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Abstract
The sea lamprey (Petromyzonmarinus) is a destructive invasive species in the Great Lakes. Since the 1960s, tons of the lampricide
3-trifluoromethyl-4-nitrophenol (TFM) has been applied to selected tributaries each year to eliminate or reduce sea lamprey larval
populations. Therefore, the environmental impact of TFM needs to be evaluated. However, the metabolism of TFM and its
mechanism of selective toxicity in sea lamprey is not yet fully understood. Based upon our previous report on the identification,
synthesis, and characterization of TFM metabolites observed in liver incubates from sea lamprey and non-target fishes, we now
provide a robust assay for quantifying TFM and its metabolites in fish liver tissue. This method is important for assessing
bioaccumulation of TFM in the ecosystems. The compounds purified in our previous report were used to develop and validate
a quantitative ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) assay for TFM and
TFM metabolites formed in vivo. Several sample preparation techniques were compared, and a protein precipitation method was
selected. The unavailability of stable isotopic internal standards was overcome by using a matrix matching method. After a
thorough validation, this method was applied to determine the concentrations of TFM and its metabolites in fish liver tissues
from animals exposed to TFM, and in the comparison between dead animals and survivors. Seven of eight expected metabolites
were observed, some for the first time in vivo. Our results indicate that in vivo nitroreduction, glucuronidation, sulfation, and
glutathione conjugation are involved in TFM metabolism in sea lamprey.
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Introduction

The sea lamprey (Petromyzon marinus) is a jawless vertebrate
and an invasive pest in the Laurentian Great Lakes. Parasitic
phase sea lamprey feed upon economically and ecologically
important fishes and contributed to the collapse of native fish
populations in the 1900s [1]. After feeding upon fish in lakes,
adult sea lampreys migrate into streams to spawn and their
larvae remain buried in stream sediment for approxi-
mately 3–5 years. An intensive control program targets
sea lamprey migratory adults using traps and barriers,
and eliminates or reduces sea lamprey larvae using lamprey-
specific pesticides (lampricides). Trifluoromethyl-4-
nitrophenol (TFM) is the primary tactic used to treat infested
streams and has reduced sea lamprey populations by up to
90% in some areas [2].
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Although tons of TFM are applied to selected Great Lakes
tributaries to control sea lamprey populations annually, its me-
tabolism and toxicity to sea lamprey and other species (includ-
ing humans) are not completely understood. As many xenobi-
otics, TFM undergoes phase I and II metabolisms. Previous
research implicates phase II glucuronidation of the phenol ring
of TFM as the majormechanism of TFMdetoxification in non-
target species, and sea lamprey is deficient in this mechanism
[3–5]. In addition, sulfation in the phenol ring, and N-
acetylation of the reduced TFM have also been reported [6].
Other pathways such as phase I metabolic reactions have also
been identified in vitro using fish liver enzymes, including the
reduction of the nitro group to an amino residue [7]. Under
anaerobic conditions nitro aromatic can be reduced to aniline
metabolites in fish liver extract through successive formation
of reactive nitroso and hydroxylamine metabolites (Fig. 1).
Indeed, TFM reduction occurs more frequently in sea lamprey
compared to non-target species that are less affected by TFM
(e.g., Oncorhynchus mykiss; rainbow trout), and at intermedi-
ate levels in species that are partially affected (e.g., lake stur-
geon;Acipenser fulvescens) [8, 9]. In a previous study (part A),
we found additional evidence for phase I metabolism of TFM
and reduced TFM (TFMa) after incubation with liver fraction
S9, known to contain phase I and phase II metabolic enzymes,
from sea lamprey, rainbow trout, bluegill (Lepomis
macrochirus), and lake sturgeon. We determined the metabo-
lism of TFM and biomarkers associated with TFMmetabolism
[10]. TFMa was identified as a marker for TFM phase I reduc-
tive metabolism [9] while 3-trifluromethyl-4-amino-5-S-
gluthationyl-phenol (TFMaGSH) was identified during the
screening of TFMa oxidative metabolism. Phase II metabolites
of TFM and TFMawith sulfate or glucuronate conjugates were
also identified (Fig. 1). TFM-O-Glucuronide (TFMOGlu) and
TFM-O-Sulfate (TFMOS) were identified as phase II metabo-
lites from TFM conjugation and associated with TFM detoxi-
fication [10]. Other metabolites were all related to TFMa con-
jugation. These findings suggest that phase II metabolism con-
tributes to selective detoxification in non-targeted fish while
phase I metabolic transformations such as nitroreduction may
be involved in selective bioactivation of TFM in lamprey [10].

We postulate that TFMa is associated with the formation of
reactive metabolites (nitroso and hydroxylamine) and possible
toxicity in vivo. The formation of reductive metabolites such as
nitroso and hydroxylamine may contribute to toxic effects. For
example, reductive metabolism of the nilutamide molecule
( 5 , 5 - d im e t h y l - 3 - [ 3 - t r i f l u o r om e t h y l - 4 - n i t r o - -
phenyl]imidazolidine-2,4-dione), that shows strong structural
similarities with TFM (3-trifluoromethyl-4-nitrophenol) [8],
can form nitroso and hydroxylamine metabolites [11] that in-
hibit themitochondrial respiration chain activities [12]. Another
known example is chloramphenicol, an antibacterial nitro aro-
matic, whose nitroso metabolites show inhibitory effects on
mitochondrial oxidative phosphorylation [13]. Therefore, both

detoxification reactions (phase II metabolism of TFM) and re-
ductive and oxidative reactions (phase I metabolism of TFM) in
lamprey and fish need to be deciphered in order to understand
the mode of action and the selective toxicity of TFM. This can
be achieved bymonitoring the concentrations of TFM or TFMa
phase II metabolites. Such metabolites have been identified
in vitro through the reactions of glucuronidation, N-acetylation,
glutathione addition and sulfation. The metabolites associated
with these reactions can be measured and linked to TFMa de-
toxification. Full monitoring of TFM metabolic markers can
help in understanding its mode of action through the detoxifi-
cation and bio-activation. In addition, an assay capable of mon-
itoring TFMmetabolism can determine the fate of TFM in vivo
and the rate of bioaccumulation in the ecosystems.

Here, we developed a robust assay for quantifying TFM
and its metabolites in fish liver tissue. Protein precipitation,
solid phase extraction and liquid/liquid extraction were com-
pared for their sample preparation performance because these
are the most commonly used extraction methods. A quantita-
tive LC-MS/MS method was developed to allow determina-
tion of eight target metabolites at low levels. The method was
validated with evaluation of process recovery, stability, and
intra- and inter-day accuracy and precision. Finally, the meth-
od was used to quantify the TFM metabolites in sea lamprey
tissues from fish that were exposed to TFM (both the dead and
survivor animals) and also from fish that were not exposed to
TFM (control animals). The comparison of the metabolite
concentrations provides novel insight to the mechanisms of
TFMbio-activation or detoxification in vivo.With slight mod-
ification, this method can be used to monitor bioaccumulation
of TFM in the environment that may affect human health.

Material and methods

Chemicals

All reagents and HPLC-grade solvents were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Note that ammonium
carbonate, ammonium acetate, formic acid, ammonium hydrox-
ide and tributylamine were ACS-reagent grade. Standards for
TFM metabolites used in this study were synthesized, purified
and characterized in part A of this study [10], which includes
full characterizations of the synthesized metabolites. The iden-
tification methods included MSMS fragmentation, high-
resolution mass spectrometry, and 13C, 1H and 19F NMR.

Method development

Sample preparation

Liver tissues from adult sea lamprey were homogenized using
a Potter-Elvehjem tissue grinder kept in a water/ice bath.
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Phosphate buffer (0.05 mol/L, pH 7.4) was added to the ho-
mogenate to reach the concentration of 0.5 g of wet tissue/mL.
Sample preparation was optimized using 100 μL aliquots and
five replicates per data point. Liquid/liquid extraction (LLE),
protein precipitation (PPT) and solid phase extraction (SPE)
were investigated for the extraction and clean-up of TFM me-
tabolites. These methods were selected because they are the
most common approaches for sample preparation upstream
LC-MS experiments [14]. LLE and PPTconditions were stan-
dard methods (procedure described below) while SPE condi-
tions followed the manufacturer’s instructions for the extrac-
tion of glucuronic acid conjugates. Five replicates were spiked
with the targeted TFM metabolites before extraction to reach
the final concentration of 100 nmol/L (volume of 1 mL).
Absolute process recovery was calculated by the ratio of the
signal area in samples spiked before the extraction process
over the average signal area in standard samples.

Ethyl acetate (EtOAc) and methyl tert-butyl ether (MTBE)
were used for liquid/liquid extraction. Homogenates were
spiked with appropriate quantities of targeted analytes,
vortexed, mixed with 1.2 mL of solvent and shaken for
20 min. Samples were then centrifuge (10 min; 9000g; 4 °C)
and the aqueous layer (bottom layer) was frozen at − 18 °C to
facilitate separation of the organic layer (top layer) for pipetting.
The organic layer was transferred to a new tube and evaporated

under reduced pressure. Residues were reconstituted in 1 mL of
water: methanol (9:1) with tributylamine (10 mmol/L) and
transferred to an auto-sampler vial.

Protein precipitation was also evaluated for the extraction
of TFM metabolites. Homogenates were spiked with appro-
priate quantities of targeted analytes, vortexed, mixed with
1.2 mL of acetonitrile (or 0.1% formic acid in acetonitrile),
incubated for one hour at 4 °C and shaken for 20min. Samples
were centrifuged (10 min; 9000×g; 4 °C) and the supernatants
were transferred to new tubes and freeze-dried. Residues were
then reconstituted in 1 mL of water: methanol (9:1) with
tributylamine (10 mmol/L) and transferred to an auto-
sampler vial.

SPE was carried out using two different types of sorbent
[1]. Mixed-mode cation exchange cartridges (Waters MCX
3 cm3 60 mg) were activated with 3 mL of methanol and
conditioned with 3 mL of water. Liver homogenate (diluted
to 1 mL in 5% ammonium hydroxide solution) was loaded
onto the cartridge and rinsed with 1 mL of 5% ammonium
hydroxide solution. The cartridge was then eluted with 1 mL
of methanol [2]. For the other mixed mode cartridges (Waters
HLB PRiME 3 cm3 60 mg), liver tissue homogenate was
diluted to 1 mL in ammonium carbonate buffer (10 mmol/L;
pH 10) and directly loaded onto the cartridge. The cartridge
was then rinsed with 1 mL of loading buffer and eluted with
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1 mL of methanol. After evaporation under vacuum, residues
were reconstituted in 1 mL of water/methanol (9:1) with
tributylamine (10 mM) and transferred to an auto-
sampler vial.

Ultra-high performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS) method

Chromatographic separation was achieved on a column with a
C18 stationary phase (Acquity BEH C18 100 × 2.1 mm; par-
ticle size 1.7 μm; Waters Corporation) equipped with an in-
line filter. A binary gradient between mobile phase A
(10 mmol/L tributylamine and 10 mmol/L acetic acid in ultra-
pure water, pH 5) and B (HPLC-grade acetonitrile) at 200 μL/
min was applied. The gradient was as follows (% of A; time in
minutes): (80; 0.0), (50; 2.0), (10; 4.0), (1; 7.0), (1; 8.0), (80;
8.1) and (80; 10.0) with column temperature set at 35 °C. The
flow through was diverted to waste from 0 to 2 min and from 7
to 10 min. The auto-sampler temperature was set at 4 °C and
injection volume at 10 μL.

Quantitative tandem mass spectrometry method develop-
ment was carried out on a Waters Xevo TQ-S UPLC-MS/MS
triple quadrupole instrument. Both positive and negative
modes of the electrospray source were investigated. The mode
showing better sensitivity was selected for each target and the
cone voltage parameter was optimized accordingly. Selected
reaction monitoring (SRM) parameters (cone voltage and col-
lision cell energy) were also individually optimized using
QuanOptimized (Waters) to obtain three selective and sensi-
tive MS/MS transitions. Finally, the best transition per target
was selected among those three transitions by evaluating
which one had the best signal-to-noise ratio. Ionization param-
eters were optimized as followed: negative mode, source volt-
age 2500 kV, temperature 120 °C, cone temperature 500 °C;,
and desolvation gas flow rate (N2) 800 L/min.

NMR quantitation of the stock solution

Metabolites were determined using quantitative 1H NMR (1H
qNMR) as described previously [10]. Synthesized compounds
were dissolved in CD3OD and D2O respectively for phase I
and phase II metabolites. NMR data were performed on an
Agilent DirectDrive2 500 with 7600AS 96 with auto-sampler
controlled by VnmrJ 3.2A software. 1H qNMR parameters
were as followed: a pulse angle of 90°, a spectral width from
− 0.5 to 9.5 ppm, and a recovery delay of 25 s for 32 scans.
Aromatic 1H NMR signal area was used to estimate standard
concentration based on external calibration.

Method validation

This method was validated using 100 μL aliquots of sea lam-
prey liver homogenate (0.5 g wet tissue/mL). This

corresponds to 50 mg of liver tissue, which is a typical mass
of a larval sea lamprey liver. Given the unavailability of stable
isotope internal standard for TFM, the absolute quantification
of TFM and its metabolites was achieved by matrix matching.
The calibration curve samples were spiked in liver matrix
aliquots (50 mg tissue/100 μL aliquot, with a spike volume
of 10 μL) before extraction of the matrix. The matrix match
approach compensates for the bias introduced by both sample
preparation (protein precipitation) and matrix effect (during
LC-MS). However, matrix matching cannot compensate for
the unique response of each analyte toward electrospray anal-
ysis. This can only be eliminated by the use of standard ma-
terial. Standard materials were synthesized, purified and char-
acterized to serve in the quantitative method development and
validation. The calibration curve data points were 0, 0.5, 1,
2.5, 5, 10, 25, 50, 100 and 250 nmol/L. The calibration curve
samples and validation samples were extracted by precipita-
tion of proteins with 1 mL of ice-cold acetonitrile (see detailed
procedure in section 2.2.1). The limits of detection and quan-
tification (LOD and LOQ, respectively) were defined by a
signal-to-noise ratio (S/N) of greater than or equal to three
and ten, respectively.

The validation of the absolute process recovery was carried
out using 50 μL of sea lamprey liver homogenate (1 g wet
tissue/mL) mixed with 250 μL of water. Process recovery was
determined by the ratio of the signal area in matrix spiked
before extraction over the signal area in standard solution.
Five replicates of each data point were acquired and used to
calculate the standard deviation. Stability was assessed by
comparing the signal area normalized to the highest area over
3 days. Five replicates were analyzed per day.

The validation criteria in this report were based on the FDA
Guidelines for Bioanalytical Method Validation [15]. Accuracy
and precision parameters were evaluated at three concentra-
tions. Concentrations of low, medium and high quality control
(LQC, MQC and HQC) were set at 1, 100 and 250 nmol/L
respectively, except for TFM, TFMa and TFMaNAc with re-
spective LQCs of 10, 5 and 2 nmol/L. Precision was deter-
mined by the standard deviation within replicates and accuracy
was calculated with the ratio of the determined concentration
over the spiked concentration. The goal was to achieve the
guideline that the accuracy should not exceed (100 ± 20) %
for LQC and (100 ± 15) % for MQC and HQC, and the preci-
sion (standard deviation) should be lower or equal to 20% for
LQC and 15% for MQC and HQC. Intraday parameters were
determined within 15 replicates analyzed in the same day,
whereas interday parameters were calculated using 15 repli-
cates distributed across 3 consecutive days.

Exposure of sea lamprey to TFM

Sea lamprey larvae were exposed to TFM at the concentration
of 1.31 ± 0.02 mg/L (mean ± standard deviation). This
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concentration corresponds to a theoretical LC50 of TFM for
sea lamprey based on water chemistry and previous LC50
determination at The US Geological Survey, Great Lakes
Science Center, Hammond Bay Biological Station.
Concentrations used for field application generally ranged
from 3 to 10 mg/L. Animals were held in 9 tanks with 10
animals/tank and exposed to TFM for 24 h. Control animals
(n = 20) were not exposed to TFM and were kept in a
separate tank. Water alkalinity and hardness were
79 mg/L and 95 mg/L, respectively. Water chemistry
was monitored and found to be constant over the 24-h
experimental period among the tanks. The pH was mon-
itored at 1, 3, 5, 6 and 24 h in the tanks and measured at 8.11 ±
0.18 (mean ± standard deviation; n = 50). The temperature
was monitored at 1, 3, 5, 6 and 24 h in the tanks and measured
at 11.99 ± 0.64 °C (mean ± standard deviation; n = 50).
Dissolved oxygen (D.O.) was monitored at 1, 5, and 24 h in
the tanks and measured at 10.43 ± 0.66 mg/L (mean ± stan-
dard deviation; n = 30). Fish were euthanized and liver tissues
were snap frozen in liquid nitrogen and stored at − 80 °C until
use. For LC-MS/MS determination, whole liver was homog-
enized and extracted.

Results and discussion

Quantitative method development

Stock solution determination

LC-MS techniques are reliable for the detection of small or-
ganic molecules. However, LC-MS is often unreliable
for assessing purity. In fact, LC-MS methods often fail
to quantify impurities such as inorganic salts or residual
solvents. In order to use the synthesized compounds as stan-
dards for LC-MS/MS quantitative method development,

absolute concentrations of each standard need to be de-
termined. Therefore, stock solution concentrations were
authenticated by 1H qNMR. Indeed, contrary to other
techniques, qNMR allowed determination of the abso-
lute concentration of targeted molecules [16] regardless
of the nature or ratio of the counter ion, or the presence of
impurities such as salts or water. In addition, NMR is a non-
destructive method and data can be acquired even with limited
amount of materials, which makes qNMR suitable for this
study. Three aromatic 1H resonances of each molecule (except
TFMaGSH showing a single 1H NMR aromatic signal) were
used to determine the mean concentration. For TFMaGSH,
two 1H aromatic signals were used. Precision on the determi-
nation of the stock solution was acceptable with standard de-
viation within three replicates ranged from 0.1 to 1.53%.
Accuracy was evaluated using a TFM sample (commercially
available standard). TFM concentration (prepared at
150 mmol/L in CD3OD) was measured at 151.9 mmol/
L, giving an estimated error of 1.25%. Therefore,
qNMR (external calibration) serves as a relevant tool for the
authentication of stock solution concentrations in order to ob-
tain absolute and quantitative reference for each targeted
metabolite.

Quantitative liquid chromatography tandem mass
spectrometry development

The lowest limits of detection were achieved using negative-
mode electrospray ionization for all targets. Table 1 summa-
rizes the detection parameters and detection performances af-
ter optimization of the mass spectrometry parameters. The
MS/MS transitions selected using the QuanOptimize software
from Waters were identical to the fragmentations observed
with high resolution mass spectrometry. The use of high res-
olution mass spectrometry allowed the identification of the
neutral losses. TFM showed the neutral loss of NO (30 Da)

Table 1 Tandemmass spectrometry parameters for the determination of
TFM and TFM metabolites. CV and CE stand for collision voltage and
collision energy, respectively. The limit of quantification (LOQ) was

determined in standard solution. The linearity range was determined in
liver matrix spiked with standard

Precursor Product Cone Collision Retention time LOQ Linearity

m/z m/z V V min nM Range (nM) R2

TFM 206 176 45 20 5.98 0.10 5–250 0.9967

TFMa 176 136 20 15 4.45 0.10 2–250 0.9991

TFMOS 287 206 45 18 5.79 0.10 0.5–250 0.9961

TFMOGlu 382 206 40 20 5.39 0.01 0.5–250 0.9971

TFMaOS 256 176 30 20 5.00 0.10 0.5–250 0.9926

TFMaOGlu 352 176 20 25 4.60 0.50 0.5–250 0.9993

TFMaNAc 218 130 15 20 4.15 0.50 1–250 0.9985

TFMaGSH 481 272 30 15 4.51 0.25 0.5–250 0.9957
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while TFMa and TFMaNAc showed the loss of HF mole-
cules. TFMa showed two peaks associated with the neu-
tral loss of one or two HF while TFMaNAc showed
only the neutral loss of three HF molecules. Phase II
metabolites (glucuronic acid and sulfonate conjugates)

showed the loss of anhydroglucuronic acid (TFMOGlu and
TFMaOGlu) or SO3 (TFMOS and TFMaOS). Finally, the
glutathione conjugate TFMaGSH was monitored with the
transition (481 > 272) corresponding to the cleavage of the
CH2-S bond.
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The separation of the target compounds was achieved by
reverse phase UHPLC. Several solvent conditions and differ-
ent stationary phases were investigated including five aqueous
buffers: 10 mmol/L ammonium acetate, ammonium acetate
and formic acid (10 mmol/L each), 10 mmol/L triethylamine
(no acid), 10 mmol/L formic acid, and tributylamine with
acetic acid (10 mmol/L each). Most conditions achieved good
separation of the analytes. However, glucuronide conjugates
eluted early in the chromatographic separation and often co-
eluted with matrix interferences. The glucuronide conjugate
was retained only in the presence of the ion-pairing agent
TBA combined with acetic acid. Thus, TBAwith acetic acid
(10 mmol/L each) was selected as the aqueous mobile phase
(solvent A) and acetonitrile as the organic mobile phase (sol-
vent B). Several stationary phases were also investigated to
reach the optimal chromatographic separation of the TFM
metabolites. CSH Fluorophenyl and HSS, CSH, BEH C18
columns from Waters were compared and BEH C18 (100 ×
2.1 mm, particle size 1.7 μm) was selected for further method
development and validation based on peak shape and higher
retention times. Figure 2 shows the extracted ion chromato-
grams for TFM and its seven identified metabolites. A base-
line separation and sharp peaks minimized interferences be-
tween the targets.

Sample preparation optimization

Sample preparation was optimized after testing techniques for
sample concentration and clean-up upstream of LC-MS/MS

experiments. These techniques included liquid/liquid extrac-
tion (LLE), solid phase extraction (SPE), and protein precip-
itation (PPT).

Liquid/liquid extraction (LLE) was tested using a ratio of
1:3 (sample homogenate: solvent). Two solvents, MTBE and
ethyl acetate, were evaluated. Samples extracted with
MTBE appeared to have high fat content after solvent
evaporation, making it inappropriate for LC-MS/MS ex-
periments. Ethyl acetate extracts showed minute amount
of phase II metabolites (glucuronic acid, sulfate and
glutathione conjugates) compared to other extraction
techniques. This was attributed to the high polarity
and charge state of these metabolites in ethyl acetate solution
that resulted in significant loss, and was therefore not further
investigated.

Solid phase extraction (SPE) was investigated with two
types of sorbent; mixed-mode (Waters HLB PRiME
60 mg) and mixed-mode cation exchange (Waters
MCX 60 mg). For the extraction of TFMaGSH, MCX
and HLB cartridges showed similar performances. However,
all other targets showed lower recoveries with MCX SPE
sample preparation (< 30%). Thus, MCX cartridges were not
further considered.

Two experimental conditions were evaluated for protein
precipitation (acetonitrile and 0.1% formic acid in acetoni-
trile). Protein precipitation with ice-cold acetonitrile was pre-
ferred over ice-cold acetonitrile with 0.1% formic acid for
higher recovery yields. In fact, the recovery of all analytes
with acidic protein precipitation was lower or equal to
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extraction of TFM, TFM
metabolites and internal
standards. The techniques
investigated include protein
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(HLB and MCX). Absolute pro-
cess recovery is represented by
the ratio of the signal area in ma-
trix spiked before extraction over
the signal area in standard solu-
tion. Error bars represent standard
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Table 2 Process (protein precipitation with ice cold acetonitrile) absolute recovery determined for 5 replicates (100 nmol/L) in fish liver homogenate.
Standard deviation was calculated from five replicates

PPT acetonitrile TFM TFMa TFMaNAc TFMaOGlu TFMOGlu TFMOS TFMaOS TFMaGSH

Process absolute recovery (%) 74.2 37.3 99.3 28.5 47.8 49.3 53.8 56.9

Standard deviation (%) 5.2 1.5 5.9 1.1 3.6 3.1 2.0 5.7
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recoveries obtained with ice-cold acetonitrile (Fig. 3).
Similarities in process recoveries showed that HLB PRiME
SPE of liver homogenate was competitive with PPT (Fig. 3).
Absolute process recoveries using PPT with ice-cold acetoni-
trile ranged from 28.5 to 99.3% (Table 2). PPT was therefore
selected for further method validation experiments and appli-
cation to biological sample analysis for the ease of implemen-
tation and the low cost.

Method validation

The limits of quantification in standard solution ranged from
0.01 to 0.5 nmol/L. However, due to background noise, the
linearity of the method was limited to 0.5 to 250 nmol/L ex-
cept for TFM, TFMa and TFMaNAc, which gave linear re-
sponses over 5–250, 2–250 and 1–250 nmol/L, respectively.
Concentrations selected for the lowest validation point of
TFM, TFMa and TFMaNAc were therefore set at 10, 5 and
2 nmol/L, respectively.

Extract stability was monitored for 3 days and shown
in Fig. 4. Extracts were stored either at 4 °C (in the
dark inside a UHPLC auto-sampler) or in a − 20 °C
freezer between validation days. Normalized signal areas
were all within 80 to 100% range, highlighting metab-
olite stability over the validation period of 3 days. These data
indicate the stability of TFM and its metabolites in the exper-
imental conditions described here (sample preparation &
storage).

Accuracy parameters (Tables 3 and 4) were within the ac-
ceptable range set by FDA guidance for bioanalytical method
development (80–120% for LQC and 85–115% for MQC and
HQC) except for the interday accuracy of TFMaNAc at HQC
(83.5%). Precision parameters (Tables 3 and 4) were also

within the values set by FDA guidance (≤ 20% for LQC and
≤ 15% for MQC and HQC) except for TFM interday precision
at LQC and TFMa and TFMaNAc. TFMa showed precision
ranging from 19 to 29% for intraday and 14.7 to 20.5% for
interday, whereas TFMaNAc showed intraday precision rang-
ing from 16.9 to 21%. The trend of higher variation within
replicates of TFMa and TFMaNAc is due to their relative
instability toward oxidation. Oxidized phenol aniline and phe-
nol amide tend to spontaneously oxidized and polymerized
in solution [17]. The successful validation of accuracy
and precision parameters highlighted the efficiency of using
the matrix match approach to quantify TFM and its metabo-
lites in fish liver homogenates.

Determination of TFM metabolites in biological
samples

Livers from sea lamprey larvae exposed to TFMwere extract-
ed and determined as described above. The experiment result-
ed in the death of 27 fish (63 survivors). Survivor and control
animals were euthanized with 0.025%MS-222. There was no
significant difference in the mass and length (ANOVA;
p > 0.05) of survivor, control, and dead animals. Control fish
weighed 89.7 ± 12.9 mg and were 98.8 ± 47.7 mm long.
Survivors weighed 89.7 ± 16.5 mg and were 105.8 ±
48.2 mm long. Dead fish weighed 80.6 ± 5.3 mg and were
61.2 ± 12.3 mm long. The mass measurements of liver tissues
were not significantly different among groups (ANOVA;
p > 0.05). Tissue mass measurements were 18.3 ± 7.6 mg for
control animals (n = 10), 18.6 ± 5.9 mg for survivors (n = 20),
and 14.8 ± 5.2 mg for dead animals (n = 20).

All targets were detected in the liver tissues except
TFMaOGlu (Fig. 5). TFM, TFMa and TFMaGSH were
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Fig. 4 Stability assay of TFM and
its metabolites over 3 days in
spiked tissue extracts. Signal area
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observed in higher concentrations and samples had to be di-
luted. To determine the significance of the differences in me-
tabolite concentrations among groups, a two-way ANOVA
was performed. Significant differences were observed among
groups for all observed metabolites except for TFMaNAc.
Student t tests were performed to investigate significant dif-
ferences between groups. The control group had negligible
levels of TFM and its metabolites. For TFM, the control
group was significantly different from the survivors and
the dead group (P < 0.0001) while the dead and the survivors
were similar (P > 0.42). Fish were captured in the wild and
held in house until TFM exposure experiment. It is therefore
possible that previous exposure while in streams led to the
bioaccumulation of the most hydrophobic metabolites (TFM
and TFMNAc). There is no consequence of differential uptake
or detoxification between the dead and the survivors in the
concentration of TFM in vivo. Although no significant differ-
ence was observed between the survivor and the dead groups
in TFMaGSH (P < 0.31) and TFMaOS (P < 0.12) levels, these
two targets were in significantly higher concentrations in TFM
treated animals than in control animals (P < 0.01). This is the
first evidence that TFMaGSH and TFMaOS exist in sea lam-
prey larvae. Formation of GSH conjugates can be used as a
proxy for the formation of quinoid metabolites that can under-
go protein arylation [18] and redox cycling [19], therefore
presenting two mechanisms of toxicity. The levels of TFMa,
TFMOS and TFMOGlu differed from each other (P < 0.05).
TFMa was significantly higher in survivors group compared
to dead animals. This may be attributed to the reactive nature
of p-aminophenol metabolite such as TFMa that may be me-
tabolized or undergo spontaneous binding to surrounding bio-
molecules. In this case, the nitro reduction leading to the pro-
duction of TFMa may stop at the death of the animal, and the
spontaneous degradation or reactivity toward biomolecules
results in the decrease of TFMa. TFMOS and TFMOGlu are
TFM conjugatedmetabolites contributing to the detoxification

of TFM in vivo. TFMOGlu has been identified and widely
discussed [20]. However, this is the first evidence of TFM
sulfation in sea lamprey larvae. The low levels of the conju-
gates are associated with the limited capability of sea lamprey
to detoxify TFM through glucuronidation and sulfation.
Although TFMOS and TFMOGlu are considered stable, their
hydrophilicity can lead to excretion and result in low in vivo
concentration.

Conclusion

In summary, we developed a sensitive and robust UHPLC-
MS/MS method to quantify TFM and its metabolites. After
screening, identifying, and synthesizing metabolites of TFM
in sea lamprey and non-target species, a methodwas needed to
quantify metabolites that are likely important in TFM detoxi-
fication or bio-activation. We developed, optimized, and val-
idated a method for quantifying TFM metabolites in sea lam-
prey liver homogenates. Themethodwas applied to biological
samples and led to the determination of seven of eight targets
in the liver of sea lamprey larvae exposed to TFM for 24 h.
Consistent with previous reports, we detected TFM and
TFMOGlu in vivo. However, this is the first time that
TFMa, TFMaNAc, TFMaGSH and TFMOS have been iden-
tified in vivo. Glucuronidated and sulfated TFM were mea-
sured in significantly higher concentrations in the survivors
compared to dead animals. These results confirmed the limit-
ed capability of sea lamprey to detoxify TFM through
glucuronidation and sulfation and showed the first evidence
of in vivo nitro reduction resulting in the formation of reactive
metabolites, reflected in part by the substantial conversion to
TFMa and its glutathione conjugate. Clear evidence is provid-
ed for both detoxification (sulfation and glucuronic acid con-
jugations) and bio-activation (nitroreduction and dehydroge-
nation) metabolism. This method not only implicates a new

Fig. 5 Concentrations of TFM and TFM metabolites in sea lamprey larval liver tissues in control animals and animals exposed to TFM for 24 h at
1.31 mg/L. Bars and error bars represent the means and associated standard deviations
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mechanism of TFM metabolism, but also provides a sensitive
tool for future investigations of TFM as an important pesticide
for invasive sea lamprey. The quantification of TFM metabo-
lites could contribute to the optimization of TFM application,
or the development of the next generation of lampricides by
identifying key chemical functions in TFM selective
bioactivation and/or detoxification. The optimization of
TFM application can be supported by the evaluation of the
impact of treatment conditions (e.g. water pH and hardness),
and inhibitory or activation effects of other pesticides (e.g.
niclosamide) on TFM intake and metabolism. The quantita-
tive determination of TFM could have broader impacts, in
particular in the field of human health. Although, this would
require partial method validation for the analysis of new ma-
trices, a broader outcome of this study is to make the analysis
of TFM available for the monitoring the exposure of humans
to this pesticide.
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