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ABSTRACT: Due to the detection frequencies and measured
concentrations in surface water, the type I pyrethroid insecticide,
bifenthrin, has been of particular concern within the Sacramento-
San Joaquin Delta in California. Concentrations have been
detected above levels previously reported to impair neuroendocrine
function and induce neurotoxicity to several species of salmonids.
Metabolomic and transcriptomic studies indicated impairment of
cellular signaling within the brain of exposed animals and potential
alteration of lipid metabolism. To better understand the potential
impacts of bifenthrin on brain lipids, juvenile rainbow trout
(Oncorhynchus mykiss) were exposed to mean bifenthrin concen-
trations of 28 or 48 ng/L for 14 days, and non-targeted lipidomic
profiling in the brain was conducted. Brain tissue sections were also
assessed for histopathological insult following bifenthrin treatment. Bifenthrin-exposed trout had a concentration-dependent
decrease in the relative abundance of triglycerides (TGs) with levels of phosphatidylcholines (PCs) and phosphatidylethanolamines
(PEs) significantly altered following 48 ng/L bifenthrin exposure. An increased incidence of histopathological lesions, such as focal
hemorrhages and congestion of blood vessels, was noted in the brains of bifenthrin-treated animals, suggesting an association
between altered lipid metabolism and neuronal cell structure and integrity.
KEYWORDS: pyrethroid, salmonid, neurotoxic, brain, histology, adverse outcome

1. INTRODUCTION
Newer-generation insecticides, such as pyrethroids, have
reduced toxicity to mammals and lower environmental
persistence than older-generation insecticides (organophos-
phates and organochlorines, respectively).1 Among the top
used insecticides globally,2 pyrethroids may induce a greater
environmental risk than organochlorines and organophos-
phates3 since they are the main class of current-use insecticides
that exceed regulatory threshold levels to non-target aquatic
organisms at several locations4 (regulatory threshold values of
pyrethroids ranging from 0.850 to 265 ng/L).3 Among 32
insecticides that most frequently exceed regulatory threshold
levels in surface waters and sediments, seven are pyrethroids,
and bifenthrin, a type I pyrethroid, possessed an exceedance
rate of 80.7% in more than 1800 samples analyzed throughout
the United States.5

The global use of bifenthrin for pest control in India, Africa,
Vietnam, Australia, China, and the United States has raised
concerns about non-target species. Bifenthrin is the most
frequently detected pyrethroid insecticide in sediment and
surface water samples in California,6 with concentrations of

bifenthrin detected in Australia and China similar to those
reported in the United States, which were reported to induce a
high frequency of invertebrate lethality.2,7 Concentrations of
bifenthrin in California, particularly within the Sacramento-San
Joaquin Delta (Delta), were present in 79% of samples
collected, ranging from 0.2 to 133 ng/L.8,9 The Delta provides
a spawning habitat and nursery for critically threatened and
endangered fish species, such as steelhead trout (Oncorhynchus
mykiss). Reductions in the number of anadromous fish species
since the early 2000s have largely coincided with the increased
use of pyrethroids, such as bifenthrin.10−15 The highest
detection frequencies and concentrations of bifenthrin were
found in water samples in predominately urban runoff
locations and in stormwater runoff samples in the Delta at
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concentrations of 106 and 133 ng/L bifenthrin, respectively,8,9

and in some instances at concentrations exceeding 3 μg/L.16
Recently, it was reported that bifenthrin was detected in 100%
of zooplankton samples collected in the Sacramento River, at
concentrations of up to 691 ng/g lipid,17 a common prey item
of juvenile salmonids in the Delta prior to outmigration.

Concentrations of bifenthrin previously measured in water
samples collected from the Delta (15 ng/L to 1.50 μg/L) have
been shown to alter neuroendocrine pathways, exhibit
neurotoxicity through the dysregulation of transcriptomic
and metabolomic pathways involved in apoptotic and
inflammatory pathways, and induce histopathological effects
on salmonids following exposure.18−23 Using transcriptomic
and non-targeted metabolic approaches, we previously
reported that the dysregulation of several genes and
metabolites was associated with changes in neuronal signaling
pathways by altering signaling fatty acids in bifenthrin-treated
salmonids.18−20 However, lipidomic profiling in the brains of
fish following pesticide treatment is limited,24 although it can
help identify novel adverse outcome pathways (AOPs),
relating molecular-level effects to higher levels of biological
organization.

Lipidomics is a subset of metabolomics and is increasingly
used as an endpoint to understand the effects of contaminants
on lipid profiles,24,25 with non-targeted approaches considered
the best when implemented in discovery-based studies.25

Lipids are involved in a broad spectrum of physiological
functions that include structural support, trafficking, energy
metabolism, and membrane signaling,24 to name a few. The
integration of multiple omic techniques overlayed with
lipidomic profiling data allows for a better characterization of
mechanisms of toxicity,24−26 as, currently, the use of in silico
software programs to annotate functional pathways with lipid
species alone is lacking. The goal of this study was to use non-
targeted lipidomic profiling to characterize classes of lipids that
may be altered by bifenthrin in the brains of rainbow trout, a
surrogate for the endangered California steelhead trout, and
determine whether relationships to histopathological insult in
this target organ exist. We hypothesized that bifenthrin would
induce concentration-dependent alterations in lipid profiles in
the brains of exposed trout that were previously proposed to be
involved in lipid signaling pathways.

2. MATERIALS AND METHODS
2.1. Experimental Design. Juvenile rainbow trout were

obtained from Jess Ranch Hatchery (Apple Valley, CA) and
maintained in a Living Stream (Frigid Units, Toledo, OH) at
12 °C for 4 months under a 14:10 h light/dark photoperiod
prior to experimentation. Individual trout were placed in 8 L
glass aquaria randomly, where they acclimated for 3 days prior
to experimentation, as previously conducted.19 Juvenile trout
(mean length = 17.73 ± 1.42 cm; mean weight = 41.28 ±
10.13 g) were exposed to a control (0.01% v/v ethanol
(solvent), diluted with dechlorinated tap water), 30, or 60 ng/
L bifenthrin (>98% purity, mix of isomers, Chem Service) for
14 days, as previously conducted.19 Concentrations and
durations that caused histopathological damage in the brains
of salmonids were selected based on previous studies.20 Each
exposure treatment had eight replicates, with one fish per tank
(n = 8 per exposure). Trout were fed every 48 h (1% body
weight; Oncor Fry trout pellets, Skretting), and 50% static
water changes were conducted daily to renew bifenthrin
treatments. Following a 14 day exposure, trout were

euthanized with an overdose of sodium bicarbonate-buffered
MS-222 (Sigma-Aldrich, St. Louis, MO). Brains were extracted
and either flash-frozen in liquid nitrogen and stored at −80 °C
until lipidomic analysis or fixed in 4% paraformaldehyde for
downstream histological analysis. This experiment was
performed ethically and in accordance with the University of
California, Riverside Institutional Animal Care and Use
Committee (protocol no. 20130010).
2.2. Bifenthrin Chemistry Analysis. Samples of water

were collected from two random tanks from each time point at
three separate sampling events prior to water renewals, at the
beginning (24 h), middle (7 days), and end (14 days) of the
14 day exposure and stored in 1 L glass amber bottles at 4 °C
in the dark. All water samples were extracted within two weeks
of collection and analyzed as previously described.21 Addition-
ally, to determine the measured concentrations of bifenthrin in
extracted water samples, a seven-point calibration curve was
used. Decachlorobiphenyl was used as a recovery surrogate and
added to each sample before extraction, as previously
conducted.18

2.3. Lipidomics Sample Preparation. Individual rainbow
trout brains (n = 4 per treatment) were weighed in 2 mL bead
mill tubes on ice, and 1 mL of extraction solvent (6:3:1 methyl
tert-butyl ether/methanol/water) was added per 136.6 mg of
tissue, with a mean weight of 120.0 ± 11.5 mg (range: 103.1−
132.7 mg). Samples were homogenized at 4 °C and then
vortexed for 30 min at 4 °C. Next, 250 μL of water was added
per 136.6 mg of tissue to induce phase separation. Samples
were vortexed for 5 min at 4 °C and then centrifuged at
16,000g for 5 min at 4 °C. The top, nonpolar layer (100 μL)
was transferred to a 2 mL glass vial and dried under a gentle
stream of nitrogen. The dried residue was resuspended in 200
μL of 9:1 methanol/toluene and analyzed by liquid
chromatography−mass spectrometry (LC−MS).
2.4. LC−MS Lipidomics. LC−MS lipidomics analysis was

performed at the UC Riverside Metabolomics Core Facility as
previously described,27 with minor modifications. Briefly, a
Synapt G2-Si quadrupole time-of-flight MS (Waters) that was
coupled to an I-class UPLC system (Waters) was used to
perform analyses. A CSH C18 column (2.1 × 100 mm2, 1.7
μm) (Waters) was used to carry out separations. The mobile
phases were (A) 60:40 acetonitrile/water with 10 mM
ammonium formate and 0.1% formic acid and (B) 90:10
isopropanol/acetonitrile with 10 mM ammonium formate and
0.1% formic acid. The flow rate was 0.50 mL/min, and the
column was held at 65 °C. The injection volume was 1 μL in
positive ion mode and 3 μL in negative ion mode. The gradient
is as follows: 0 min, 15% B; 2 min, 30% B; 3 min, 50% B; 10
min, 55% B; 14 min, 80% B; 16 min, 100% B; 20 min 100% B;
and 20.5 min, 15% B.

The MS scan range was 50−1600 m/z with a 100 ms scan
time. Source and desolvation temperatures were 150 and 600
°C, respectively. Desolvation gas was set to 1100 L/h, and
cone gas was set to 150 L/h. All gases were nitrogen, except
the collision gas, which was argon. The capillary voltage was 1
kV in positive ion mode and 2 kV in negative ion mode. A
quality control sample, generated by pooling equal aliquots of
each sample, was analyzed every 4−5 injections to monitor
system stability and performance. Samples were analyzed in
random order. Leucine enkephalin was infused and used for
mass correction, as it is a well-known standard peptide in mass
spectrometry for calibration.28
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2.5. Data Processing and Lipidomics Analysis. Pro-
genesis Qi software (Nonlinear Dynamics) was used for
processing untargeted data (alignment, deconvolution, peak
picking, normalization, integration, and spectral matching).
Total ion abundance was used to normalize data. Features with
a coefficient of variation (CV) greater than 30% or average
abundance of less than 500 in the QC injections were
removed.29,30 To aid in the identification of features that
belonged to the same metabolite, RAMClust was used to
assign features with a cluster ID, which enabled annotations to
be made based on spectral matching.31 To assign an
annotation confidence level, the standard initiative guidelines
for metabolomics were used.32,33 Annotation level 1 indicates
an MS and MS/MS match or MS and retention time match to
an in-house database generated with authentic standards. Level
2a indicates an MS and MS/MS match to an external database.
Level 2b indicates an MS and MS/MS match to the LipidBlast
in silico database34 or an MS match and diagnostic evidence,
such as the dominant presence of an m/z 85 fragment ion for
acylcarnitines. Level 3 indicates an MS match, although some
additional evidence is required, such as adducts are detected to
sufficiently deduce the neutral mass or the retention time is in
the expected region. Several mass spectral metabolite databases
were searched against including Metlin,35 Mass Bank of North
America,36 and an in-house database (University of California,
Riverside Metabolomics Core).
2.6. Histopathological Analysis. Individual, whole brains

(n = 4 from each treatment) were fixed in a 4%
paraformaldehyde solution (1× phosphate-buffered saline
(PBS); pH 7.4; VWR, Radnor, PA) overnight at 4 °C. Brains
were rinsed three times with 1× PBS for 5 min each,
cryoprotected in 35% sucrose (w/v) overnight at 4 °C, and
placed in OTC where they were oriented and frozen at −80
°C. Samples were sent to HistoWiz (Brooklyn, NY) where
they were sectioned (5 μm), stained (H&E stain), and imaged.
Histopathological alterations were determined by quantifying
the length of stratum marginale detached and the number of
congested blood vessels and focal hemorrhages per millimeter.
2.7. Statistical Analysis. Levene’s test was used to assess

the homogeneity of variance, and a Shapiro−Wilk test was
used to assess normality. One-way analysis of variance
(ANOVA) with Tukey’s posthoc test was used to compare
mean differences in the relative abundance of lipid classes
among treatment groups. IBM SPSS Statistics for Windows,
version 24 (IBM Corp., Armonk, New York) was used for
conducting one-way ANOVA statistical analyses. Statistical
significance was determined if p < 0.05. Principle component
analyses were performed using R (v.3.6.x).

3. RESULTS
3.1. Bifenthrin Water Chemistry Analysis. Bifenthrin

was not detected in control treatment groups. Mean bifenthrin
concentrations ± standard deviation was 28.3 ± 6.0 ng/L
bifenthrin in the nominal 30 ng/L treatment group and 48.0 ±
12.3 ng/L bifenthrin in the nominal 60 ng/L treatment group
(Table S1). Mean percent PCB-209 surrogate recoveries were
94.3 ± 10.1, 90.3 ± 10.9, and 78.9 ± 18.1 in the control, 30,
and 60 ng/L treatment groups, respectively.
3.2. Untargeted Lipidomic Profile Analysis. Principal

component analyses indicated that all treatment groups were
well separated from each other and strongly clustered based on
the total lipid content (Figure 1). PC1 and PC2 explained
47.7% and 21.5% of the variance between treatment groups,

respectively, with a total of 69.2% explained in the PCA score
plot (Figure 1).

There were a total of four lipid classes (glycerolipids,
glycerophospholipids, sphingolipids, and saccharolipids) rep-
resenting 242 classified lipids in the brains of treated rainbow
trout (Figure 2). Glycerolipids were represented by trigly-

cerides (TGs); glycerophospholipids were represented by
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI), phospha-
tidylglycerol (PG), lysophosphatidylcholine (LPC), and
lysophosphatidylethanolamine (LPE); sphingolipids were
represented by ceramide (Cer), monoglycosylceramide
(G1Cer), and sphingomyelin (SM); and the saccharolipid
was represented by monogalactosyldiacylglycerol (MGDG).
The glycerophospholipid, PC, consisted of 99 different lipids,
which were greater in number than TG > PE > PI, CerG1,
MGDG > SM > SP, Cer > PG, LPC > LPE (Figure 3).

Figure 1. Principle component analysis (PCA) of the total lipid
content in juvenile rainbow trout exposed to 0, 30, and 60 ng/L
bifenthrin (n = 4 per treatment).

Figure 2. Relative percent abundance of the most representative lipids
between (A) control, (B) 30, and (C) 60 ng/L bifenthrin treatment
groups (n = 4 per treatment).
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Glycerophospholipids had the largest relative abundance
compared to sphingolipids, glycerolipids, and saccharolipids,
and represented 91.91, 91.61, and 92.85% of total lipid

abundance in control, 30, and 60 ng/L bifenthrin treatment
groups, respectively. Sphingolipids had the second largest
relative abundance, followed by glycerolipids and saccharoli-

Figure 3. Number of detected lipids in lipidomic profiles. Phosphatidylcholine, PC; phosphatidylethanolamine, PE; phosphatidylserine, PS;
phosphatidylinositol, PI; phosphatidylglycerol, PG; lysophosphatidylcholine, LPC; lysophosphatidylethanolamine, LPE; ceramide, Cer;
monoglycosylceramide, G1Cer; sphingomyelin, SM; triglycerides, TG; and monogalactosyldiacylglycerol (MGDG) (n = 4 per treatment).

Figure 4. Mean relative abundance of (A) glycerophospholipids, (B) sphingolipids, (C) glycerolipids, and (D) saccharolipids in the brains of
rainbow trout treated with 30 or 60 ng/L bifenthrin. Error bars represent SEM. Asterisks (*) denote statistical significance (p < 0.05) (one-way
ANOVA and Tukey’s posthoc, n = 4 per treatment).
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pids (Figure 2). There was a concentration-dependent
decrease in the mean relative abundance of triglycerides
between control and bifenthrin-treated fish (p = 0.036),
although no significant difference was observed between the
mean relative abundance of glycerophospholipids, sphingoli-
pids, or saccharolipids, regardless of exposure treatment (p >
0.05; Figure 4).

Of the 99 identified PCs, 9 had a significantly increased
abundance in the 60 ng/L bifenthrin treatment group, relative
to controls (Figure S1). The significantly increased PCs were
composed of the following lipids: PC 20:5_18:0, PC 30:1, PC
34:3, PC 36:3.1, PC 38:4.1, PC 38:6.1, PC 40:3, PC 42:3, and
PC 44:4. Of the 70 identified PEs, 9 were significantly altered

in the 60 ng/L bifenthrin treatment group, compared to
control treatments. PEs that had a significantly increased
abundance were composed of the following lipids: PE
20:5_18:2, PE 36:5, PE 38:7.1, PE 40:5, PE 42:10.1, PEP
32:1, PEP 36:3, and plasmenyl-PE 32:1. There was a single PE,
PE 22:6_18:1, that was significantly decreased in the 60 ng/L
bifenthrin treatment group (Figure S2). The relative lipid
abundance between PS, PI, PG, LPC, and LPE was not
significantly altered between treatment groups (Figures S3−
S7).

The relative lipid abundance between Cer, G1Cer, and SM
was not significantly altered between treatment groups
(Figures S8−S10). Of the 34 identified TGs, 24 had a

Figure 5. Incidence of (A) detached stratum marginale and the number of (B) congested blood vessels and (C) focal hemorrhages in the optic
tectum of rainbow trout treated with 30 and 60 ng/L bifenthrin. Error bars represent SEM. Asterisks (*) denote statistical significance (p < 0.05)
(one-way ANOVA and Tukey’s posthoc, n = 4 per treatment).
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significant concentration-dependent decrease in relative
abundance (Figure S11). The significantly reduced TGs were
composed of the following lipids: TG 46:1, TG 48:1, TG 48:3,
TG 50:2, TG 50:4, TG 51:2, TG 51:3, TG 52:3, TG 54:1, TG
54:2, TG 54:4, TG 54:5, TG 56:2, TG 56:3, TG 56:4, TG
56:5, TG 56:6, TG 56:7, TG 56:8, TG 58:10, TG 58:7, TG
58:8, TG 58:9, and TG 60:8 (Figure S11). The relative lipid
abundance between MGDGs was not significantly altered
between treatment groups (Figure S12).
3.3. Histopathological Characterization. Juvenile rain-

bow trout exposed to 30 and 60 ng/L bifenthrin had a
significantly increased incidence of a detached stratum
marginale (Figures 5A and 6A; p = 0.041 and p = 0.015,

respectively) and an increased number of congested blood
vessels, relative to controls (Figures 5B and 6B; p = 0.036 and
p = 0.036, respectively). The number of focal hemorrhages was
significantly increased in trout treated with 30 ng/L bifenthrin
but not in the 60 ng/L treatment (Figure 5C; p = 0.031 and p
= 0.124, respectively). The mean areas of hemorrhages (Figure
S13A) and congested blood vessels (Figure S13B) were not
significantly different from those in control treatment groups,
although these did have increasing trends with increased
bifenthrin treatment (p > 0.05).

4. DISCUSSION
Although previous studies have shown that contaminants can
alter genes and metabolites involved in lipid metabolism and
biosynthesis, the response of exposure to lipid pathways and
alterations in lipid profiles is limited.24 Currently, there is a
large gap in the field of ecotoxicology regarding the use of
lipidomics to characterize the effects of contaminant exposure
on lipids, which are largely involved in providing membrane
fluidity, structural support, and energetics and can act as
signaling molecules themselves. Advancements in analytical
techniques have allowed for the identification and character-
ization of an increasing number of lipids,37,38 although current
tools for constructing functional annotation pathways to
understand the role and impact of altered levels of lipids are
limited. The integration of multiple omic endpoints, such as
transcriptomic and metabolomic profiling, overlayed with
lipidomic data allows for a better representation of the

underlying mechanisms following contaminant exposure to
relate metabolic alterations to apical endpoints.24

Non-targeted lipidomic profiling was used to assess potential
mechanisms responsible for bifenthrin’s neurotoxic response in
salmonids following treatment to concentrations previously
measured in the Delta (≤60 ng/L). There was a concen-
tration-dependent decrease in the relative abundance of
triglycerides in the brains of rainbow trout treated with
bifenthrin after 2 weeks, with significant alterations in the
abundance of several glycerophospholipids. Additionally, there
was a subsequent increase in the incidence of histopathological
insult in the brains of bifenthrin-treated fish noted by an
increase in the detachment of the stratum marginale and the
number of congested blood vessels and focal hemorrhages in
the optic tectum.

Rainbow trout treated with bifenthrin had a significant
reduction in the total abundance of glycerolipids, particularly
TGs, representing 2.68% of the total lipid abundance in
controls and 1.46% in trout treated with 60 ng/L bifenthrin,
with a decrease of 71% of the identified TGs in bifenthrin-
treated fish. Similar reductions of TGs were observed in the
brains of rainbow trout treated with 1.38 μg/L chlorpyrifos.39

Atlantic salmon hepatocytes exposed to a mixture of
chlorpyrifos-methyl, pirimiphos-methyl, and nonylphenol at a
concentration of 100 μM also had a significantly reduced
abundance of TGs.40 There was an upregulation in lipase (lipe)
mRNA expression reported in chlorpyrifos-exposed hepato-
cytes, which has a prominent role in the hydrolysis of TGs.41

Additionally, the mRNA expression of pparα was strongly
correlated between fatty acid metabolites in hepatocytes of
chlorpyrifos-exposed salmon, which was predicted to disrupt
fatty acid β-oxidation,42 whereas pparγ expression disrupted
fatty acid oxidation in HepG2 cells treated with 1 × 10−9 to 1
× 10−6 M cis-bifenthrin, which was induced by the activation of
pregnane X receptor (PXR) by bifenthrin.43 Reductions in the
accumulation of TGs were among the top predicted alterations
in chlorpyrifos-exposed salmon hepatocytes, with correlated
oxidative stress responses predicted by metabolomic profiling
and changes supported at the transcript level.42 Furthermore,
the top predicted pathway in the livers of Atlantic salmon
exposed to 8 mg/kg chlorpyrifos-methyl for 30 days was
involved in regulating the concentration of TGs, which was
driven by 16 differentially expressed genes.44 In contrast,
HepG2 cells treated with either 50 μM cypermethrin,
imidacloprid, or fipronil for 24 h had significantly elevated
TG contents; however, 50 μM bifenthrin did not alter TG
levels.45 A separate study found that when HepG2 cells were
treated with 100 nM bifenthrin, there was a significant increase
in TGs noted, and this effect was enantioselective.43

Previous studies with juvenile rainbow trout, steelhead trout,
and Chinook salmon treated with bifenthrin at concentrations
ranging between 15 ng/L and 1.50 μg/L showed altered
metabolomic and transcriptomic profiles that predicted
alterations in the metabolism of lipids in the brains of exposed
fish.18−20 The metabolism of TGs, particularly, was the most
predicted pathway to be impaired following bifenthrin
treatment and was driven by decreased levels of docosahex-
aenoic acid (DHA); increased levels of betaine; and the altered
expression of apoa2, cbs, and lipe (Figure 7). Lipoprotein
lipase, a rate-limiting enzyme responsible for metabolizing TGs
found in the brain, has a direct role in regulating the expression
of dopamine receptor type 2 (dr2) in neurons46 and has been
suggested to evoke a modulation in the dopaminergic system.47

Figure 6. Histopathological characterization of structural alterations
in the optic tectum of rainbow trout treated with 30 and 60 ng/L
bifenthrin. (A) Detachment of the stratum marginale (SM) from the
stratum opticum (SO) layer, denoted by a black arrow, and black
triangles denote focal hemorrhages. (B) Dilation and congestion of
blood vessels localized in the stratum periventriculare (SPV) denoted
by black triangles. Black bars represent a 50 μm scale bar (400×
magnification). H&E staining (n = 4 per treatment).
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Crago and Schlenk23 previously reported that the mRNA
expression of dopamine receptor 2a (dr2a) was significantly
decreased in the brains of juvenile rainbow trout treated with
0.15 and 1.5 μg/L bifenthrin for 96 h and 2 weeks, with
concentration-dependent decreases found.23 Interestingly,
Giroux et al.22 found that Chinook salmon alevin treated
with 0.15 and 1.5 μg/L bifenthrin under three temperature
regimes (11, 16.4, and 19 °C) had significant, concentration-
dependent increases in dr2a mRNA expression at 11 °C,
although a significant, concentration-dependent decrease in
dr2a mRNA expression was noted at 16.4 °C.22 Expression
profiles of dr2a may also be influenced by fish life stage and
exposure temperature, as the significance of effects was
correlated with temperature. The disruption of lipid metabo-

lism, particularly TGs, is predicted to disrupt the dopaminergic
system, suggesting that bifenthrin-induced neurotoxicity, and
neuroendocrine effects along the dopaminergic pathway, may
act through altered lipid pathways (Figure 7). Alterations to
the dopaminergic pathway may further be related to alterations
in olfactory function, as has been shown to be impaired in
salmonids following bifenthrin exposure.21 Although the
relationship between neurotoxicity-induced effects following
bifenthrin treatment and neuroendocrine effects is not well
understood, it can be suggested that altered levels of lipids in
the brain may play a role in disrupting the dopaminergic
system, possibly stemming from alterations in signaling lipids
specifically or as a subsequent result of lipid metabolism and
associated dopamine receptors.

Figure 7. Hypothetical adverse outcome pathway (AOP) based on the integration of non-targeted metabolomic, transcriptomic, and lipidomic
profiles with common targets of bifenthrin neurotoxicity in the brains of salmonids. Neuroendocrine effects are based on previously conducted
salmonid studies and overlayed with predicted omic pathway analyses.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c01542
Environ. Sci. Technol. 2022, 56, 11482−11492

11488

https://pubs.acs.org/doi/10.1021/acs.est.2c01542?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01542?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01542?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01542?fig=fig7&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PC and PE are the two most abundant membrane
phospholipids48,49 and predominant lipids that comprise fish
membranes.50 PCs are an important source for signaling
molecules, such as diacylglycerol, phosphatidic acid, and
arachidonic acid.51−54 Dysregulation of PC levels has been
shown to induce alterations in cell structure, signal trans-
duction, and apoptosis and is implicated in Alzheimer’s
disease.51−53,55,56 The catabolism of acetylcholine produces
choline, which can be incorporated into PC synthesis and then
be converted to betaine.57 Increased levels of betaine can
additionally increase the formation of PCs,57 and it has
previously been reported that juvenile steelhead exposed to
120 ng/L bifenthrin had a significant increase in betaine levels
in the brains of treated fish.19 Bifenthrin has also been shown
to significantly decrease the activity and expression of
acetylcholinesterase (AchE) in the brains of murine exposed
to 0.6 and 2.1 mg/kg bifenthrin for 60 days.58 Similarly, grass
carp exposed to 6 μg/L bifenthrin for 24, 48, 48, and 96 h
noted significant decreases in AchE activity in fish brains with
increased exposure duration,59 which may serve as a source of
choline for the synthesis of PCs.

PEs are involved in important proinflammatory cell surface
signaling processes.60 Increased levels of PE in neuronal
membranes have been shown to increase lipid peroxidation in
the brain and reduce the fluidity of membranes, which
influences cell structure and integrity.61 There was a significant
increase in several PEs and PCs in the brains of rainbow trout
exposed to 60 ng/L bifenthrin. Atlantic salmon hepatocytes
exposed to 100 μM chlorpyrifos-methyl for 48 h had
significantly increased PC levels but had reductions in PE
levels.40 However, when individual Atlantic salmon were
dietarily treated with 0.1 and 1.0 mg/kg chlorpyrifos-methyl
for 30 days, there were significant increases in PC levels
observed in the liver. In contrast, decreased PC levels were
found following 30 days of 8.0 mg/kg chlorpyrifos-methyl
treatment and in 0.1 and 1.0 mg/kg treatments after a 67-day
exposure.62 PE levels did not significantly differ in 0.1 and 1.0
mg/kg chlorpyrifos-methyl treatment groups exposed for 30
days but significantly decreased following a 67-day exposure.62

Chlorpyrifos treatments (1.38 μg/L) in rainbow trout for 7
days did not have significantly altered levels of PC in brain
tissue, with only a slight decrease in PE levels being reported.39

An imbalance between levels of PE and PC in the brain is the
major driver of motor neuron survival, which has implications
for the incidence of neuronal disease60 and may be a
contributing factor to bifenthrin-induced neurotoxicity, as
previous studies have reported that other fishes residing within
the Delta, such as inland silversides (Menidia beryllina) and
Delta smelt (Hypomesus transpacificus), exposed to bifenthrin
have induced neurobehavioral effects, which could potentially
have population-level consequences.63−65 Alterations in PC
and PE levels may be related to increased levels of fatty acids
that are stored as TGs in lipid droplets within the cell,
comprising a monolayer of phospholipids,40 and known to be
present in higher numbers in vacuole membranes.53

An increase in the level of several PCs (PC 34:2; PC 38:4;
and PC 38:5) and PEs (PE 36:5; PE 38:7; and PE 40:5) in the
brains of bifenthrin-treated trout were also reported to have
significantly increased concentrations in lipid rafts following
altered DHA levels in a human T-cell line,66 which was
previously shown to be one of the top metabolites altered in
the brains of bifenthrin-treated steelhead.19 Lipid rafts have
been shown to play an increasing role in signal transduction,67

inflammatory response,68 and mechanotransduction and repair
of neuronal membranes following injury.69 Increased levels of
PC and PE were suggested to have a direct effect on signaling
proteins associated with lipid rafts, displacing the proteins
when accumulating on the raft structure.66 Although lipid rafts
were not separated from whole brains in the current lipidomic
analysis, additional research is warranted to understand the
specific role bifenthrin has in the potential disruption of
signaling lipid rafts in the brain following treatment.

Consistent with altered cellular structures,20 bifenthrin-
treated rainbow trout had an increased incidence of
histopathological alterations. There was a significantly
increased amount of stratum marginale detachment from the
stratum opticum in the optic tectum and an increased number
of congested blood vessels in trout treated with 30 and 60 ng/
L bifenthrin with increased focal hemorrhages in the stratum
opticum. It was previously shown that rainbow trout treated
with 15 and 30 ng/L bifenthrin had an increase in the number
of apoptotic cells in the cerebellum and optic tectum,20 which
was related to impaired integrity of the extracellular matrix
structure and was further supported by predicted apoptotic
pathways following bifenthrin treatment in steelhead trout.18

In rat brains, a congestion of blood vessels was observed
following treatments with a 3 mL/kg pyrethroid mixture
(allethrin, imiprothrin, and phenothrin) for 40 days.70 Mahseer
(Tor putitora) exposed to 63 μg/L cypermethrin for 96 h71 and
silver carp (Hypophthalmichthys molitrix) exposed to 2 μg/L
deltamethrin for 96 h72 exhibited infiltration, spongiosis, and
neuronal degeneration in brain tissues. Rats administered with
50 mM cypermethrin exhibited brain congestion when
examined histologically, which correlated with increased
neuronal lipid peroxidation.73 This suggests that a shared
mechanism among pyrethroids may occur, causing specific
histopathological effects in the brain, which may be related to
lipid metabolism pathways that impair cellular structure and
integrity.

The altered levels of several metabolites and dysregulated
genes in the brains of juvenile salmonids following bifenthrin
treatment were predicted to impair common pathways
involved in lipid metabolism due to an increased incidence
of oxidative stress that resulted in an induction of reactive
oxygen species and subsequent downstream events that can be
linked to non-targeted metabolomic, transcriptomic, and
lipidomic analyses (Figure 7). The induction of apoptosis,
inflammation, and lipid peroxidation may be directly due to
increased reactive oxygen species in the brains of bifenthrin-
treated salmonids.18,19 Apoptotic responses were the top
predicted pathways in the brains of steelhead due to reduced
levels of DHA, inosine, and adenine.19 Adverse effects were
noted with an increased incidence of TUNEL-positive cells in
the brain of bifenthrin-treated steelhead, with additional
significant histopathological insult noted by increased focal
hemorrhages and congested blood vessels. Induced inflamma-
tory responses were predicted to be related to an increase in
betaine levels, which may be due to disruptions in the
metabolism of acetylcholine57 where levels were previously
reported to be altered in the brains of carp exposed to
bifenthrin,59 altering levels of choline available for phospha-
tidylcholine synthesis.

The use of a hypothetical AOP to collectively synthesize the
alterations of transcriptomic and non-targeted metabolomic
and lipidomic profiles is useful to conceptualize neurotoxic and
neuroendocrine effects in salmonids following bifenthrin
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exposure (Figure 7). The induction of oxidative stress
following bifenthrin exposure, noted by alterations in the
production of reactive oxygen species and subsequent
incidence of apoptosis, inflammation, and lipid peroxidation,
may be a result of altered levels of structural and storage lipids
that can be linked to the increased histopathological insult.
Additionally, altered concentrations of key signaling lipids may
be influenced by lipoprotein lipase in the brain, targeting TGs
and potentially resulting in an impact to the dopaminergic
system through alterations in dopamine receptor expression,
which could influence olfactory behavior. Although additional,
targeted studies are needed to explore this hypothetical AOP
based on non-targeted analyses and relationships to previously
identified neuroendocrine endpoints, this serves as a basis of
future research to better understand more targeted mecha-
nisms of bifenthrin in the brain of fish. The predominant focus
of the integrated overlay of previously conducted metabolomic
and transcriptomic studies with lipidomics was based on a
single family of fish, salmonids, as a great amount of data is
required that has similar exposure profiles to limit the influence
of additional variables that may impact bifenthrin toxicity.
However, alternative exposure routes should be considered in
future studies, as well as other threatened and endangered fish
in the Delta, as pesticide-laden diets have recently been
reported to impair swimming performance in inland silversides
and Chinook salmon,74−76 with predominate targets involved
in upstream lipid metabolism and energetic pathways. The
framework of comparing multiple omic profiles to understand
the underlying mechanistic effects of contaminants, while
considering subsequent species and pesticide exposure routes,
is warranted and will allow for more informative decisions to
be made and results implemented in future risk assessments.
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