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ABSTRACT.—There is a great need for proactive approaches to avoid amphibian declines. We investigated

the possibility that antioxidant stress markers might serve as a proactive measure of physiological stress in

anuran tadpoles. Commercially purchased American Bullfrog tadpoles (Lithobates catesbeianus, Gosner

stage 36–37) were subjected to 0- (control), 0.1-, 0.5-, 1.0-, and 2.0-mg/L paraquat for 24 h. Liver and muscle

(tail clip) tissues were removed and analyzed for catalase, superoxide dismutase (SOD), general peroxidase,

and glutathione reductase (GR) activities. In the controls, there was no significant difference in GR activity

in tissues collected from the liver and the tail; however, peroxidase, SOD, and catalase activities ranged from

two- to 20-fold higher in the liver than in the muscle tissue. Treatment with paraquat resulted in significant

increases in SOD, general peroxidase, and GR activities in the liver tissue, whereas the high constitutively

expressed catalase activity remained unchanged. GR activity also increased significantly in the muscle tissue

when the tadpoles were treated with 2-mg/L paraquat, but the activities of the other three antioxidant

enzymes did not vary significantly from the control values in this tissue regardless of the paraquat treatment.

After 24 h of paraquat treatment, all tadpoles at all treatment levels were alive and appeared to be vigorous,

suggesting that the bullfrog is very tolerant to paraquat toxicity. It is proposed that this tolerance is caused by

the stress-induced increases of antioxidant enzyme activity such as SOD, general peroxidases, and GR, as

well as, the high constitutive activity of catalase. These findings suggest that, with refinement and further

studies, antioxidant markers may be important indicators of sublethal environmental stress in amphibians.

Amphibian populations are declining on both
local and global scales (Wheeler et al., 2002,
Young et al., 2004; McCallum, 2007). The many
factors implicated in these declines include
climate change (Pounds et al., 1999), diseases
(Green and Dodd, 2007; Fellers et al., 2007),
habitat fragmentation and land use (Funk et al.,
2005; Germano, 2006; Gray et al., 2007), and
pollution (Ortmann, 1909; Rouse, 1999; Burgett
et al., 2007). Despite their intolerance to envi-
ronmental stressors relative to other organisms
(see Burgett et al., 2007; Karraker, 2007), few
investigations of the amphibian physiological
stress response exist (McCallum and McCallum,
2006; McCallum and Trauth, 2007); thus, the
amphibian antioxidant system remains among
the most poorly understood of these responses
(Storey, 1996).

Reactive oxygen species (ROS) such as super-
oxide, H2O2, and the hydroxyl radical adversely
affect cellular proteins (Davies, 1987), DNA
(Imlay and Linn, 1988), and membrane lipids
(Fridovich, 1986). Under normal conditions, the
enzymatic and nonenzymatic antioxidant de-
fense systems protect cells against the cytotoxic
effects of ROS. The primary enzymatic antiox-

idants include superoxide dismutase (SOD),
glutathione reductase (GR), catalase, and gen-
eral peroxidases. The superoxide anion is
eliminated by SOD that catalyses the dismuta-
tion of superoxide radicals to H2O2 (Moody and
Hassan, 1984; Stead and Park, 2000). Catalase
catalyses the disproportionation of H2O2 to H2O
and O2, and a variety of general peroxidases
also catalyze the breakdown of H2O2 (Chang
et al., 1984).

Only a few studies have investigated antiox-
idant responses in amphibians. Unlike mam-
mals, which demonstrate consistently high rates
of aerobic metabolism, amphibians and other
poikliotherms are frequently confronted with
long periods of anoxic conditions (Lutz and
Storey, 1997). For example, many amphibians
must hibernate, forage, and secure refuge in the
anoxic sediments of lakes, ponds, and streams
(Ultsch, 1989). Most amphibian antioxidant
research has focused on the role of these
compounds in recovery from long periods of
anoxia during hibernation. Amphibians in this
group have many biochemical adaptations for
surviving oxygen deprivation (Storey et al.,
1996). The Northern Leopard Frog (Lithobates
pipiens) exposed to 30 h of anoxia demonstrated
significant increases in levels of skeletal muscle
and heart catalase, heart and brain Se-GPX, and
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brain GST. These levels returned to normal
within 40 h of treatment. Liver GSSG/GSH-eq
ratios significantly increased during anoxia
(Hermes-Lima and Storey, 1996). Throughout
reoxygenation and 30 h of anoxia, lipid peroxi-
dation levels did not change and was associated
with high antioxidant liver levels. (Hermis-Lima
and Storey, 1996). Despite many studies on
hibernation-related antioxidant adaptations, lit-
tle information exists regarding the amphibian
antioxidant enzyme responses to other sources of
oxidative stress.

The meager understanding of the anuran
antioxidant system combined with the clear
lack of accumulated knowledge about this
important system stimulated us to conduct this
investigation. Our objective was to investigate
how the antioxidant systems of American
Bullfrog tadpoles respond to sublethal oxidative
stress due to paraquat exposure. We asked
whether increasing concentrations of paraquat
would increase the activity of four major
antioxidant enzymes (SOD, catalase, peroxidas-
es, and GR). We also asked whether liver and
skeletal muscle antioxidant levels respond
similarly to oxidative stress.

MATERIALS AND METHODS

We chose American Bullfrog (Lithobates cates-
beianus) tadpoles as an amphibian model for our
study because their large range and wide use of
habitats could make them a good indicator
species for ecosystem health if the results were
clear cut. This species is also large, reducing the
number of tadpoles necessary to acquire neces-
sary amounts of tissue for analyses. Finally, they
are commercially available, making them an
easily acquired model organism. We chose to
use tadpoles because their aquatic lifestyle
facilitates exposure regimes, and few previous
studies exist which investigate the oxidative
stress response in larval amphibian (Costa et al.,
2008). American Bullfrog tadpoles (Gosner stage
36–37; Gosner, 1960) were purchased from
Charles D. Sullivan Co., Inc. (Nashville, TN)
and maintained communally in an aerated 20-L
aquarium for two weeks. Tadpoles were fed
pelleted tropical fish food ad libitum. Because
these tadpoles originated from the wild, their
exact age is not available. Three tadpoles were
transferred to each of 15 clean 2-L glass
containers, each filled with 1 L of fresh FETAX
solution (ASTM, 1999) to avoid confounding
interactions (Cairns and Cherry, 1990) and
allowed to acclimate for 24 h. They were not
fed during this portion of the experiment.

Paraquat (1,19-dimethyl-4,4-bipyridinum di-
chloride; Gramaxone, Zeneca Laboratories) is a
nonselective broad-spectrum herbicide known

to induce an oxidative stress response via the
elevation of superoxide levels (Day and Crapo,
1996). It was chosen as the stressor because it
was a well-studied inducer of oxidative stress
(except for in amphibians) that is known to
impact amphibians in ways that are typically
associated with oxidative stress (Dial and Bauer,
1984; Dial and Dial, 1987, 1995) and because it is
regularly used by plant scientists as a model
stressor (Shaaltiel et al., 1988; Gossett et al.,
1996). We used a paraquat source solution of
37.05% paraquate dichloride to prepare a stock
solution of 1,000 mg/L. Quantities of the stock
solution were added to the containers to arrive
at: 0, 0.1, 0.5, 1, and 2 mg/L. Each treatment was
replicated three times. Twenty-four hours after
the addition of the paraquat, the tadpoles were
removed from the container and quickly anes-
thetized with 0.5% chloretone (1,1,1-trichloro-2-
methyl-2-propanol [Wards Natural Sciences,
Rochester, NY]; Ethridge, 1958). Liver and
approximately 2 cm2 of skeletal muscle (from
tail) were removed from each tadpole while on
ice. Livers and tail muscle from each of the three
tadpoles in each container were pooled to form
a replicate of each treatment. Upon removal, the
tissues were immediately flash-frozen at 270uC
for subsequent protein extraction and antioxi-
dant enzyme analyses.

Approximately 1 g of frozen tissue was
homogenized in 3 mL of ice cold 50 mM
potassium phosphate buffer, pH 7.0, containing
0.5 mM EDTA with a few crystals of PMSF
(phenylmethylsulfonyl fluoride). The homoge-
nate was centrifuged at 4uC at 17,000g for
20 min. Following centrifugation, 1 mL of the
supernatant was centrifuge-desalted through a
10 mL bed of Sephadex G-25 (Sigma) (Anderson
et al., 1992). A portion of the eluent was
analyzed immediately for catalase activity, and
the remainder was stored at 270uC for subse-
quent analyses of SOD, peroxidase, and GR
activities. Enzyme levels were detected via light
spectrophotometry using a Beckman UV/visi-
ble Spectrophotometer (Beckman Coulter, Inc.,
Fullerton, CA) and 1-mL cuvettes. Catalase
activity was determined by monitoring the
disappearance of H2O2 at 240 nm (Beers and
Sizer, 1952). Peroxidase activity was measured
by monitoring at 675 nm the H2O2-dependent
oxidation of reduced 2,39,6-trichloroindophenol
(Nickel and Cunningham, 1969). Total SOD
activity was assayed at 550 nm and was
measured by determining the amount of en-
zyme required to produce 50% inhibition of the
reduction of cytochrome C by superoxide
generated by xanthine oxidase (Forman and
Fridovich, 1973). GR activity was determined by
monitoring the glutathione-dependent oxida-
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tion of NADPH at 340 nm (Schaedle and
Bassham, 1977).

The following standard enzyme units were
used to report results in this study. One unit of
catalase and peroxidase was defined as the
amount of enzyme to decompose 1 mmole of
substrate/minute at 25uC, and one unit of GR was
defined as the amount of enzyme required to
reduce 1 mmole of substrate/min at 25uC. One
unit of SOD was defined as the amount of enzyme
necessary to inhibit the reduction of cytochrome
C by 50%. All data points are based on a mean of
the measurements taken from the four replicates
of each treatment. All data were subjected to a
one-way analysis of variance, and an alpha level
of 0.05 was used to assign significance.

We used MiniTab 13.0 Statistical Software
(Minitab, Inc.) to analyze the data. An Ander-
son-Darling normality test was run on all data
sets prior to analysis and the data were normal-
ized for parametric analyses as required. Tail and
liver enzyme responses were analyzed using
analysis of variance (ANOVA) with a Tukey
multiple comparisons test. Data were normal-
ized using the normalize function in MiniTab.

RESULTS

After 24 h of paraquat treatment, all tadpoles
were alive and appeared to be vigorous, sug-
gesting that the American Bullfrog tadpole is
relatively tolerant to acute paraquat exposure.
Tail GR levels significantly increased with
increasing paraquat concentration and some
treatments were significantly different (Table 1).
Paraquat exposure of 2.0 mg/L elicited signifi-
cantly higher GR production than any other
treatments. No other differences were observed.
Tail PER levels and CAT levels did not differ
among treatments (Table 1). Tail SOD levels
increased with increasing paraquat exposure
(Table 1). The 0.1-mg/L treatment was signifi-
cantly different from the 1.0-mg/L and 2.0-mg/L
treatments. No other differences were observed.

Liver GR levels increased significantly as
paraquat concentration increased (Table 1).
There were no significant difference in GR
levels between 0.5 and 1.0 mg/L, but all other
treatment levels were significantly different.
Liver PER levels increased with paraquat
concentration (Table 1). The 0.1, 0.5, and
1.0 mg/L treatments did not induce significant-
ly different liver PER levels. The control was
significantly lower than all treatments except
1.0 mg/L. Liver PER levels were significantly
higher in 2.0 mg/L than in all other treatments
except 0.1 mg/L. Neither liver CAT levels nor
liver SOD levels increased with paraquat
concentration (Table 1). No other differences
were observed.
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DISCUSSION

The results of this study suggest that the
American Bullfrog tadpole has a very active
antioxidant defense system. In the liver tissue,
the antioxidant enzyme activities were either
constitutively high (Barabas et al., 1985; Dodge,
1994; Foyer et al., 1994) as in catalase or up-
regulated when the tadpoles were subjected to
oxidative stress as with GR, peroxidase, and
SOD (Table 1) (see also Shaalteil et al., 1988;
Perez-Campo et al., 1993; Foyer et al., 1997). As
in other studies (Hermes-Lima et al., 1998;
Lushchak et al., 2001), antioxidant enzyme
activity in the liver was higher than in muscle
tissue. When exposed to paraquat (oxidative
stress), antioxidant enzyme activity in the liver
ranged from two- to 20-fold higher than the
activities observed in the muscle. Even in the
controls (paraquat 5 0 mg/L), GR was the only
enzyme that did not exhibit higher activity in
the liver than in muscle tissue (Table 1). These
results suggest that the liver is more important
than skeletal muscle for protecting American
Bullfrog tadpoles against oxidative stress. Previ-
ously, Roundup OriginalH increased SOD and
CAT activity in the liver; however, it reduced
these activities in skeletal muscle after 48 h
exposure to 1 ppm (Costa et al. 2008). Our results
are similar to those from goldfish (Carassius
auratus; Lushchak et al., 2001) and Northern
Leopard Frogs (Hermis-Lima and Storey, 1998).

Because paraquat is known to exhibit its toxic
effects through the production of superoxide
(Day and Crapo, 1996), SOD plays an important
and early role in the defense against oxidative
stress induced by this herbicide. Even in the
lowest paraquat treatment (0.1 mg/L), SOD
activity in the liver was elevated by 50% relative
to the control, whereas SOD activity in the tail
muscle did not increase regardless of the
paraquat treatment (Table 1). Elevated liver
SOD activity has also been reported in anoxic/
hypoxic Common Gartersnakes (Thamnophis
sirtalis; Hermes-Lima and Storey, 1993), carp
exposed to paraquat or extreme hypoxia (Vig
and Nemscsok, 1989), and estivating snails
(Hermes-Lima and Storey, 1995; Hermes-Lima
et al., 1998). Superoxide dismutase activity in
the liver did not change significantly during
anoxia and reoxygenation in goldfish (Lusch-
chak et al., 2001), and SOD activity decreased by
30% in the liver of anoxic Red-Eared Turtles
(Trachemys scripta; Willmore and Storey, 1997),
but in both cases, the activity of this enzyme
was expressed at constitutively high levels. A
slight decrease in SOD activity was observed
after freezing in the Wood Frog (Lithobates
sylvaticus) (Joanisse and Storey, 1996), and in
the Northern Leopard Frog (Lithobates pipiens),

SOD activity remained at control levels during
dehydration (Hermes-Lima and Storey, 1998).
Liver SOD levels decreased dramatically in
intravenously exposed adult Lithobates esculenta
(Barabas et al., 1985). They observed a 40%
reduction in SOD expression between the
control and the LD50. This expression dropped
another 50% in frogs inoculated with the LD100
for paraquat. The significant bell-shaped re-
sponse of SOD activity in the American Bullfrog
tadpoles begs the question of whether the
American Bullfrog could be more tolerant of
oxidative stress than these other three anuran
species and whether high levels of paraquat
deactivate SOD or overwhelm the SOD re-
sponse.

The rapid dismutation of superoxide to H2O2

could leave the organism susceptible to damage
from the highly toxic hydroxyl radical formed
via the Fenton reaction (Hermes-Lima et al.,
1994) if the enzymes that degrade hydrogen
peroxide are not sufficiently active. Although
catalase activity did not change significantly
with paraquat treatment, it was constitutively
expressed at very high levels in the liver of
American Bullfrog tadpoles (.4 mmole H2O2

decomposed/min/g fresh mass), and relatively
high levels in muscle tissue (.200 mmoles H2O2

decomposed/min/g fresh mass; Table 1). This
higher catalase expression in the liver as
compared to other organs is in agreement with
other studies of lower vertebrates (Perez-Cam-
po, et al., 1993; Hermes-Lima and Storey, 1993,
1995; Joanisse and Storey, 1996; Lushchak et al.,
2001). High constitutive liver catalase activity
has been proposed as an important component
of the defense against oxidative damage in
anoxic freshwater turtles (Willmore and Storey,
1997) and snakes (Hermes-Lima and Storey,
1993). In goldfish, catalase activity increased
significantly during anoxia and reoxygenation
in the liver but remained at control levels in the
muscle tissue. In contrast, catalase activity did
not change significantly from the values ob-
served in the livers of dehydrated Northern
Leopard Frogs belonging to the control group,
although it increased 52% in muscle tissue
(Hermes-Lima and Storey, 1998). Paraquat
treatment failed to produce a significant change
in catalase activity in the liver or the muscle
tissue of American Bullfrog tadpoles, but the
high constitutive levels of catalase in these
tissues, especially the liver, may have been
sufficient to prevent oxidative damage.

General peroxidases (the other group of
enzymes that degrade hydrogen peroxide)
activity increased almost twofold at the lower
paraquat treatments (0.1, 0.5, and 1.0 mg/L) and
almost threefold at the highest paraquat treat-
ment (2 mg/L) in the tadpole liver (Table 1).
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Literature reports on general peroxidase activity
in the lower vertebrates are scarce, but there are
numerous reports on the specific peroxidase,
glutathione peroxidase (GPX), and GST, of
which some isozymes exhibit peroxidase activ-
ity. GPX activity also increased significantly
during freezing in the muscle tissue of Common
Gartersnakes (Hermes-Lima and Storey, 1993)
and in several tissues of Wood Frogs (Joanisse
and Storey, 1996), but in the goldfish, GPX did
not vary significantly from the control value in
goldfish subjected to anoxia and reoxygenation;
however, this enzyme was expressed at con-
stitutively high levels in the goldfish liver
(Lushchak et al., 2001). GST activity was also
constitutively high in the goldfish liver and did
not change significantly during anoxia and
reoxygenation (Lushchak et al., 2001). In North-
ern Leopard Frogs, liver GPX increased signif-
icantly during dehydration (Hermes-Lima and
Storey, 1998) and anoxia (Hermes-Lima and
Storey, 1996), whereas GST levels remained
unchanged in both the liver and muscle under
either condition (Hermes-Lima and Storey,
1996, 1998). Neither GPX nor GST was mea-
sured in this study, but the induced increase in
general peroxidase activity in the liver and the
relatively high general peroxidase activity in the
muscle tissue combined with the high constitu-
tive catalase activity suggests that the American
Bullfrog has an enhanced capacity for breaking
down the H2O2 that would be generated during
oxidative stress.

The ability to maintain the GSH/GSSG ration in
favor of GSH for the reduction of oxidized
ascorbate and other antioxidant roles is a critical
component of the antioxidant defense system. The
activity of GR, the enzyme primarily responsible
for maintaining high GSH levels, increased
approximately 2.6-, four-, and eightfold in the
liver when the tadpoles were treated with 0.1-,
0.5-, or 1.0-, and 2.0-mg/L paraquat, respectively.
GR activity also increased a significant 36% in the
muscle tissue, when the tadpoles were subjected
to the high paraquat (2 mg/L) treatment (Table 1).
Hermes-Lima and Storey (1993) reported that
constitutively high GR activity was maintained
during anoxia in gartersnakes. GR activity re-
mained at control levels in the hepatopancreas
and foot muscle of estivating land snails (Hermes
et al., 1998), but during anoxia and reoxygenation
in goldfish, GR activity increased significantly in
liver tissue and did not change significantly from
the controls in muscle tissue (Lushchak et al.,
2001). In the Northern Leopard Frog, control
levels of GR activity were maintained in the liver
during dehydration and rehydration, whereas in
the muscle tissue, GR activity decreased signifi-
cantly during dehydration and returned to con-
trol levels after rehydration (Hermes-Lima and

Storey, 1998). In this study, that GR activity was
elevated in both the liver and muscle tissues after
exposure to paraquat suggests that the bullfrog
has a greater capacity for the regeneration of GSH
than the other anuran species, Northern Leopard
Frog. The mechanism responsible for the up-
regulation of GR activity or the activities of the
other antioxidant enzymes is, at the present,
unknown, but studies with paraquat and salt
tolerance in cotton (Gossett et al., 1996; Manchan-
dia et al., 1999) suggest that the increases in the
activities of these enzymes may be caused by the
increased transcription of the genes responsible
for encoding these specific proteins.

That SOD activity did not increase above the
control level at 24 h of exposure to the highest
paraquat treatment (2 mg/L) is a puzzle
(Table 1). One possibility is that the 2mg/L-
treatment is beyond the threshold at which the
tadpole can mount an effective defense against
oxidative stress, and the tadpoles may have
eventually died had the experiment been
carried out for a longer period of time.
Alternatively, it may be that at the high
concentration of paraquat, the nonenzymatic
quenching of superoxide was sufficient to
provide protection against oxidative stress. GR
activity increased eightfold in the liver and 52%
in the muscle tissue (Table 1) when the tadpoles
were exposed to 2-mg/L paraquat. These high
levels of GR activity could have produced
sufficient GSH to keep the ascorbate pool in the
reduced form, which can directly scavenge
superoxide radicals (Foyer et al., 1991). Hence,
the superoxide scavenging capacity of reduced
ascorbate combined with the induced increase in
peroxidase activity (threefold, Table 1) and the
high constitutive activity of catalase (Table 1)
may have been sufficient to protect the tadpoles
from the cytotoxic effects of paraquat.

The bullfrog tadpoles appear to have some
tolerance to paraquat toxicity because 100% of
the tadpoles were alive and vigorous after 24 h
of exposure to the highest paraquat treatment
(2 mg/L), which is well above the published LC
50 for other anuran species (USFWS, 1990).
However, determination of an LC50 or LD50 for
bullfrog larvae has not been conducted, and it is
unknown how these results might vary as they
pass through the highly complex life cycle
characteristic of anurans.

Our data provide baseline evidence that the
antioxidant system in bullfrog tadpoles and
potentially other species of amphibians may
serve as a useful tool in field studies. It is
important that field tools be developed to assist
in conservation monitoring and restoration;
however, further development of this tool is
necessary. Problems that must be confronted
include the following: (1) a complete evaluation
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of oxidative stress tolerance to paraquat or
another oxidative stressor to establish a system
of responses; (2) evaluation of a wider selection
of enzymes and enzyme activity to determine
whether any key components correlate between
muscle and liver antioxidant production; (3)
evaluation of how antioxidant production re-
sponds through key developmental stages of
anurans; and (4) evaluation of interspecific
variation in antioxidant responses. Undoubted-
ly, the use of these enzymes as an environmen-
tal indicator of amphibian stress has potential
necessitating further in-depth studies of the
physiologic mechanism involved.
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