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Abstract

The increased use of pyrethroid insecticides raises concern for exposure to non-target aquatic species, such as Chinook
salmon (Oncorhynchus tshawytscha). Cypermethrin, a type II pyrethroid, is frequently detected in surface waters and
sediments at concentrations that exceed levels that induce toxicity to several invertebrate and salmonid species. To better
understand the effects of cypermethrin to salmonids following dietary exposure, juvenile Chinook salmon were dietarily
exposed to a 0, 200, or 2000 ng/g cypermethrin diet for a duration of 7, 14, or 21 days and assessed for body burden residues,
swimming performance, lipid content, and lipid homeostatic gene expression. The average cypermethrin concentrations in
fish dietarily exposed to cypermethrin for 21 days were 155.4 and 952.1 ng cypermethrin/g lipid for the 200 and 2000 ng/g
pellet treatments, respectively. Increased trends of fatty acid synthase (fasn, > = 0.10, p <0.05) and ATP citrate lyase (acly,
»=0.21, p<0.001) mRNA expression were found in the fish livers relative to increasing cypermethrin body burden
residues, though no significant changes in the mRNA expression of farnesoid X receptor or liver X receptor were observed.
Furthermore, Chinook salmon dietarily exposed to cypermethrin did not have a significantly altered burst swimming
performance (U,,,,). These results support studies that have suggested U,,,,x may not be a sensitive endpoint when assessing
the effects of certain pesticide classes, such as pyrethroids, but that dysregulation of fasn and acly expression may alter lipid
homeostasis and energy metabolism in the liver of fish dietarily exposed to cypermethrin.
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Introduction

The use of synthetic pyrethroid insecticides in both urban
and agricultural applications has increased substantially
Supplementary information The online version contains over the last two decades (Li et al. 2017). The increased
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cypermethrin, esfenvalerate, and permethrin among the
most frequently detected (Hunt et al. 2016; Li et al. 2017;
Lu et al. 2019).

Due to their high hydrophobicity, pyrethroids are gen-
erally not thought to be bioavailable in the freely dissolved
water phase at concentrations sufficient to cause acute
toxicity in fish (Budd et al. 2007). However, the increased
agricultural and urban usage of pyrethroids has led to an
elevated risk of fish exposure. The high hydrophobicity of
pyrethroids coupled with their known uptake by inverte-
brate prey items inhabiting pyrethroid-contaminated field
sediments has emphasized the importance of the dietary
route of exposure for fish (Werner et al. 2002; Zhang et al.
2018). Furthermore, studies of wild-caught fish have
demonstrated the potential for pyrethroid exposure. In a
monitoring study of four Iberian rivers, Corcellas et al.
(2015) documented the presence of bifenthrin, cyhalothrin,
and cypermethrin in tissues of all fish sampled, with total
pyrethroid concentrations ranging from 12 to 4938 ng/g
lipid weight.

Pyrethroids are divided into classes based on chemical
structure, with type II compounds generally thought to be
more potent due to a greater degree of modification of
sodium currents (Motomura and Narahashi 2000; Nasuti
et al. 2003). Type I and type II pyrethroids are differentiated
by the presence of a cyano moiety at the alpha position
relative to the ester, with type I pyrethroids lacking the
cyano moiety. Cypermethrin is a type II pyrethroid which is
commonly used as treatment for insect pests of cotton, fruit,
and vegetable crops (US EPA 2008). Due to its high toxi-
city to crustaceans, cypermethrin is commonly used in
salmon aquaculture in Norway, Scotland, and Ireland to
treat sea lice (Burridge et al. 2010). Residential runoff also
represents an important source of cypermethrin to the
aquatic environment (Weston et al. 2009). Maximum
cypermethrin concentrations of 940 ng/g dry weight were
detected in suspended sediments discharged from urban
stormwater drains in Northern California (Weston et al.
2009). Furthermore, usage of cypermethrin and other pyr-
ethroids have been related to declines in the abundance of
six pelagic fish species in the San Francisco Estuary (Fong
et al. 2016). Additionally, high concentrations of cyper-
methrin have been detected in run-off from agricultural
areas following pesticide applications, reaching 194 ug/l in
watersheds adjacent to soybean production areas in
Argentina (Hunt et al. 2017; Marino and Ronco 2005). In a
global review of pyrethroid contamination of various
environmental media (soil, water and sediment) and
organisms, cypermethrin was the most frequently detected
(Tang et al. 2018), further emphasizing the importance of
elucidating the effects of cypermethrin on biota.

The primary site of toxic action for pyrethroids in target
organisms are voltage-gated sodium channels, leading to
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repetitive neuronal firing and subsequent neurotoxic
effects (Vijverberg and vanden Bercken 1990). In fish,
acute waterborne exposure to pyrethroids may lead to loss
of balance, respiratory problems, and immobilization
(Yilmaz et al. 2004). Given the known neurotoxicity of
pyrethroids, swimming performance represents an impor-
tant organismal-level measure of neuromuscular function
which has implications for a wide range of processes
including foraging, migration, and predator avoidance
(Goulding et al. 2013).

The application of molecular tools, such as tran-
scriptomics and metabolomics, has led to a further
advancement in understanding the modes of action asso-
ciated with pyrethroid exposure in fish species (Magnuson
et al. 2020a, b; Jeffries et al. 2015). Studies linking effects
at the whole-organism and molecular levels are of parti-
cular importance in interpreting the potential ecological
effects of a contaminant. Previous studies have reported
altered regulation of mRNAs that encode proteins that
control lipid function and utilization as well as impair-
ments to energy metabolism following pyrethroid treat-
ment (Jin et al. 2015; Beggel et al. 2011). Furthermore,
lipid metabolism and fatty acid oxidation are fundamental
in providing energy for processes such as swimming
and reproduction, with studies demonstrating a link
between activities of mitochondrial enzymes involved in
lipid metabolism (e.g. p—hydroxyacyl coenzymeA dehy-
drogenase) and swimming performance (U, Farrell et al.
1991). Though a number of studies have assessed the
relationships between energy homeostasis and swimming
performance of fish (e.g. Gibb and Dickson 2002; Goert-
zen et al. 2011), the effects of pyrethroids on lipid meta-
bolism and synthesis pathways in fish have not been well
characterized.

Uptake and accumulation of cypermethrin in benthic
invertebrate prey items inhabiting contaminated sediments
has been observed (Maund et al. 2002; Zhang et al. 2018),
confirming the importance of diet as a pathway of exposure
in the natural environment. As such, dietary exposure was
chosen to simulate the potential effects of consuming
pyrethroid-contaminated prey items by Chinook salmon.
Salmon were fed cypermethrin spiked pellets for 7, 14, or
21 days and analyzed for cypermethrin body residues,
swimming performance, and liver lipid homeostatic genes.
Consequently, the present study aimed to determine the
effects of dietary cypermethrin exposure on swimming
performance (measured here as Up,,) and expression of
genes involved in lipid homeostasis and energetics in
juvenile Chinook salmon. It is anticipated that exposure to
dietary cypermethrin would lead to alterations in expression
of liver homeostatic genes, such as fatty acid synthase and
ATP citrate lyase, with a concomitant reduction in swim-
ming performance.
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Materials and methods
Chemicals

Cypermethrin (99% purity) for spiking pellets and dibro-
mooctafluorobiphenyl (DBOFB, 99% purity) and deca-
chlorobiphenyl (DCBP, 99% purity, 200 pg/ml in acetone)
for measuring recovery were obtained from Sigma-Aldrich
(St. Louis, MO, USA). 2,3'4,4',5',6-hexachlorobiphenyl
(PCB-168, 99% purity, 35 pg/ml in isooctane) for measur-
ing recovery was obtained from AccuStandard (New
Haven, CT, USA). Cypermethrin for analysis was obtained
from AccuStandard as a custom standard (99% purity,
10 ug/ml in hexane). All solvents were Optima grade
(Fisher Scientific, Waltham, MA, USA). Silica (60-200
mesh, grade 62), sea sand, sodium sulfate (ACS grade),
acetic acid (ACS grade), and copper powder were obtained
from Fisher Scientific. Internal standards 2,2/,3,4,4',5,6,6'-
octachlorobiphenyl (PCB-204, 99% purity), '*C;,-DCBP
(99% purity, 40 ug/ml in isooctane), and dg-cypermethrin
(99% purity) were obtained from AccuStandard, Cambridge
Isotope Laboratories (Tewksbury MA, USA) and Kalexsyn
(Kalamazoo, MI, USA), respectively.

Juvenile Chinook salmon rearing

Juvenile Chinook salmon were obtained from the Illinois
Department of Natural Resources’ Jake Wolf Hatchery
(Topeka, IL, USA). Fish were maintained in recirculating-
water mesocosms supplied with biofiltered, dechlorinated
municipal water (pH 6.8) with the temperature held at 12 +
1 °C. In addition, they were acclimated for nine months and
fed a commercial pellet diet (BioVita Fry, Bio-Oregon,
WA, USA) ad libitum daily under a 12:12h light:dark
photoperiod. All experiments were performed in accordance
with the Institutional Animal Care and Use Committee
(IACUC; Protocol number: 17-027) approved by Southern
Mllinois University.

Experimental treatment and water quality

Juvenile Chinook salmon (average fork length =17.91 =
1.64 cm; average weight = 52.83 + 18.54 g) were dietarily
exposed to cypermethrin-dosed (nominal concentrations;
200 or 2000 ng/g) or solvent control (acetone) pellets for a
duration of 7, 14, or 21 days (n=6 per time point per
treatment). Juvenile Chinook salmon were selected for
exposure to elucidate the potential for contaminants to
affect the health of out-migrating salmonids. These dietary
concentrations and timepoints were chosen to simulate a
worst-case scenario for benthic invertebrates rearing in
highly contaminated sediments within the Sacramento-San
Joaquin Delta (Nowell 2003). Fish were fed 1% of their

body weight daily. A preliminary study (data not shown)
demonstrated the palatability of cypermethrin-spiked pel-
lets over a seven-day period. Two fish were present per
381 glass aquarium, with a total of three replicate aquaria
for each treatment (n =6 per treatment, per timepoint).
Each aquarium contained dechlorinated municipal water
and was equipped with carbon filtration. Water changes
were conducted twice per week throughout the experi-
ment, and water quality parameters assessed three times a
week. The following water quality parameters were
assessed; dissolved oxygen (mg/l), temperature (°C),
salinity (ppt), pH and total ammonia (mg/l). Briefly, a
500 ml water sample was taken from a randomly selected
control tank and temperature and salinity assessed using an
YSI-30 meter. Dissolved oxygen, pH and total ammonia
were assessed using an YSI Pro20 meter, Oakton pH 150
meter, and an API total ammonia kit, respectively. The
following water quality parameters were maintained
throughout the duration of the study: temperature (11.6 £
0.3 °C), pH (6.6 +£0.3), dissolved oxygen (9.9 + 1.5 mg/l),
conductivity (474.5+55uS/cm), and total ammonia
(0.25 £0.0 mg/1). All values are presented as average +
standard deviation.

Pellet dosing and extraction of cypermethrin from
pellet feed

Commercial pellet feed (BioVita Fry 2.5 mm, Bio-Oregon,
WA, USA) was spiked with a solvent control (acetone) or
200 and 2000 ng cypermethrin/g pellet (nominal) following
Meador et al. (2006). Briefly, pellets were added to amber
glass bottles and covered with acetone. A pre-calculated
amount (1.08 mg/ml) of cypermethrin stock in acetone was
added to the 2000 ng pellet group and mixed thoroughly.
For the 200 ng treatment and solvent control pellets, an
equivalent amount of dilute (0.108 mg/ml) cypermethrin
stock and clean acetone, respectively, was added. All pellets
were mixed on an orbital shaker (Thermo Scientific
MaxQ?2000, Thermo Fisher Scientific) at 100 rotations per
minute for 24 h and dried under a gentle nitrogen flow until
a constant mass was achieved.

To assess actual concentrations of cypermethrin in the
pellets, four replicate sub-samples of control (0.3 +
0.01 g) and treated (0.1 +£0.01 g) pellets were ground to a
homogenous powder using a mortar and pestle and 5 ml
of acetone was added. A matrix spike, matrix spike
duplicate, two solvent blanks and a matrix blank were
included to demonstrate the accuracy of the extraction
procedure. Matrix blank and spiked samples were clean
commercial pellet feed (BioVita Fry 2.5 mm). All samples
were spiked with DCBP and DBOFB surrogates and a
target analyte mixture added to the matrix spike samples
only to determine the efficiency of the extraction
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techniques (Supplementary Information). To determine
the potential for other legacy and current-use insecticide
contaminants in the fish food pellets, a target analyte
mixture containing a suite of 32 compounds was tested
(Supplementary Information, Table S1). Pellets were
ultrasonicated at 30% amplitude (Tekmar, Newton, CT,
USA) for 10 in triplicate and 5 ml of hexane was added.
Next, samples were bath sonicated (Branson Ultrasonic
5800, Branson, Danbury, CT, USA) for an additional
10 min and extracts transferred to clean vials followed by
a total of three hexane washes. Extracts were evaporated
to ~1 ml and passed through a sodium sulfate column to
remove residual water. Samples were transferred to GC
vials and evaporated to a final volume of 0.5 ml under a
gentle nitrogen flow. Nine calibration standards were
prepared at levels of 0.5, 1, 2, 5, 10, 25, 50, 100 and
200 pg/l of target analytes and surrogates (DCBP and
DBOFB) in hexane and internal standards were added (dg-
cypermethrin, PCB-204, and 13C12-DCBP, 20 ng each).
Cypermethrin was quantified as the sum of four structural
isomers. Samples were acidified with acetic acid (You and
Lydy 2007) and quantified on an Agilent 7890A GC
equipped with an Agilent 5975A inert XL MS (Santa
Clara, CA, USA) using negative chemical ionization
(NCI). An Agilent HP-5ms (30 m x 0.25 mm; 0.25 pm)
column was used. Pellets spiked to 2000 ng/g were dilu-
ted by a factor of 10 for analysis.

Solid phase extraction

To determine the potential for leaching of cypermethrin
from unconsumed feed, solid phase extraction (SPE) was
conducted on water samples at 7, 14 and 21 days using a
method adapted from Wang et al. (2009). At each time
point, 167 ml water samples were taken from each of the
three replicate tanks from each treatment along with three
randomly selected aquaria (from other time points) and
composited to form 500 ml samples. Cypermethrin con-
centrations were quantified on an Agilent 7890A GC
equipped with an Agilent 5975A inert XLL MS (Santa Clara,
CA, USA). Detailed information regarding extractions,
quantification, and QA/QC parameters are provided in
Supplementary Information.

Swimming performance (U,,.,)

Burst swimming speed (U,,x) was chosen as a measure of
swimming performance in juvenile Chinook salmon and
conducted as previously described in Goulding et al. (2013).
At each timepoint, individual fish were placed in a 301
impeller-driven swim tunnel (Loligo, Denmark) and
allowed to acclimate to the chamber for 20 min at a flow
rate of approximately 1.5 body lengths per second (BL/s).
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Body lengths per second was based on average measure-
ments conducted on a random subset of fish (n = 20). Water
flow was increased every 2 min by 0.2 BL/s until fish were
fatigued. Fatigue was determined when the fish rested
against the rear of the test chamber and did not respond to
gentle mechanical stimulation. At this point, the fish was
removed from the swim chamber and immediately eutha-
nized with buffered (sodium bicarbonate) tricaine mesylate
(MS-222, 120mg/l). Swimming performance assays
were conducted on a total of 52 fish during the course of the
experiment. Temperature and dissolved oxygen were
monitored between assays and water changed as needed.
Unax Was calculated according to Farrell (2008).

Morphometric measures and tissue extractions

Weight, total and fork length, and tissue extractions were
taken following euthanasia. Approximately 30 mg of liver
tissue was extracted, preserved in RNAlater (Ambion), and
stored at —20 °C until subsequent molecular analysis. The
remaining fish carcass was weighed and stored at —20 °C
and used for body burden analysis.

Cypermethrin body burden analysis

Dissected fish carcasses were freeze dried for 48 h using a
Freezone 1 freeze drier (Labconco, Kansas City, MO, USA)
and homogenized using a Waring 7010S commercial lab
blender equipped with a stainless-steel cup (Stamford, CT,
USA). Cypermethrin was extracted from homogenized tis-
sue using Accelerated Solvent Extraction (ASE). ASE was
performed by first loading homogenized and freeze-dried
juvenile Chinook tissue (2g) into a stainless steel cell
(33 ml) equipped with a cellulose filter, copper powder
(0.5 g), and silica (5 g, activated at 130 °C for 4 h) for inline
extract clean up and lab sand as filler. The tissue was
extracted using an ASE 200 (Thermo Fisher Scientific,
Waltham, MA, USA) using two heat-static cycles of acet-
one:dichloromethane (1:1, volume:volume) at 100 °C and at
1.03 x 10" Pa. The extract was cleaned first using freezing
lipid precipitation (FLP) followed by SPE (Hong et al.
2004). Further details of these procedures are available in
the Supplementary Information.

A set of five QA/QC samples were analyzed with each
batch of 18 samples: a matrix-free lab blank and a matrix
blank sample were used to assess for contamination in the
preparation methods, a sample matrix spiked with cyper-
methrin (40ng) was used to assess the accuracy of the
analysis, and a matrix spike duplicate sample and a batch
duplicate was used to assess the reproducibility of the
analysis. Sample recovery was assessed using DBOFB and
PCB-168 surrogates, 40 ng each, added to the ASE cell
prior to extraction and measured relative to a spike check.
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Acceptability criteria for QA/QC samples is described in the
Supplementary Information (section S1). The method
detection limit (MDL) was estimated by analyzing seven
replicate matrix samples spiked with 2.5 ng cypermethrin
and calculated as the product of the standard deviation of
the concentration and the one-sided Student’s ¢ value at
99% confidence level (Glaser et al. 1981). The MDL for
cypermethrin in Chinook salmon was 0.89 ng/g dry weight
(dw), and all concentrations below the MDL were con-
sidered to be not detected. Detections of cypermethrin
greater than the MDL, but below the method reporting limit
(set as 3 x MDL, i.e. <2.67 ng/g dw) were reported as below
the reporting limit. Further details on QA/QC for the
cypermethrin body burden analysis is available in the
Supplementary Information.

Lipid content analysis

Lipid content of juvenile Chinook salmon was assessed to
normalize measured cypermethrin body residues using a
vanillin-phosphoric acid colorimetric method as described
in Van Handel (1985). Further methodological details for
lipid analysis are available in Supplementary Information.

Gene expression analyses

Several genes that regulate lipid metabolism and ener-
getics in livers of fish were selected for mRNA evaluation
(see Table S2) including fatty acid synthase (fasn), ATP
citrate lyase (acly), farnesoid X receptor (fxr) and liver X
receptor (Ixra) in an attempt to link molecular responses to
swimming metrics. Total RNA was isolated from indivi-
dual, homogenized liver tissue (N =52) using a RNeasy
Mini Kit (Qiagen). RNA concentration and purity were
analyzed on a NanoDrop-1000 (Thermo Fisher Scientific,
Waltham, MA, USA). RNA was diluted to 1pg and
reverse transcribed to cDNA using an iScript Reverse
Transcription Supermix RT-qPCR kit (Bio-Rad, Hercules,
CA, USA), per manufacturer’s instructions. qPCR was
performed using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on a Bio-Rad CFX Connect Real-
Time PCR Detection System. Each reaction had a con-
centration of 100ng cDNA with specific primer pairs
(10 uM) for the genes of interest (Supplementary Table
S2) with the following thermal cycling conditions used
for qPCR analysis: A denaturation at 95 °C for 5 min, with
40 cycles of a 10s denaturation step at 95°C and an
annealing and extension step for 60s at 60 °C. A melt
curve was carried out from 54-95°C in increments of
0.5°C. All genes were normalized to the housekeeping
gene, 18S. All samples were run in triplicate and relative
fold change calculated using the 222" method (Livak
and Schmittgen 2001).

Table 1 Measured cypermethrin concentrations in spiked pellet feed

Target pellet dosing Measured cypermethrin, ng/g

level (ng/g) wet weight
Solvent control 7.6+0.3
200 263.8+16.7
2000 2552.3*+87.3

Data are presented as average +one standard deviation for three
replicates

*Analyzed in duplicate

Statistical analysis

RStudio (version 1.3.3) and SPSS (version 24) were used to
perform statistical analyses. Linear regressions were used to
compare cypermethrin body residues to gene expression
and swimming performance. The effects of cypermethrin
and duration of exposure on total lipid content were
assessed using ANOVA. An a <0.05 was used to determine
statistical differences among treatments.

Results
Pellet and water cypermethrin concentrations

Measured cypermethrin concentrations in spiked feed are
displayed in Table 1. Average cypermethrin values were
7.6+0.3, 263.8+16.7 and 2252.3 +87.3 for the solvent
control, 200 and 2000 ng/g (nominal) pellet concentrations,
respectively. Cypermethrin was detected in matrix blank
(n=1), but not lab blank (n =2) samples, indicating that
control pellets contained low levels of cypermethrin. Pellets
did not contain detectable levels of other insecticides
(Supplementary Information). Cypermethrin was not
detected in water samples taken from the solvent control or
200 ng pellet tanks at 7, 14, or 21 days. For the 2000 ng
treatment, cypermethrin was not detected in water samples
after 7 days of feeding, though 1.8 and 5.1 ng/l cyperme-
thrin was detected in the water after 14 and 21 days,
respectively. Surrogate recoveries and further QA/QC
details for both matrices are provided in the Supplementary
Information.

Cypermethrin body residues

Average lipid-normalized body residues following a 7-day
treatment were 97.0 +55.8 and 563.7 £618.9 ng cyperme-
thrin/g lipid for the 200 and 2000 ng/g groups, respectively
(n=6). For the solvent control treatment across all time-
points, cypermethrin was not detected (<0.89 ng/g dry
weight) in 53% of samples, and below the reporting limit
(<2.67 ng/g dry weight) in 47% of samples. The average
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Fig. 1 Average lipid normalized cypermethrin body residues in juve-
nile Chinook salmon fed 200 and 2000 ng/g (nominal) cypermethrin
spiked pellets for 7, 14, or 21 days. Data are shown presented as
average + one standard deviation (N = 52)

lipid normalized body residues in juvenile Chinook salmon
across 7, 14 and 21 days are shown in Fig. 1. The larger
than expected variance within treatments at each timepoint
was attributed to one of the two fish in each tank consuming
the majority of the supplied feed, leading to body residues
below detection levels in some fish fed contaminated pel-
lets, a trend which continued throughout the study. At the
14 days timepoint, average body residues were 123.9 +62.1
and 1523.6 +£1523.3 ng/g lipid. After a 21-day treatment,
average body residues were 155.4+73.3 and 952.1%
665.6 ng/g lipid at the 200 and 2000 ng pellet treatments,
respectively.

Swimming performance (Uax)

Swimming performance trials lasted between 29 and 77 min,
with an average trial duration of 56 + 8.4 min. The average
Upax values across all timepoints were 4.28 +1.06, 3.69 +
1.10 and 3.99 + 0.96 BL/s for the solvent control, 200 ng and
2000 ng pellet treatments, respectively (average + standard
deviation). Swimming performance was analyzed against
measured cypermethrin body residues irrespective of time-
points assessed, as there was variability in tissue burden
concentrations within treatment groups (Fig. 2). There was
no significant relationship between swimming performance
and measured cypermethrin body residues observed (linear
regression, = 0.0125, p =0.454; Fig. 2).

Total lipid analysis
Total lipid content in juvenile Chinook salmon ranged from

4-19% across all timepoints and treatments. For the control,
200 and 2000 ng/g pellet groups, average lipid content
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mance (Uy,,,) is presented as body lengths per second (BL/s) (N =52)

across all timepoints was 9.0 +4.9%, 9.5+3.4% and 8.9 £
3.6%, respectively (average + standard deviation). No sig-
nificant relationship was found between total lipid content
and cypermethrin residues or duration of exposure
(ANOVA, p>0.05).

Gene expression analysis

There were increased trends in fasn (* = 0.10, p <0.05) and
acly (*=0.21, p<0.001) mRNA expression in the livers
of juvenile Chinook that were statistically significant when
compared to cypermethrin body residues, though no sig-
nificant relationship between fxr or [xra expression,
regardless of cypermethrin concentration (Fig. 3).

Discussion

The present study represents the first known evaluation of
the impact of dietary exposure of a pyrethroid insecticide to
swimming performance, total lipids, and subsequent
alterations to genes involved in lipid utilization, transport,
and energy metabolism in the liver of a salmonid species.
Swimming performance and gene expression analyses were
related to concentrations of cypermethrin that were accu-
mulated as body residues following 7, 14, or 21 days of
exposure. Molecular level endpoints were more sensitive to
cypermethrin exposures than burst swimming performance
(Upnax), with trends of increased mRNA expression of fasn,
involved in the synthesis of long-chain fatty acids, and acly,
involved in energy metabolism pathways.

Cypermethrin represents one of the most ubiquitously
recorded pyrethroids in sediments globally (Tang et al.
2018), with sediment concentrations as high as 1.92 ug/g
organic carbon recorded in sediments collected from
Guangzhou, China (Sun et al. 2015). The bioaccumulation
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of cypermethrin by invertebrates inhabiting spiked field
sediments has been demonstrated for Chironomus tentans,
an important dietary item for juvenile Chinook salmon
(Goertler et al. 2018), with a biota-sediment accumulation
factor (BSAF) of 0.63 recorded for a 1% organic carbon
sediment (Maund et al. 2002). Assuming a BSAF value of
0.63 and a worst-case sediment concentration of 1.92 pg/g,
resultant concentrations for C. tentans would be 1.21 pg/g.
Though analysis of cypermethrin in field-collected benthic
invertebrates is limited, this emphasizes the potential for
dietary exposure of juvenile Chinook salmon to cyperme-
thrin in the natural environment in concentrations similar in
magnitude to those used in the present study.

Juvenile Chinook salmon exposed to cypermethrin
spiked pellets for 21 days accumulated an average of
155.4+73.3 and 952.1 £665.6 ng/g lipid (average =+ stan-
dard deviation) in the 200 and 2000 ng/g pellet treatment
groups, respectively. These concentrations are similar in
magnitude to those recorded for brown trout (Salmo trutta)
collected from the Llobregat River, Spain, where cyper-
methrin concentrations were measured up to 1520 ng/g lipid
weight, though effects on fish health were not considered

(Corcellas et al. 2015). The higher concentrations observed
in wild caught fish are likely due to the influence of both
waterborne and dietary exposures, whereas the present
study focused solely on the latter. Laboratory studies
quantifying cypermethrin accumulation in fish are limited
(Bonansea et al. 2017; Muir et al. 1994), and no known
previous study has assessed the dietary route of exposure
and the downstream effects following treatment. A species
of Kkillifish, Jenynsia multidentata, exposed to 40ng/l of
waterborne cypermethrin for 96 h, had an estimated mean
accumulation of 6 ng/g cypermethrin in whole fish, based
on amounts measured in individual tissues (Bonansea et al.
2017), and subsequently reduced swimming behavior and
altered biochemical responses in treated fish that may dys-
regulate metabolic processes (Bonansea et al. 2016).

In the present study, juvenile Chinook salmon expression
of fasn mRNA in the liver was statistically correlated with
cypermethrin body burden residues, following dietary
exposure (Fig. 3). Fasn plays a key role in the synthesis of
fatty acids, and has previously been shown to be altered by
exposure to xenobiotics in dietary exposures (Olsvik et al.
2019). Adult male rats dietarily supplemented with another
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type II pyrethroid, lambda-cyhalothrin, at a dose of
0.15mg/ kg body weight for two months exhibited sig-
nificantly increased expression of fasn in liver tissue and
subsequently supported immunohistochemical increases in
the livers of exposed rats (Moustafa and Hussein 2016).
HepG2 cells exposed to 1 x 1077 M of a type I pyrethroid,
cis-bifenthrin, for 24 h had significantly upregulated
expression of fasn, along with a similar dysregulation of
genes involved in lipid metabolism (Xiang et al. 2018).
Fasn mRNA expression has also been reported to be altered
in other in vivo-based studies following exposure to non-
pyrethroid pesticides. Atlantic cod (Gadus morhua) dieta-
rily exposed to 23.22 ug/g chlorpyrifos-methyl for 30 days
had significant increases in liver fasn expression, which was
used to predict altered synthesis and metabolism of hepatic
cholesterol through informatic pathway analyses of diseases
and functions (Olsvik et al. 2019).

In addition to fasn, the expression of acly also was sig-
nificantly correlated with cypermethrin body residues in
juvenile Chinook salmon (Fig. 3). ATP citrate lyase (acly)
is highly expressed in the liver where it plays an important
role in energy metabolism through the synthesis of acetyl-
CoA, which serves as a precursor for downstream choles-
terol and fatty acid synthesis (Chypre et al. 2012). A similar
upregulation of acly mRNA expression was reported in
mice administered a 10 mg/kg dose of cypermethrin for four
weeks (Jin et al. 2015). Additionally, following a trend
previously mentioned regarding altered fasn expression,
Atlantic cod dietarily exposed to 23.2 mg/kg (equivalent to
23,200 ng/g) chlorpyrifos-methyl for 30 days also had sig-
nificant increases in liver acly expression (Olsvik et al.
2019). Induction of each of these genes suggests that fasn
and acly share similar lipogenic pathways in the livers of
exposed murine models and fish and could potentially be
sensitive biomarkers of impaired lipid synthesis following
pesticide treatment. The mechanism of induction is unclear,
however, as expression of upstream regulating receptors
(eg. Ixra or fxr) was unaltered by treatment. Since previous
studies have indicated pyrethroids may act as agonists and/
or antagonists on these receptors (Yang et al. 2019), addi-
tional studies evaluating receptor activation may be needed
to determine how lipogenic genes are upregulated.

Taken together, these findings suggest that dietary
cypermethrin exposure may lead to alterations to lipid
metabolism to promote lipidogenesis and accumulation, and
that fasn and acly expression may serve as potential bio-
markers of exposure to pesticide-treated fish. Studies have
suggested that increased lipid levels in pesticide exposed
fish may be an adaptive response to sequester residues in
greater amounts and thereby increase tolerance (Thangavel
et al. 2005); however, this was not supported by analysis of
total lipid content in the present study. The lack of a
downstream response in total lipid content suggests that the
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induction of fasn and acly was not of a magnitude necessary
to elicit physiological changes in lipid utilization, or that
lipid changes were tissue-specific and not detected using
whole-body lipid determinations.

Furthermore, studies have demonstrated changes in
hepatic expression of genes relating to fatty acid synthase in
fish exposed to phytoestrogens and endocrine disrupting
compounds (Cleveland and Manor 2015), with the degree
of upregulation related to compound estrogenicity. Cyper-
methrin has been demonstrated to have endocrine disrupting
effects on fish (Eni et al. 2019; Ullah et al. 2018), thus the
observed upregulation of fasn and acly in the present
study may be related to synthesis of long-chain fatty acids
for vitellogenin or oocyte development, indicative of
endocrine disruption. Additional dose-response studies
linking expression of lipogenic enzymes to tissue-specific
lipid content and markers of endocrine disruption including
vitellogenin and serum hormone levels is needed to fully
explore these mechanisms as an adverse outcome of
cypermethrin exposure.

Proper lipid metabolism and fatty acid oxidation are
paramount for providing a sustained energy source for fish
(Watanabe 1982), particularly during energetically taxing
functions such as reproduction and swimming. In rainbow
trout (Oncorhynchus mykiss) elevated activities of mito-
chondrial enzymes involved in lipid metabolism (e.g.
B-hydroxyacyl coenzymeA dehydrogenase) were observed
in fish with a higher critical swimming speed (U, indi-
cating that lipid metabolism is positively correlated with
swimming performance (Farrell et al. 1991). However, this
relationship is not ubiquitous, with some studies finding no
relationship between metabolic enzyme activity and swim-
ming performance (Gibb and Dickson 2002; Goertzen et al.
2011). The two most common assessments of swimming
performance in fish are critical swimming speed (U;) and
burst swimming speed (Up.) (Brett 1964; Farrell 2008;
Goulding et al. 2013). Juvenile Chinook salmon dietarily
exposed to cypermethrin did not exhibit a significantly
different U,,,,, regardless of body burden residue (Fig. 1).
Similarly, juvenile rainbow trout exposed up to 300 ng/l
deltamethrin or up to 3 pg/l permethrin for 4 days did not
have significant changes in U,,, nor subsequent changes in
U in trout exposed to permethrin (Goulding et al. 2013).
Though a reduced swim performance was noted in
permethrin-exposed rainbow trout previously (Kumaraguru
and Beamish 1983), contradicting findings were thought to
be due to differences in developmental stage and fish size
(Goulding et al. 2013). Furthermore, sheepshead minnow
(Cyprinodon variegatus) chronically exposed to an orga-
nophosphate, guthion, at concentrations up to 0.50 ug/l for
216 days did not exhibit significant changes in U, when
compared to control treatments (Cripe et al. 1984). How-
ever, guthion significantly inhibited acetylcholinesterase
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(78%) and caused reproductive effects (Cripe et al. 1984).
Additionally, juvenile sockeye salmon (Oncorhynchus
nerka) exposed to a suite of neonicotinoids, including
imidacloprid, clothianidin, thiamethoxam, and their mix-
ture, at concentrations up to 300 ug/l for 96 h did not exhibit
significant changes in Up,, (Engelking 2018). However,
Coho salmon (Oncorhynchus kisutch) exposed to 20 pg/l
chlorpyrifos had reduced U,,,x compared to controls and the
5 and 10 pg/l treatment groups (Tierney et al. 2007). This
suggests that U,,,, may not be a sensitive endpoint when
assessing all classes of pesticides, such as pyrethroids,
and fish species, size, exposure duration, and route of
exposure (waterborne versus dietary) may influence swim-
ming performance following treatment. Additionally,
molecular-level changes, biochemical alterations, or other
swimming-based assessments, such as olfactory-driving
responses, may be more sensitive endpoints to pesticides,
relative to Uy, or U
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