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Abstract Some species of fish are more tolerant of
rotenone, a commonly used non-specific piscicide,
than others. This species-specific tolerance to rotenone
has been thought to be associated with the uptake and
the efficiency at which the chemical is detoxified.
However, rotenone stimulates oxidative stress and
superoxides, which are also toxic. Understanding the
modes in which fish physiologically respond to
rotenone is important in developing improved proto-
cols for its application in controlling aquatic nuisance
species. Using a molecular approach, we investigated
the physiological and molecular mechanisms of
rotenone resistance. Species-specific responses were
observed when rotenone-sensitive silver, Hypophthal-
michthys molitrix, and both rotenone-resistant bighead
carp, Hypophthalmichthys nobilis, and bigmouth buf-
falo, Ictiobus cyprinellus, were exposed to rotenone.
Rotenone levels in plasma were highest 90 min after
exposure in both silver carp and bigmouth buffalo, but
bigmouth buffalo tolerated over twice the burden
(ng mL™! g~ 1) than silver carp. Expression of genes
related with detoxification (cypla and gst) increased in
silver carp, but either decreased or remained the same
in bighead carp. Genes linked with oxidative stress in
the cytosol (gpx, cat and sodl) and hsp70 increased
only in silver carp after a 6-h exposure. Expression of
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genes associated with oxidative stress in the mito-
chondria (sod2 and ucp?2) differed between silver carp
and bighead carp. Expression of sod2 changed min-
imally in bighead carp, but expression of ucp?2 linearly
increased to nearly 85-fold of the level prior to
exposure. Expression of sod2 and ucp?2 did not change
until 6 hin silver carp. Use of sod! and sod2 to combat
oxidative stress results in hydrogen peroxide produc-
tion, while use of wucp2 produces nitric oxide, a
chemical known to inhibit apoptosis. We conclude that
the mechanism at which a fish handles oxidative stress
plays an important role in the tolerance to rotenone.

Keywords Asian carp - Rotenone - Oxidative stress -
Hypophthalmichthys - ROS

Introduction

Rotenone is commonly used as a piscicide to control
undesirable fishes by resource management agencies
because of its high toxicity to fishes and low toxicity to
mammals (Lennon 1970; Rach and Gingerich 1986).
Unfortunately, variability exists in rotenone’s toxicity
among species of fishes. According to one manufac-
turer’s general guide to application (Prentiss, Inc.,
Floral Park, NY USA; 5% rotenone as active ingre-
dient), twice the concentration of rotenone is required
to effectively kill bullheads (Ictalurus spp.) and
common carp, Cyprinus carpio, than for other species.
Our laboratory has previously shown that under
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similar concentrations of rotenone, all yellow perch,
Perca flavescens, and bluegill, Lepomis macrochirus,
died while only half of the channel catfish, Ictalurus
punctatus, and bighead carp, Hypophthalmichthys
nobilis, died (Rach et al. 2009). Differences in
rotenone resistance may be explained by differences
in absorption, distribution, metabolism or excretion
(Gingerich and Rach 1985) or possibly the ability to
combat reactive oxygen species (ROS) caused by
exposure to rotenone.

Xenobiotic metabolism is generally considered to
include modification and conjugation of the xenobi-
otic to facilitate elimination. One of the most common
modifications is hydroxylation catalyzed by the cyto-
chrome P450 enzymes. Cytochrome P450s, particu-
larly cytochrome P4501A (cypla), are commonly
used biomarkers of fish exposed to various toxicants
(Curtis et al. 1993; Bucheli and Fent 1995; Collier
et al. 1995; Eggens et al. 1995; Egaas et al. 1999).
Conjugation of the xenobiotics with charged species
like glutathione by glutathione S-transferase (gsf)
provides another commonly used biomarker for
xenobiotic exposure in aquatic organisms (Fitzpatrick
et al. 1997; Al-Ghais and Ali 1999; Egaas et al. 1999;
Sayeed et al. 2003).

Besides metabolizing rotenone, fish must overcome
the cellular affect of rotenone. Rotenone inhibits the
reoxidation of nicotinamide adenine dinucleotide and,
subsequently, the transfer of electrons between Com-
plex 1 and coenzyme Q of the electron transport chain
resulting in decreased formation of ATP (Horgan
1968). Studies have demonstrated that the differences
in species sensitivity cannot be explained by differ-
ential blocking of the nicotinamide adenine dinucle-
otide (Lindahl 1961; Horgan 1968). The blocking of
the electron transport chain and cellular respiration by
rotenone causes the cell to become hyperoxic. Since
oxygen is present but not being used by the electron
transport chain, superoxides (O, ™) are formed result-
ing in a highly oxidative state and increasing the
amount of cellular damage. Resistant species, like
common carp, have been found to concentrate rote-
none in tissues (e.g., liver) that have a high level of
oxidative metabolism (Rach and Gingerich 1986),
suggesting a possible link between the ability to
metabolize ROS and sensitivity to rotenone.

Cells respond to oxidative stress by converting
the ROS to hydrogen peroxide using copper/zinc
superoxide dismutase (sodl; cytosol) and iron/
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manganese superoxide dismutase (sod2; mitochon-
dria). Hydrogen peroxide decomposition is catalyzed
by catalase (cat) or glutathione peroxidase (gpx). These
four genes are thus commonly used biomarkers to
indicate oxidative stress (Regoli et al. 2003; van der
Oostetal. 2003; Monteiro et al. 2006). Some organisms
can also respond to oxidative stress through an entirely
different pathway by limiting ROS production in the
mitochondria. This mechanism relies on uncoupling
protein 2 (ucp2) to uncouple cellular respiration from
phosphorylation. This mechanism is thought to be a
powerful method to limit ROS production (Ricquier
and Bouillaud 2000). This uncoupling pathway results
in the formation of nitric oxide (NO), not H,O, like that
in the dismutase pathway.

Cellular proteins become denatured in the presence
of ROS and need to be removed. Heat shock protein 70
(hsp70), another commonly used biomarker for oxida-
tive stress, temporarily binds to the hydrophobic
residues of cellular proteins and prevents them from
aggregating and allowing them to refold or the
denatured proteins are passed to the ubiquitination
and proteolysis pathway for recycling (Luders et al.
2000; Clark and Peck 2009; Kayhan and Duman 2010;
Roberts et al. 2010). When not participating in stress
response, Asp70 inhibits a cascade that would otherwise
trigger apoptosis (Mosser et al. 1997; Li et al. 2003).

We hypothesize that resistant fish can withstand
higher levels of rotenone because they have lower
uptake of rotenone, are more efficient at metabolizing
rotenone or respond differently to ROS caused from
rotenone exposure. To test this, we performed two
separate trials evaluating the effects of rotenone on a
susceptible species (silver carp) and a resistant species
(bigmouth buffalo and/or bighead carp). The main
objective of the first trial was to determine the rate of
uptake and the maximum concentration of rotenone in
the plasma of rotenone-sensitive silver carp and
rotenone-resistant bigmouth buffalo. The objective of
the second trial was to determine the transcriptional
responses of a few genes responsible for detoxification
(cypla and gst) and oxidative stress (sodl, sod2, cat,
gpx, ucp2 and hsp70) to low-dose rotenone exposure of
silver carp and bighead carp. Expression of hypoxia
initiation factor 1-a (hifl-o), a commonly used hypoxia
biomarker, was included to assess the state of hypoxia
within the hepatocytes. Any use of trade, product or
company name is for descriptive purposes only and
does not imply endorsement by the U.S. Government.
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Materials and methods
Plasma rotenone study

To determine the maximum amount of rotenone in
plasma and the rate at which it accumulates in the
plasma of silver carp and bigmouth buffalo, fish of
both species were exposed to a commercial formula-
tion of rotenone and the amount of rotenone deter-
mined following a 12-h exposure and compared with
pre-exposure levels. Thirty-six mixed-gender big-
mouth buffalo (718.9 £ 252.3 g) and thirty-six silver
carp (983.9 + 190.5 g) were stocked into each of two
500-L fiberglass tanks on September 29, 2010 for a
12-h (720-min) rotenone exposure. Tanks were filled
with river water from the Illinois River near Havana,
IL. River water temperature at the time of the study
was 20.4°C; tanks were placed streamside to provide a
natural photoperiod. Compressed air was supplied to
each tank to maintain constant dissolved oxygen at
>5 mg L™". Procedures for handling and euthanasia
of test animals were approved by the US Geological
Survey Upper Midwest Environmental Sciences
Center Animal Care and Use Committee.

Plasma was collected from three fish of each
species per tank prior adding rotenone (Prenfish™,
5% rotenone, Prentiss Inc. Alpharetta, GA) at a
commonly used exposure concentration, 50 ppb.
Three fish of each species were euthanized by cranial
concussion at 45, and 90, 180, 360 and 720 min after
treatment. Immediately after euthanasia, whole blood
was collected by cardiac puncture with a 3-mL syringe
with a pre-heparinized 18-gauge needle and then
expelled into separate 2-mL heparinized centrifuge
tubes. Blood samples were centrifuged at 3000x g for
3 min. Plasma was removed and placed into separate
2-mL cyro-vials and stored at —80°C until plasma
rotenone concentrations could be quantified.

A solid phase extraction (SPE) method was devel-
oped for the extraction of rotenone from fish plasma.
Plasma samples were processed through Phenomenex
Strata C18-E (55 pm, 70 A, 100 mg, 1 mL) SPE col-
umns. Each column was conditioned with acetonitrile
(2 mL) followed by 0.5% formic acid (FA, 2 mL). An
additional 0.5 mL FA was added to the column bed
immediately before sample addition. Plasma sample
(0.1-0.5 mL) was loaded on the column and brought
to 1 mL total volume with FA. The sample was
processed through the column at a rate of

1 mL min~". The column was washed with 0.5 mL
FA water and dried for 1-2 min. The sample was
eluted from the column with ethyl acetate (1 mL) and
collected in a 2-mL microcentrifuge tube. The sample
was evaporated to dryness under nitrogen, reconsti-
tuted with 0.25 or 0.5 mL 70:30 acetonitrile/water,
vortexed for 1 min, sonicated for 5 min and then
filtered with a 0.2-um PTFE syringe filter into a high-
performance liquid chromatography (HPLC) vial.
The sample was then analyzed by HPLC using an
Agilent 1200 Series equipped with a Waters Symme-
try C18, 4.6 x 150 mm, 3.5 pm column. The HPLC
parameters used were as follows: isocratic mobile
phase, 70:30 acetonitrile/0.05% FA; flow rate,
1 mL min~'; column temperature, 45°C; injection
volume, 20 pL; and detector wavelength, 296 nm.

Gene expression study

How the expression of a few common detoxification
and oxidative stress biomarkers changes when silver
carp and bighead carp are exposed to rotenone was
determined by comparing the level of expression
following exposure to that prior to exposure using
quantitative PCR. Thirty bighead carp (41.2 4+ 9.7 g)
and eighteen silver carp (142.3 4+ 65.7 g) were
exposed to 25-ppb rotenone for 12 h (720 min). This
size fish was used in this trial due to limited space and
for ease of handling since silver carp jump upon being
stressed. Water temperature was maintained at 20°C for
a 12-h exposure period. Compressed air was supplied to
each tank to maintain constant dissolved oxygen
concentrations at >5 mg L™, Procedures for handling
and euthanasia of test animals were approved by the US
Geological Survey Upper Midwest Environmental
Sciences Center Animal Care and Use Committee.
Six bighead carp and 3 silver carp prior (T-0) were
euthanized by cranial concussion and livers collected
before initiation of exposure to a 12-h static bath of
25-ppb rotenone. Six bighead carp and 4 silver carp
were euthanized by cranial concussion and livers
taken at 45, 90, 180, 360 and 720 min of being
exposed to rotenone. Liver samples were immediately
placed in RNALater™ (Applied Biosystems/Ambion,
Austin, TX, USA) and stored at —80°C. Before
processing, RNALater™ was removed and liver
tissues were immediately placed into 1 mL of TRIzol®
(Invitrogen, Carlsbad, CA, USA) and then homoge-
nized with a Tissue Tearor ™ (Cole-Palmer, Vernon
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Hills, IL, USA). Total ribonucleic acids (RNA) were
extracted according to the manufacturer’s instructions.

Total RNA was quantified spectrophotometrically
using a BioPhotometer plus (Eppendorf, Westbury,
NY, USA) and then diluted to a concentration of 1 pg
total RNA pL~' in DEPC-treated molecular-grade
water. Quality of RNA was determined by gel
electrophoresis. Total RNA (5 pg) was treated with
DNase I (Fermentas Inc., Glen Burnie, MD, USA)
according to the manufacturer’s instructions. Total
RNA (2 pg) was then reverse transcribed to cDNA
using High-Capacity Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) primed
with random hexamer primers according to the
manufacturer’s instructions. A “no-reverse transcrip-
tase” control was used for testing genomic DNA
contamination for each sample.

Eight genes and a single reference gene, elonga-
tion factor 1-a (efl-o), were selected based upon

biological function (Table 1). Three commonly used
housekeeping genes, 18S ribosomal RNA, f-actin
and efl-o, were evaluated to identify a candidate
reference gene for this study. Of the three, ef7-o was
the least variable (i.e., lowest CV) and was also found
not to differ significantly among exposure times, but
did differ between species. Annotated sequences
for Hypophthalmichthys were retrieved from the NCBI
database (http://www.ncbi.nlm.nih.gov/Genbank). Gene-
specific primers sets (Table 1) were designed using
Primer 3.0 v.0.4.0 (http://frodo.wi.mit.edu) and spec-
ificity for each primer was verified by BLAST
analysis. All primers were synthesized by Invitrogen,
Inc. (Carlsbad, CA USA).

All quantitative polymerase chain reactions (qQPCR)
were performed using SYBRgreen® technology.
Reactions (total volume—12 pL) were comprised of
6.0 pL of SensiMix SYBR master mix (Bioline USA
Inc., Tauton, MA USA), 360 nM of each primer and

Table 1 Primers used to quantify transcript abundance by real-time quantitative polymerase chain reaction of targeted genes

Gene Accession # Primer Sequence 5'-3

Reference

Elongation factor 1-a (efl-o) GU385741.1 Sense AGCCTGGTATGGTTGTGACC
Antisense GTTACCACGACGGATGTCCT

Hypoxia

Hypoxia-inducible factor-1 o (hifl-o) HM146310.1 Sense TTATCTGAAGGCCCTGGATG
Antisense TTCAAAGACGCTGTGACCAG

Detoxification

Glutathione S-transferase (gst) EF100902.1 Sense GAATGATGGAGCCCTGATGT
Antisense ATGTCAATCAAAGCCCGTTC

Cytochrome P450-1a (cypla) EU683729.1 Sense TGCAGAGAGAGCTGAACGAA
Antisense GAACGAGGAATGACGGAAGA

Oxidative stress

Uncoupling protein 2 (ucp2) EF100901.1 Sense AAAGGCTCAAATCACGTTGG
Antisense AGCCTGAAACCGTACCTTCA

Copper/zinc superoxide dismutase (sodl) HM469964.1 Sense GGAACCGTTTATTTCGAGCA
Antisense AAAAGCATGGACATGGAAGC

Iron/manganese superoxide dismutase (sod2) HM769945.1 Sense GAGCCTCACATCTGTGCTGA
Antisense GGAGACTTGGGTCGTCACAT

Glutathione peroxidase (gpx) EU108012.1 Sense TGAAGTGAACGGTGAGAACG
Antisense AGGCGATGTCATTCCTGTTC

Catalase (car) HM230689.1 Sense TTGGGATTTCTGGAGTTTGC
Antisense CTGAGCGTTGACCAGTTTGA

Heat shock protein 70 (hsp70) HM068296.1 Sense TGCTGGAGACACTCACTTGG
Antisense TGTCGCTGATGTCCTTCTTG

@ Springer


http://www.ncbi.nlm.nih.gov/Genbank
http://frodo.wi.mit.edu

Fish Physiol Biochem (2012) 38:1379-1391

1383

16.7 ng of cDNA template and molecular-grade
water. For controls, the template was replaced with
molecular-grade water or no reverse transcriptase. All
assays were carried out in duplicate using a Master-
cycler® ep realplex real-time platform (Eppendorf
Inc., Westbury, NY USA). The PCR conditions were
as follows: 94°C for 15 s and 56°C for 30 s for 40
amplification cycles. A single product was confirmed
using melt-curve analysis for every sample.

Data analysis

Morphometric data (i.e., body mass and total length)
and plasma rotenone concentrations (Table 2) were
compared among sample times using ANOVA and
Tukey’s post hoc test. All qPCR results were log
transformed and expressed as means =+ standard error
of the mean (SEM). All gene expression data were
normalized to the expression of efl-o and relative to
samples collected at TO in accordance with the AA-Ct
method (Pfaffl 2001). Relative transcript abundance
data were analyzed by 2-way ANOVA and Tukey’s
post hoc test with species, sampling time and their
interactions as the independent variables. All statisti-
cal analyses were performed using SigmaPlot® 11.0
(Systat Software, Inc., San Jose, CA USA) with a
significance level of p < 0.05.

Results
Plasma rotenone

Silver carp were much more sensitive to the rotenone
treatment than bigmouth buffalo. All silver carp died
within the first 360 min of exposure to rotenone
compared to no bigmouth buffalo mortality during
the same time period. Two bigmouth buffalo were still
alive at 720 min. Bigmouth buffalo had higher levels
of rotenone in plasma than silver carp (p = 0.02)
(Table 2). Rotenone concentrations were greatest in
both species within 90 min of being exposed where
plasma rotenone concentrations reached 173.3 ng mL ™"
in bigmouth buffalo and 127.3 ng mL ™" in silver carp.
When normalized to body mass (Table 2), the con-
centration of rotenone in bigmouth buffalo was near
twice that in silver carp (p < 0.01),0.180 = 0.017 and
0.098 & 0.017 ng mL™~" g~' body mass, respectively.

Gene expression

Expression of genes related with detoxification (i.e.,
cypla and gst) exhibited very different patterns
between species. Expression of cypla increased
following exposure to rotenone in silver carp
(p < 0.01) but decreased in bighead carp (p < 0.01)

Table 2 Plasma rotenone concentrations (ng mL~" &+ SEM) and plasma rotenone concentrations relative to body mass
(ng mL™" g=! & SEM) of silver carp and bigmouth buffalo during a 12-h exposure to 50 ppb

Species Length of exposure Concentration Relative concentration
(min) (ng mL™") (ngmL~' g™
Bigmouth buffalo 0 0.00" 0.00°
45 119.91 + 18.775€ 0.154 + 0.034°H
90 173.30 & 15.49B% 0.303 =+ 0.055"™*
180 153.95 + 45.58B€ 0.266 =+ 0.102"
360 97.51 + 22.35AB¢ 0.099 + 0.0211
720 Deceased Deceased
Silver carp 0 0.00% 0.00M
45 111.55 + 17.75Y 0.133 £ 0.020N
90 127.26 + 13.05 0.134 + 0.014N
180 114.57 + 9.16" 0.115 £ 0.011N
360 Deceased Deceased
720 Deceased Deceased

Values at each exposure time represent means of 6 individuals. Values with different letters significantly differ (p < 0.05) among
lengths of exposure within a species. Values with an asterisk indicate significant differences (p < 0.05) between species for that

exposure time
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(Fig. 1a). Expression of silver carp cypla increased
sevenfold (+0.73) in the first 360 min of rotenone
exposure (p < 0.01), whereas expression of cypla in
bighead carp decreased 0.45-fold (£0.20) during the
same period. Expression of gst increased 9.85-fold
(£1.37) in silver carp and 1.18-fold (£0.35) in
bighead carp following 720 min of exposure to
rotenone (Fig. 1b).

No differences were found in the level of expres-
sion of hifl-o in either species except at 360-min
exposure (Fig. 2). The expression of hifl-o increased
30.32-fold (£15.99) in silver carp after 360 min of
exposure (p < 0.01) but expression of hifl-o did not

differ from pre-exposure levels in bighead carp at that
same time. Instead in bighead carp, hifl-o steadily
increased by 8.15-fold (£1.67) by 720 min
(p = 0.02). The expression of hsp70 followed a
pattern similar to hifl-o with silver carp expression
of hsp70 increasing 31.63-fold (£21.64) after 360 min
of rotenone exposure (p = 0.01) compared to the
steady increase in bighead carp to 6.60-fold (£1.11)
after 720 min of exposure (Fig. 3).

Not only did hifl-o and hsp70 have high expression
levels only at 360-min exposure, but expression of
gpx, cat and sodl was high at that same exposure
time (Fig. 4a, b, ¢). In silver carp, gpx was elevated by

Fig. 1 Relative transcript . :
abundance for genes A s Bighead carp Silver carp
associated with detoxifying
chemicals in livers bighead
(n = 6) and silver carp )
(n = 4) during a 12-h 2= 104
exposure to 25-ppb rotenone. g GE) AB
Transcript abundance (Log;o 3 g T
mean = SEM) of f £ 0.5 T
cytochrome P450 1A (a) and a¢ A
glutathione S—transfera.se 3 g' A B B B B B A T
(b) are expressed relative to S T T
levels prior to rotenone g 2 00 L 1
exposure. White bars, light = %
gray bars, medium gray bars, S = 4
darker gray bars and nearly -0.5 1
black bars represent values
determined after 45, 90, 180, T 1=
360 and 720 min of exposure 4.0 L
to rotenone, respectively. ’
Bars with the same letter are
not significantly different . )
(p < 0.05) B i5- Bighead carp Silver carp
S = 104
3 2 AB  AB
5% T
3L 05- T -
B¢ A
3 ; A aB AB AB A T l
g2 oo+ ==
s F - |
o 0 +
9=
-0.5
1.0

]

45 min.
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Fig. 2 Relative transcript abundance of hypoxia initiation
factor 1-a in livers bighead (n = 6) and silver carp (n = 4)
during a 12-h exposure to 25-ppb rotenone. Transcript
abundance (Log;o mean + SEM) is expressed relative to levels
prior to rotenone exposure. White bars, light gray bars, medium
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Fig. 3 Relative transcript abundance of heat shock protein 70
(hsp70) in livers bighead (n = 6) and silver carp (n = 4) during
a 12-h exposure to 25-ppb rotenone. Transcript abundance
(Logio mean £ SEM) is expressed relative to levels prior to
rotenone exposure. White bars, light gray bars, medium gray
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not significantly different (p < 0.05)
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bars, darker gray bars and nearly black bars represent values
determined after 45, 90, 180, 360 and 720 min of exposure to
rotenone, respectively. Bars with the same letter are not
significantly different (p < 0.05)
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Fig. 4 Relative transcript
abundance for genes
associated with reducing
reactive oxygen species in
the cytosol in livers bighead
(n = 6) and silver (n = 4)
carp during a 12-h exposure
to 25-ppb rotenone.
Transcript abundance of

a glutathione peroxidase
(gpx), b catalase (cat) and

¢ copper/zinc superoxide
dismutase (sodl) relative to
transcripts abundance prior
to exposure of low levels
rotenone. White bars, light
gray bars, medium gray
bars, darker gray bars and
nearly black bars represent
values determined after 45,
90, 180, 360 and 720 min of
exposure to rotenone,
respectively. Bars with the
same letter are not
significantly different

(p < 0.05)
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Fig. 5 Relative transcript . .
abundance for genes Bighead carp Silver carp
associated with reducing A 25 1
reactive oxygen species in B
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32.38-fold (£21.69), cat by 28.28-fold (+17.36) and
sodl by 26.43-fold (£13.76) 360 min after being
exposed to rotenone (p < 0.01) but unlike hifl-o and
hsp70, expression of gpx, cat and sod1 did not change in
bighead carp throughout the study. Genes linked with
oxidative stress in the mitochondria, upc2 and sod2, had
a similar expression pattern as gpx, cat and sod1 in silver

] 1 = i

90 min. 180 min. 360 min. 720 min.

carp where only the transcript level at 360 min was
significantly elevated (Fig. 5a, b). Expression of ucp2
was also highly variable in silver carp (CV = 0.80)
compared with bighead carp. However, in bighead carp,
expression of ucp?2 increased 84.73-fold (£20.01) after
720 min of being exposed (p < 0.01) and exhibited a
linear trend (Fig. 5a).
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Discussion

Data from previous studies indicate that rotenone
applied according to the manufacturer’s label is toxic
to silver and bighead carp (Henderson 1976; Marking
and Bills 1976; Chapman et al. 2003; Rach et al.
2009). Our study demonstrated that rotenone, applied
according to the manufacturer’s label, is toxic to
bigmouth buffalo in a 12-h exposure. We observed
that silver carp were more sensitive to rotenone than
bigmouth buffalo since all silver carp were dead by
360 min, while none of the bigmouth buffalo were
found dead during that same time while exposed to
50-ppb rotenone. Since rotenone blocks cellular
respiration, we expected that the molecular response
of rotenone-exposed fish would mimic the response to
hypoxic conditions. Both silver carp and bigmouth
buffalo are known to tolerate low dissolved oxygen
levels (Killgore and Hoover 2001). Silver carp in this
study were observed gasping at the surface during the
exposure. Silver carp have been found to lengthen
their lower jaw in response to low dissolved oxygen,
which allows them to increase intake of surface water
(Adamek and Groch 1993) and potentially occupy
what would otherwise be marginal habitat. However,
if this morphological change is the only modification
enabling silver carp to withstand low oxygen levels,
that is, corresponding physiological or metabolic
response mechanisms, then there is likely minimal
effect given the rapid onset of cellular hypoxic-like
conditions after rotenone exposure. Bigmouth buffalo
remained below the surface for much of the exposure,
suggesting a greater physiological, rather than mor-
phological, adaptation to low oxygen levels. Maxi-
mum plasma rotenone concentrations were higher in
bigmouth buffalo during the 12-h exposure than the
levels found in silver carp, similar to those reported for
rotenoid residues in tissues of rotenone-resistant and
rotenone-sensitive fishes (Rach and Gingerich 1986).
Rotenoid residues in common carp, a rotenone-
resistant species, were greater than those of the
rotenone-sensitive yellow perch or bluegill (Rach
and Gingerich 1986). Rotenoid residues were greatest
in the bile and liver (Rach and Gingerich 1986),
suggesting that hepatocytes responded to rotenone
exposure by modifying the xenobiotic and then
excreting it into bile.

Expression of two genes in liver that are associated
with physiological response to xenobiotic exposure,
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cypla and gst, differed substantially between silver
carp and bighead carp. Expression of cyp/a increased
in the liver of silver carp, while decreasing in the liver
of bighead carp. These expression patterns suggest
both cypla and gst may play different roles in silver
carp compared with those in bighead carp. Cyto-
chrome P450s are a highly diverse family of enzymes,
and different isozymes may be responsible for the
detoxification of rotenone in silver and bighead carp.
Erickson et al. (1992), for example, suggested that
rotenone may be metabolized by more than one
cytochrome P450 isozyme in rainbow trout and
several cytochrome P450s were found to detoxify
cocaine in mullet (Arinc and Bozcaarmutlu 2003).
Different isozymes of cytochrome P450 from those
used by silver carp may be used by bighead carp to
detoxify rotenone. Identification and function of each
cytochrome P450 isozyme remain unknown for Hyp-
ophthalmichthys and should be studied further.

Like the cytochrome P450s, little is currently
known about the different forms of glutathione
S-transferases in Hypophthalmichthys. Glutathione
S-transferases have been used as a biomarker to
assess stress response in common carp, Nile tilapia,
Oreochromis niloticus, armored catfish, Pterygoplich-
thys anisitsi, to a petroleum products and insecticides
(TIili et al. 2010; Nogueira et al. 2011; Puerto et al.
2011; Toni et al. 2011). An injection of microcystin
stimulated a transcriptional response in gst in bighead
carp (Li et al. 2010). In our study, up-regulation of gst
suggests the use of a glutathione detoxification
pathway in silver carp. However, no change in gst
levels was found in bighead carp, suggesting a
different pathway for the conjugation of rotenone in
this species.

Not only is the direct detoxification of rotenone
important, but since rotenone inhibits cellular respi-
ration by blocking the electron transport chain, it
stimulates formation of toxic superoxides. Superoxide
dismutases (i.e., sodl and sod2), cat and gpx are the
first line of defense against this type of toxicity
(Pandey et al. 2003; Monteiro et al. 2006). Superoxide
dismutases (sod) convert superoxides to molecular
oxygen or hydrogen peroxide, while catalase (car)
converts hydrogen peroxide to water and oxygen.
Thus, the combination of sod and cat have been used
as biomarkers to indicate the production of reactive
oxygen species (Regoli et al. 2003; van der Oost et al.
2003; Monteiro et al. 2006). Studies have found that
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rotenone stimulates expression of sodl, cat and gpx
(Molina-Jimenez et al. 2005; Shaikh and Nicholson
2009). Shaikh and Nicholson (2009) reported that
sodl increased in human microglia cells exposed to a
low dose of rotenone for 4 weeks. In another study, cat
and gpx were found to be up-regulated in human
neuroblastoma cells after 16 h of incubating in
rotenone (Molina-Jimenez et al. 2005). This suggests
the length of time an animal/cell is exposed to
rotenone is critical to stimulate a transcriptional
response. In our study, significant up-regulation of
genes linked with ROS in the cytosol in silver carp,
specifically sodl, cat and gpx, were only observed
following exposure for 360 min. The increased abun-
dance of transcripts at the 360-min time point may
indicate that superoxides and lipid peroxides need to
reach a critical threshold concentration before induc-
ing a transcriptional response in silver carp. In our
experiment, it appears that some critical transcription-
induction threshold was met when silver carp were
exposed to rotenone between 180 and 360 min.
Transcript levels for sodI, cat and gpx in bighead
carp, unlike those in silver carp, did not change pre-
exposure levels. Superoxides and lipid peroxides may
not have accumulated in the cytosol of bighead carp
hepatocytes as postulated to have occurred in silver
carp, or perhaps another mechanism, possibly at the
mitochondrial level, may have limited ROS produc-
tion in bighead carp.

It has been suggested that uncoupling proteins (e.g.,
ucp2) could be a powerful system to limit the
production of ROS (Ricquier and Bouillaud 2000).
Uncoupling protein 2 has been reported to increase
NO production (Fong et al. 2011), which plays an
important role in redox reactions. Like ucp2, sod2 is
also known to reduce ROS associated with the
mitochondria through the production of hydrogen
peroxide (Sies 1986; Nordberg and Arner 2001).
Superoxide dismutase 2 also does not uncouple
respiration and phosphorylation. Up-regulation of
ucp2 and not sod2 in livers of bighead carp in our
study suggests potential uncoupling and the produc-
tion of NO as a mechanism to combat ROS on
mitochondria, whereas in silver carp, sod2 is consis-
tently elevated throughout our study and ucp2 only
increases following 6 h of exposure. Not only does
NO combat ROS, but it also has been found to inhibit
apoptosis in hepatocytes (Kim et al. 1997; Brune
2003) and induces expression of Asp70 to protect from

tumor necrosis factor-alpha induced apoptosis (Kim
et al. 1997).

Several physiological functions of hsp70 have been
identified in fish. Since oxidative stress can increase
protein degradation, concomitant increases in hsp70
are expected (Luders et al. 2000; Clark and Peck 2009;
Kayhan and Duman 2010; Roberts et al. 2010).
Exposure to different xenobiotics (e.g., heavy metals,
microcystin) caused increased or variable induction of
hsp70 expression in a diverse array of fish (He et al.
2010; Olsvik et al. 2011; Rajeshkumar and Munusw-
amy 2011). Besides protecting damaged proteins,
hsp70 has been also found to bind to apoptosis
protease activating factor-1 and block a apoptosis
(Mosser et al. 1997; Ravagnan et al. 2001), a pathway
that rotenone has been found to initiate (Li et al. 2003).
Both functions of Asp70 may exist in bighead and
silver carp. In bighead carp, where hsp70 remained at
pre-exposure levels, the amount of proteins requiring
recycling may have been below the threshold to induce
hsp70 expression. Additionally, available Asp70 may
have been at levels sufficient to block apoptosis. In
silver carp, the up-regulation of Asp70 may have been
either to increase protein recycling demand or to block
apoptosis or both.

In summary, our studies demonstrate that species
absorb rotenone at similar rates, but rotenone-resistant
species (e.g., bigmouth buffalo) tolerate higher plasma
levels of rotenone than sensitive species like silver
carp. Different isoforms of detoxifying enzymes, with
potentially varying efficiencies, may be used by these
species to detoxify rotenone, as shown by the up-
regulation of cypla and gst in silver carp but down-
regulation of cypl/a and minimal change in gst in
bighead carp. Finally, the ability of a species to
combat ROS appears to be important to the capacity to
tolerate rotenone exposure in that species. Rotenone-
resistant bighead carp up-regulate ucp2, in response to
rotenone exposure, presumably to combat rotenone-
induced ROS in the mitochondria. This may limit the
effects of rotenone in the cytosol and thus explain the
lack of change in the expression of hsp70. Available
hsp70 in bighead carp in combination with the
possible increased amounts of NO from uncoupling
cellular respiration and phosphorylation could block
the apoptotic affects of rotenone. The up-regulation of
sodl and sod2, which produce hydrogen peroxide, is
not likely to block apoptosis in silver carp. Up-
regulation of hsp70 in silver carp suggests increased
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cellular protein damage with a potential shift in the use
of hsp70 to protein degradation away from inhibition
of apoptosis.
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