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ABSTRACT: N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylenediamine-
quinone (6PPD-quinone), a rubber tire oxidation product found in
road runoff, is highly and acutely toxic to selected salmonids including
coho salmon, brook trout, and rainbow trout but not other fish species
and invertebrates studied to date. Sensitive species displayed increased
ventilation and gasping, suggesting a possible impact on respiration.
Here, adherent cell lines RTL-W1 and RTgill-W1 were exposed to 5−
80 μg/L 6PPD-quinone, and cytotoxicity, oxygen consumption rate
(OCR), and biotransformation of 6PPD-quinone were measured to
assess the ability of 6PPD-quinone to uncouple mitochondrial
respiration in vitro. RTL-W1 cells were not sensitive to 6PPD-quinone,
and exposure did not result in significant impacts on cytotoxicity or
OCR. In contrast, RTgill-W1 cells demonstrated decreased cell
viability at 80 μg/L and a 2-fold increase in OCR at 20 μg/L. Effects appear to be partly driven by toxicokinetic differences
where incubation of RTL-W1 cells with 6PPD-quinone led to almost quantitative conversion of 6PPD-quinone into a suspected
hydroxy-metabolite, which was not observed in RTgill-W1 cells. Exposure studies with primary cultures of rainbow trout gill cells
indicated that 6PPD-quinone increased OCR by uncoupling the mitochondrial electron transport chain. Together, these findings
suggest that 6PPD-quinone toxicity might be driven by a tissue-specific disruption of mitochondrial respiration.
KEYWORDS: N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone, Oncorhynchus mykiss, cell lines, in vitro,
oxidative phosphorylation, uncoupler

■ INTRODUCTION
Recently, there have been alarming reports of mass die-off of
salmon along the western coast of North America, from
northern California, USA, to British Columbia, Canada.1,2

These events, referred to as urban runoff mortality syndrome
(URMS), occurred near urban areas after heavy rains and were
most frequently observed in Pacific Northwest coho salmon
(Oncorhynchus kisutch).1−4 As a result, 40%−90% of adult coho
salmon returning to spawn in freshwaters near urbanized
watersheds can experience mortality, which threatens the
conservation of the species.5 Recently, N-(1,3-dimethylbutyl)-
N′-phenyl-p-phenylenediamine-quinone (6PPD-quinone) was
identified as the primary toxicant responsible for URMS in
coho salmon.6 6PPD-quinone is formed in the environment
through the oxidation of the antioxidant 6PPD, which is widely
used in rubber tires and can accumulate on road surfaces
before entering the aquatic environment in stormwater runoff.7

Once 6PPD-quinone was identified as the cause of URMS,
efforts shifted toward identifying effects of 6PPD-quinone on
other aquatic receptors to develop a species sensitivity
distribution and to identify the mechanism underlying 6PPD-

quinone toxicity.6,8−11 Most interestingly, coho salmon, brook
trout (Salvelinus fontinalis), and rainbow trout (Oncorhynchus
mykiss) were exceptionally susceptible to acute lethality caused
by exposure to 6PPD-quinone at concentrations ranging from
0.1 to 1.0 μg/L, while all other species tested, including
zebrafish (Danio rerio), Japanese medaka (Oryzias latipes),
Arctic char (Salvelinus alpinus), and white sturgeon (Acipenser
transmontanus), as well as the invertebrates Hyalella azteca,
Brachionus calycif lorus, and Daphnia magna, were highly
tolerant.8−10,12

Although 6PPD-quinone has been identified as the primary
cause of URMS, the mechanism by which it causes its species-
specific acute lethality is not known. Varshney et al.10 reported
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an increased oxygen consumption rate (OCR) in zebrafish
larvae exposed to 10 μg/L 6PPD-quinone despite a decreased
heartrate, which could be the result of hypoxic bradycardia,
which is often observed as a result of exposure to toxicants that
affect cardiorespiratory function.10,13,14 Strategies used by fish
to increase oxygen uptake (gasping, increased ventilation rate)
can be indicative of electron transport chain inhibition or
uncoupling.15−17 This suggests that 6PPD-quinone might
cause acute toxicity by disrupting respiration, but this
hypothesis has yet to be explored. It is also currently unclear
if toxicokinetic species differences, i.e., differences in their
ability to detoxify or bioactivate 6PPD-quinone, could be
significant drivers of toxicity.

The present study investigated whether 6PPD-quinone can
disrupt mitochondrial function, which has been suggested as a
potential mechanism of the acute lethality observed in selected
fishes. This hypothesis was tested using in vitro OCR assays
using adherent cultures of the immortalized rainbow trout liver
and gill cells, RTL-W1 and RTgill-W1, respectively. A
nontarget analytical workflow was applied to tentatively
identify intermediate and biotransformation products of
6PPD-quinone generated in a biotransformation assay using
these cell lines. On the basis of the results of these screening
assays, effects of 6PPD-quinone on OCR were investigated in
suspensions of primary rainbow trout gill cells.

■ MATERIALS AND METHODS
Chemicals. 6PPD-quinone and mass-labeled 6PPD-qui-

none-d5 were purchased from Toronto Research Chemicals
(Canada) and had purities of ≥97%. Stock solutions for
exposure of cells were prepared in dimethyl sulfoxide (DMSO)
to achieve a final solvent concentration of 0.1% (v/v) in cell
media. Standard solutions of native and isotopically labeled
6PPD-quinone were prepared in HPLC-grade methanol.
Cell Culture. Two rainbow trout cell lines, RTL-W1 and

RTgill-W1, were obtained from Dr. Lucy Lee (University of
the Fraser Valley, Canada). Cells were grown in 75 cm2 tissue
culture flasks at 18°C in L-15 medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin−streptomycin
(Fisher Scientific, Canada). Cells between passage numbers 50
and 70 were used in bioassays when they had reached 90%
confluency.
Cytotoxicity Assay. Cytotoxicity was determined based on

the mitochondria-dependent reduction of 3-(4,5-dimethyl-
thiazol-2y) 2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-
Aldrich, Canada) to formazan and accumulation of neutral red
dye (Sigma-Aldrich), following established protocols,18,19 with
some modifications. Briefly, RTL-W1 and RTgill-W1 cells were
plated at a density of 60,000 cells/well in 96-well plates for 24
h. After a subsequent 24 h of exposure to 6PPD-quinone at 5,
10, 20, 40, and 80 μg/L, cells were washed with PBS twice,
followed by incubation with MTT (1 mg/mL) or neutral red
(40 μg/mL) for 2 and 4 h, respectively. Cells were washed
twice with PBS, and the dyes were extracted in either 100 μL
of 100% DMSO (MTT) or 100 μL of destaining solution
(50% ethanol, 49% deionized water, and 1% glacial acetic acid
(v/v); neutral red). Absorbance was measured at 570 and 540
nm for MTT and neutral red assays, respectively (TECAN Life
Sciences, Switzerland). Results were expressed as percent
viability relative to the solvent control. Assays were repeated
three times as independent assays, each with six replicate wells
per treatment.

Oxygen Consumption Rate Assay. RTL-W1 and RTgill-
W1 cells were seeded into 96-well plates at a density of 5000
cells/well in 200 μL (∼1 × 105 cells/mL) and allowed to
adhere for 24 h before the culture medium was replaced with
media containing 5, 10, 20, 40, or 80 μg/L of 6PPD-quinone in
0.1% DMSO. OCR was quantified using a commercial OCR
Assay Kit according to the manufacturer’s instructions
(Cayman Chemicals, USA). OCR was measured by use of a
phosphorescent probe that is quenched in the presence of
oxygen, resulting in a signal that is inversely proportional to
dissolved oxygen concentrations (Cayman). Briefly, cells were
incubated with a phosphorescent oxygen probe and overlaid
with mineral oil, and phosphorescence (excitation wavelength,
380 nm; emission wavelength, 650 nm) was read kinetically in
5 min intervals using a Spark multimode plate reader
(TECAN). The initial OCR of cells exposed to 6PPD-quinone
was expressed as x-fold changes relative to the solvent control
(0.1% DMSO). Differences between treatments and controls
were evaluated using one-way ANOVA with Dunnett’s posthoc
test. Assays were repeated three times as independent assays,
each with six replicate wells per treatment.
Biotransformation Assay. These experiments followed

the workflow outlined by Brinkmann et al.20 RTL-W1 and
RTgill-W1 cells were transferred to 25 cm2 tissue culture flasks
and grown to confluency. Culture media was replaced with 5
mL of L-15 media containing 5% FBS and penicillin−
streptomycin (negative control, or media containing 20 μg/L
6PPD-quinone. Cells were exposed for 24 h before the
exposure media was aspirated and stored in 15 mL centrifuge
tubes. Cells were detached using cell scrapers, precipitated,
extracted using 5 mL of 4°C acetonitrile, and stored in 15 mL
centrifuge tubes. Supernatant and cell samples were flash-
frozen in nitrogen and stored at −80°C until analysis. Solvent
control and treatment flasks were exposed in triplicate for both
cell lines.

Analysis of 6PPD-quinone in supernatants and cells was
conducted using a Vanquish ultrahigh performance liquid
chromatography (UHPLC) system coupled with a Q-Exactive
HF mass spectrometer (Thermo Fisher, Canada). The
chromatographic separation was achieved using a Kinetex 1.7
μm XB-C18-LC column (100 mm × 2.1 mm) (Phenomenex,
Torrance, CA) and followed by gradient elution (details can be
found in Challis et al.7), containing a polar solvent (95% water;
5% methanol; 0.1% formic acid) and an organic solvent (100%
methanol; 0.1% formic acid), with a flow rate of 0.2 mL/min
and column compartment temperature of 40 °C. Quantifica-
tion of 6PPD-quinone followed previously published isotope-
dilution methods using 6PPD-quinone-d5.6,7 Additionally,
data-dependent MS2 (ddMS2) acquisition, where precursor
ions were sequentially selected from full scans based on the
intensity of parent ions, was used to screen for potential
biotransformation products of 6PPD-quinone. The suspected
metabolite was manually checked by comparison of chromato-
gram and corresponding MS2 mass spectra from the negative
control and exposed samples (Figures S1−S5), where ion
chromatograms are filtered with 5 ppm mass tolerance.
Analytical standards for metabolites were unavailable; thus,
concentrations were semiquantified assuming their response
was equal to that of 6PPD-quinone.
Respirometry Experiments with Suspensions of

Primary Gill Cells. Cellular respirometry was carried out
using a temperature-controlled Oxytherm+R system (Hansa-
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tech, UK) at 20 °C, with an S1 Clark-type polarographic
oxygen disc electrode21 and a magnetic stirrer at 900 rpm.

Assays were performed using primary gill cells from subadult
rainbow trout (source, Lyndon Hatcheries, ON, Canada;
weight, 277 ± 37 g; length, 28.6 ± 0.46 cm; 6−8 gill arches
each). Permission for animal use was obtained from the
University of Saskatchewan Animal Care Committee (protocol
20070049). Primary gill cells were prepared using modified
versions of previously published protocols.22,23 Briefly, fish
were euthanized in 250 mg/L buffered tricaine mesylate. Gill
arches were excised and washed in Hanks’ Balanced Salt
Solution (HBSS, Gibco). Each arch was digested in a
centrifuge tube with 2 mL of trypsin solution (Gibco) for 20
min at 12 °C. The arches were removed, and the digestion was
stopped by adding 4 mL of mitochondrial respiration buffer
(MRB), which contained 20 mM HEPES, 0.5 mM EGTA, 3
mM MgCl2, 60 mM lactobionic acid, 20 mM taurine, 110 mM
mannitol, 0.3 mM dithiothreitol, 10 mM KH2PO4, and 1 g/L
bovine serum albumin dissolved in ultrapure water. Gill arches
were placed in fresh trypsin for a second digestion, after which
suspensions were combined and strained through a 70 μm cell
strainer. The suspension was centrifuged for 10 min at 500g
and 12 °C, the supernatant removed, and cells resuspended in
10 mL of MRB. Viability and density of cells were determined
using a hemocytometer and Trypan blue exclusion. Cell
density ranged from 11.5 to 39 million cells per mL, with
viability consistently greater than 95%.

With this assay, changes in respiration in response to a
known uncoupler, carbonyl cyanide p-trifluoromethoxyphenyl-

hydrazone (FCCP), were compared to that of 6PPD-quinone,
a suspected uncoupler. Gill cells were introduced to the
chamber and cofactor solutions (15 μL of 200 mM malate, 60
μL of 250 mM glutamate, 15 μL of 500 mM pyruvate, and 30
μL of 250 mM adenosine diphosphate, ADP) were added to
establish basal OCR. Then, oligomycin A (4 mg/L final
concentration, Sigma) was injected into the chamber to inhibit
ATP synthase-dependent respiration and induce a proton leak
state. OCR measurements at this stage represent only
respiration which is not ATP-synthase dependent. To initiate
uncoupling of oxygen consumption, FCCP (240 μg/L final
concentration, Cayman) or 6PPD-quinone (10 μg/L final
concentration) was injected. Any changes in OCR following
inhibition of ATP-synthase-dependent respiration represent
action due to addition of the known or suspected uncoupling
agents. Finally, antimycin A (200 μg/L final concentration,
Cayman) was injected into the chamber to disrupt the
mitochondrial membrane and inhibit mitochondrial respira-
tion.24,25 OCRs of primary gill cells were obtained from the
calibrated respirometer readings, normalized to the density of
the cell suspension, and expressed as x-fold changes relative to
basal respiration in the absence of mitochondria-perturbing
agents. Differences in oxygen consumption rates among
treatments were evaluated using two-way ANOVA with
Holm−Sidak multiple comparisons tests. Experiments with
FCCP were performed with preparations from n = 4 individual
fish, while experiments with 6PPD-quinone were performed
with preparations from n = 3 individual fish.

Figure 1. Viability of RTgill-W1 (A, B) and RTL-W1 (C, D) cells exposed to graded concentrations of 6PPD-quinone as determined using the
neutral red retention (A, C) and MTT (B, D) assays. Viabilities of treated cells were expressed relative to that of the solvent control (blue squares).
Symbols indicate the arithmetic mean and errors bars the standard deviations of n = 3 independent biological replicate plates.
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■ RESULTS AND DISCUSSION
Adherent Cytotoxicity Assay. Exposure of adherent cells

to 6PPD-quinone resulted in cell-type specific cytotoxicity
(Figure 1). RTgill-W1 cells showed a weak but increasing
trend of cell viability up to 40 μg/L followed by a moderate
but significant decrease (<20%) at the greatest concentration
in both assays (80 μg/L; p ≤ 0.05; Figure 1A and B). This is
suggestive of a compensatory response that is overwhelmed at
80 μg/L. No cytotoxicity was observed at any concentration of
6PPD-quinone in RTL-W1 cells (Figure 1C and D).
Adherent Cell Oxygen Consumption Rate Assay. At

all concentrations of 6PPD-quinone, OCR increased rapidly
and then stabilized by 15 min in both cell types (Figure 2A and
E). RTgill-W1 cells exposed to 6PPD-quinone at 20 μg/L
demonstrated a significant (p ≤ 0.05) 2.0-fold increase in the
rate of increase of OCR relative to the solvent control, whereas
there was no increase at other concentrations of 6PPD-
quinone (Figure 2B). There were no significant effects of
6PPD-quinone on OCR in RTL-W1 cells (Figure 2F), which
suggested that RTgill-W1 cells were more sensitive to 6PPD-
quinone than were RTL-W1 cells.

Results with RTgill-W1 cells suggest that 6PPD-quinone
might disrupt mitochondrial respiration. This effect might be
due to uncoupling of the electron transport chain, caused by
dissociation of the mitochondrial membrane potential from

ATP synthesis.26 This effect was only observed in RTgill-W1
cells. Since efficacies of uncouplers are known to differ among
species, cell type, and uncoupler used,27 this result suggests
that gill cells might be the primary target of toxicity of 6PPD-
quinone.
Biotransformation of 6PPD-Quinone. After RTgill-W1

cells were exposed to 20 μg/L 6PPD-quinone for 24 h, 10.1 ±
1.11 μg/L of 6PPD-quinone was detected in the medium, and
3.84 ± 0.48 ng/106 cells were detected in cell extracts (Figure
2C and D). There were no detectable monohydroxy
metabolites in either medium or RTgill-W1 cells. Exposure
of RTL-W1 cells to 20 μg/L 6PPD-quinone resulted in 0.19 ±
0.12 μg/L of the parent compound in the medium and 0.39 ±
0.04 ng/106 cells in cell extracts (Figure 2G and H). A
suspected monohydroxy metabolite (Figure S3) was detected
at approximately 3.95 ± 1.62 μg/L in the medium and 0.27 ±
0.06 ng/106 cells in the cell extracts.

These results suggest that 6PPD-quinone was more
effectively metabolized by RTL-W1 cells compared to RTgill-
W1, for which no monohydroxy metabolite was present. While
6PPD-quinone appears to be available for uptake by RTgill-W1
cells, it did not appear to be effectively biotransformed,
allowing for toxicity to be elicited. Thus, differences in
cytotoxicity and OCR between RTgill-W1 and RTL-W1 cells
could be due to differences in the ability of each cell line to

Figure 2. Cellular oxygen consumption rate (OCR), as well as concentrations of 6PPD-quinone and monohydroxylated metabolites in exposure
media and RTLgill-W1 (top) and RTL-W1 (bottom) cells exposed to graded concentrations of 6PPD-quinone. Time course measurements (A, E)
were obtained over a 30 min period (symbols indicate arithmetic means of six technical replicates), and initial rates of change were calculated and
expressed as x-fold changes (B,F) relative to those observed in the solvent control (p ≤ 0.05). Abundances of parent 6PPD-quinone ([M+H]+) and
a newly discovered monohydroxy metabolite ([M+OH+H]+) were determined in culture media (C, G) and cells (D, H) after 24 h exposure to
6PPD-quinone or a solvent control (SC). Bars indicate arithmetic means and error bars the standard deviation of results from triplicate cell culture
flasks.
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metabolize 6PPD-quinone. Toxicokinetic drivers of 6PPD-
quinone toxicity could be an important future research
direction to identify drivers of species-specific sensitivity.
Respirometry Experiments with Suspensions of

Primary Gill Cells. Primary rainbow trout gill cells were
exposed to subsequent additions of oligomycin A, followed by
either FCCP or 6PPD-quinone, followed by antimycin A
(Figure 3). Addition of 4 mg/L oligomycin A resulted in a

significant reduction in OCR (p ≤ 0.05) by 67.3%−83.2%
compared to basal respiration in the presence of only cofactors
and ADP. This respiration is equivalent to so-called proton
leak respiration.28 Subsequent addition of 240 μg/L FCCP and
10 μg/L 6PPD-quinone resulted in a statistically significant
reversion of this leak state (p ≤ 0.05) and 2.1-fold and 2.2-fold
increases in OCR relative to basal respiration, respectively
(Figure 3), which is a clear indication of mitochondrial
uncoupling.26 Subsequent addition of 200 μg/L antimycin A
resulted in a significant reduction in OCR by 66.7%−88.6%
compared to basal respiration (p ≤ 0.05), suggestive of a
quantitative disruption of mitochondrial respiration (Figure 3).

■ CONCLUSION
The current study suggests that acute lethality of salmonids
exposed to 6PPD-quinone might be driven by uncoupling of
the electron transport chain. This is consistent with the
etiology of URMS, including gasping at the surface and
increased opercular movement that precede death. Similar
effects have been described for the mitochondrial toxicants,
including rotenone and FCCP.29 FCCP is a well-characterized
and potent mitochondrial uncoupler, and exposure increased
OCR in cultured cells30 and embryos.17,31 Results of the
present study demonstrate that 10 μg/L of 6PPD-quinone had

a similar effect on OCR as 240 μg/L FCCP,30,32 supporting
the hypothesis that 6PPD-quinone is a potent uncoupler of the
electron transport chain. However, this link will need to be
established in vivo before it can be concluded that
mitochondrial uncoupling is the driver of acute lethality
resulting from 6PPD-quinone exposure. A previous study in
vivo by Blair et al. suggested that the acute toxicity could be
due to disruption of the blood−brain barrier (BBB);11

however, the conclusions of this study are not necessarily
contradictory as further mechanistic studies could provide a
link between uncoupling and BBB disruption. Further,
considering the conserved nature of the electron transport
chain among species33 and the differences in results obtained
with RTgill-W1 and RTL-W1 cells, both in terms of effects on
cellular OCR and biotransformation, it appears that sensitivity
may at least partly be driven by toxicokinetic factors.
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