S5. Three-step data analysis to identify causative chemicals in HPLC sub-fractions. i)  

all chemical peaks (17,320) were detected in active sub-fractions, and then were matched 

across adjoining fractions; ii) potencies for activation of Nrf2 of each fraction were 

determined, and were used to calculate thresholds to exclude interferences; iii) only those 

peaks identified by the SPE fractionation method were considered to be potential causative 

chemicals.   
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