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Short-term exposure to low doses of rotenone induces
developmental, biochemical, behavioral, and histological changes
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Abstract Rotenone, a natural compound derived from plants
of the genera Derris and Lonchocarpus, is used worldwide as
a pesticide and piscicide. This study aims to assess short-term
toxicity of rotenone to early-life stages of the fish Danio rerio
and Poecilia reticulata using a wide and integrative range of
biomarkers (developmental, biochemical, behavioral, and his-
topathological). Moreover, the species sensitivity distribution
(SSD) approach was used to compare rotenone acute toxicity
to fish species. Toxicity tests were based on the OECD proto-
cols, fish embryo toxicity test (for D. rerio embryos), and fish
acute toxicity test (for P. reticulata juveniles). D. rerio embry-
os were used to estimate lethal concentrations and analyze
embryonic and enzymatic alterations (activity of catalase, glu-
tathione-S-transferase, and cholinesterase), while P. reticulata

juveniles were used for the assessment of histological damage
in the gills and liver. Rotenone induced significant mortality in
zebrafish embryos with a 96-h lethal concentration 50 %
(LC50)=12.2 μg/L. Rotenone was embryotoxic, affecting the
development ofD. rerio embryos, which showed cardiac ede-
ma; tail deformities; loss of equilibrium; and a general delay
characterized by lack of tail detachment, delayed somite for-
mation, yolk sac absorption, and lack of pigmentation.
Biochemical biomarker inhibition was observed for concen-
trations ≥1 μg/L for CATand glutathione-S-transferase (GST)
and for cholinesterase (ChE) in concentration from 10 μg/L.
Behavioral changes were observed for P. reticulata juveniles
exposed to concentrations equal to or above 25 μg/L of rote-
none; moreover, histological damage in the liver and gills of
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Highlights - Rotenone is extremely toxic for fish with a HC5=3.2 μg/L.
- Behavioral, structural, and developmental changes occur after exposure
to low concentrations of rotenone.
- Biomarkers of oxidative (CAT and GST) and neurological (ChE) stress
are inhibited by rotenone.
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fish exposed to concentrations equal to or above 2.5 μg/L
could be observed. A hazard concentration 5 % (HC5) of
3.2 μg/L was estimated considering the acute toxicity data
for different fish species (n=49). Lethal and sublethal effects
of rotenone raise a concern about its effects on nontarget fish
species, especially because rotenone and its metabolite
rotenolone are frequently reported in the microgram range in
natural environments for several days after field applications.
Rotenone should be used with caution. Given the high toxicity
and wide range of sublethal effects here reported, further stud-
ies in a chronic exposure scenario are recommended.

Keywords Danio rerio . Poecilia reticulata . Fish toxicity .
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Introduction

Rotenone is a natural toxin present in plants from the genera
Derris and Lonchocarpus. For centuries, natives of the Amazon
basin have used this compound (locally known as timbó) to in-
duce narcosis in fish and facilitate fishing for human consump-
tion; this practice is still used by many Amazon riverine groups.
Rotenone is also commercialized worldwide as a pesticide. In
aquaculture, rotenone is used to eliminate fish and other unwanted
organisms from production systems (Nanda et al. 2009). In natu-
ral aquatic ecosystems, rotenone has been employed to control
invasive species of fish (Chadderton et al. 2001).

Rotenone toxicity to aquatic biota has not been well stud-
ied, and possible adverse effects on nontarget organisms,
mainly at sublethal level, are still unclear. In mammals, rote-
none toxicity may be related to the inhibition of mitochondrial
respiration and impairment of the formation of the achromatic
spindle during mitosis (Guadaño et al. 1998; Radad et al.
2006). In the fish Oncorhynchus mykiss, Cheng and Farrell
(2007) showed rotenone effects on metabolic rate, oxygen
consumption, and transport and decrease in swimming
performance. Betarbet et al. (2000) demonstrated that rote-
none may be related to the formation of free radicals and
oxidative damage which, in turn, can be related to the respi-
ratory chain dysfunction caused after exposure to rotenone.
Understanding the toxicity of rotenone to nontarget species
is an important step to establish safer procedures for direct
applications or to determine safe discharge concentrations in
effluents. Additional studies are necessary to support regula-
tors’ decisions on the uses of rotenone and the maximum
environmental concentration that would minimize harm to
aquatic biota. This study aims to assess the short-term effects
of rotenone on fish embryos and juveniles. Intending to pres-
ent an integrative analysis of the effects, toxicity was assessed
at acute, developmental, biochemical, behavioral, and histo-
logical levels.

Results were used to estimate effective concentrations of
rotenone that, whilst not necessarily resulting in death, might
affect health and, consequently, affect the functioning of
aquatic ecosystems.

Poecilia reticulata and Danio rerio were selected as test
organisms because these fish species are recommended as
model organisms for toxicity studies (OECD 1992, 2013)
and also because they are easily maintained in laboratory.
The P. reticulata model was used to evaluate behavioral and
histological alterations in the liver and gills, whereas D. rerio
were used to assess the lethal, biochemical, and developmen-
tal effects of rotenone. Effective concentration values obtained
for D. rerio were compared with several others from different
species (Table 1) by means of a species sensitivity distribution
(SSD) analysis (Posthuma et al. 2001; Pereira et al. 2014).
Using the SSD approach, the responses of different fish spe-
cies will be displayed as cumulative distribution functions
allowing the estimation of hazardous concentrations (hazard
concentration 5 % (HC5) and hazard concentration 50 %
(HC50)) of rotenone that might affect the survival of organ-
isms in the aquatic environment.

Material and methods

Chemicals

Rotenone was purchased from Sigma-Aldrich (CAS Number:
83-79-4, empirical formula: C23H22O6, ≥95 % purity).

Test organisms

D. rerio (zebrafish) and P. reticulata were maintained in
aquariums with reverse osmosis and activated carbon filtered
water. The temperature was maintained at 26.0±1 °C, conduc-
tivity at 650±100 μS/cm, pH at 7.0±0.5, and dissolved oxy-
gen equal or above 95% saturation, and the fish were raised in
a 14:10-h (light/dark) photoperiod cycle. These conditions
were maintained in all the performed tests (except when other
conditions are indicated). Zebrafish eggs were collected im-
mediately after natural mating, rinsed in water, and checked
under a stereomicroscope (Stereoscopic Zoom Microscope
SMZ 1500, Nikon Corporation). The unfertilized eggs and
those with cleavage irregularities or injuries were discarded.

D. rerio assays

FET test

The assay was based on the fish embryo toxicity (FET) test
(OECD 2013) and on the embryo test described by Jesus et al.
(2013). Zebrafish embryos were exposed to six treatments of
rotenone 0, 5, 10, 20, 40, and 80 μg/L in 24-well microplates.
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Table 1 Lethal toxicity values of rotenone (LC50 in μg/L) for different fish species

Species LC50
a Time (h) References

Ameiurus melas 259.6 96 Marking and Bills (1976); USEPA (2014)

Amia calva 57.5 24 Marking and Bills (1976)

Anguilla rostrata 28.5 96 Marking and Bills (1976);
Hinton and Eversole (1978); Hinton and Eversole (1979)

Barbus anoplus 2.3 24 Rowe-Rowe (1971)

Barbus gurneyi 51.6 24 Rowe-Rowe (1971)

Barbus natalensis 3.6 24 Rowe-Rowe (1971)

Catostomus catostomus 57 96 Marking and Bills (1976)

Chanos chanos 25 96 Cruz-Lacierda (1992)

Lepomis cyanellus 187 96 Marking and Bills (1976); USEPA (2014)

Micropterus dolomieu 106 96 Marking and Bills (1976)

Misgurnus anguillicaudatus 37 48 Hashimoto and Nishuichi (1981)

Notemigonus crysoleucas 204.5 24 Orciari (1979)

Oreochromis mossambicus 80 96 Cruz-Lacierda (1992)

Perca flavescens 50 240 Marking and Bills (1976)

Pseudocrenilabrus philander 8.8 24 Rowe-Rowe (1971)

Sander vitreus 16.5 24 Marking and Bills (1976)

Tilapia melanopleura 12 24 Rowe-Rowe (1971)

Tilapia sparrmanii 8.4 24 Rowe-Rowe (1971)

Catostomus commersoni 129 240 Marking and Bills (1976)

Esox lucius 33 96 Marking and Bills (1976)

Ictalurus punctatus 140.3 96 USEPA (2014); Mayer and Ellersieck (1986); Marking and Bills
(1976); Bridges and Cope (1965); Clemens and Sneed (1959)

Lepomis macrochirus 58.7 96 Holcombe et al. (1987); USEPA (2014); Gingerich and Rach
(1985); Howland (1969); Mayer and Ellersieck (1986);
Marking and Bills (1976); Bridges and Cope (1965)

Oryzias latipes 30 48 Hashimoto and Nishuichi (1981)

Pimephales promelas 9.5 96 Geiger et al. (1986); Broderius et al. (1995); Geiger and Brooke LT
(1990); Holcombe et al. (1987); Cohen et al. (1960); Gilderhus
(1982); Marking and Bills (1976)

Salmo trutta 61 24 Boogaard et al. (1996)

Salvelinus fontinalis 19.2 96 Olson and Marking (1975); Marking and Bills (1976)

Salvelinus namaycush 250 192 Olson and Marking (1975)

Cyprinus carpio 96 240 Marking and Bills (1976)

Oncorhynchus mykiss 37 96 Holcombe et al. (1987); USEPA (2014); Mayer (1974); Howland
(1969); Cheng and Farrell (2007); Skadsen et al. (1980); Mayer
and Ellersieck (1986); Bills et al. (1981); Marking and Bills (1976);
Bridges and Cope (1965); Marking et al. (1984).

Oncorhynchus tshawytscha 62 240 Marking and Bills (1976)

Salmo salar 21.5 96 Marking and Bills (1976)

Carassius auratus 497 96 Marking and Bills (1976)

Ctenopharyngodon idella 85.2 96 Marking and Bills (1976)

Gambusia affinis 22.9 96 Fabacher and Chambers (1972)

Gymnocephalus cernuus 57.9 24 Boogaard et al. (1996)

Hypophthalmichthys molitrix 55.8 96 Marking and Bills (1981)

Hypophthalmichthys nobilis 43.7 96 Marking and Bills (1981)

Colossoma macropomum 130 24 Mascaro et al. (1998)

Oreochromis niloticus 240 24 Mascaro et al. (1998)

Plecostomus sp. 710 24 Mascaro et al. (1998)

Micropterus salmoides 0.2 24 Rowe-Rowe (1971)
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Thirty eggs were used per treatment. One egg was placed per
microplate well filled-up with 2 mL of the test solution. The
test was performed in triplicate. Test solutions were prepared
by successive dilution of the stock solution in water. Embryos
and larvae were observed daily under a stereomicroscope. The
test was initiated immediately after fertilization and was con-
tinued for 4 days. Developmental parameters were evaluated
in embryos over the test period using a magnification of ×70
for eggs and ×40 for hatched embryos. In the embryo phase,
the following parameters were evaluated: egg coagulation,
otolith formation, general delay in development, eye and body
pigmentation, somite formation, heartbeat, edemas, detach-
ment of the tail bud from the yolk sac, yolk sac absorption,
and hatching. After hatching, spine malformation and posture
were also evaluated. All parameters were assessed in a quali-
tative way (observed or not observed).

Biomarker analysis

A similar toxicity test with D. rerio embryos in Petri dishes
was performed using sublethal concentrations of rotenone (0,
1, 5, 10, and 20 μg/L) in order to collect samples to analyze
the enzymatic activity of glutathione-S-transferase (GST), cat-
alase (CAT), and cholinesterase (ChE). After 96 h of rotenone
exposure, pools of 15 hatched embryos were collected in
microtubes with 2 mL of K-phosphate buffer (0.1 M, pH
7.4), frozen in liquid nitrogen, and immediately stored at
−80 °C until the day of analysis. On the day of enzymatic
analysis, samples were defrosted on ice, homogenized using
a homogenizer (Ystral X10/20), and centrifuged for 20 min at
10,000g in order to isolate the post-mitochondrial supernatant
(PMS) (Jesus et al. 2013). Enzymatic determinations were
made spectrophotometrically (Labsystem Multiskan EX mi-
croplate reader) using 96-well microplates.

GST activity was determined at 340 nm by monitoring the
increase in absorbance every 20 s, during 5 min, following the
general protocol described by Habig and Jakoby (1981) with

modifications introduced by Frasco and Guilhermino (2002).
Activity determinations were done using 100 μL of PMS from
the sample and 200 μL of reaction mixture (10 mM reduced
glutathione (GSH) and 60 mM 1-chloro-2.4-dinitrobenzene in
K-phosphate buffer (0.05 M, pH 6.5).

CAT activity was measured at 240 nm by monitoring (ev-
ery 10 s, for 2 min) the decrease of absorbance due to degra-
dation of H2O2, as described by Clairborne (1985). Fifteen
microliters of PMS was mixed with 135 μL of reaction solu-
tion (H2O2, 30 mM) and 150 μL of K-phosphate buffer
(0.05 M, pH 7.0).

ChE activity was determined using acetylthiocholine as
substrate and measuring at 414 nm, every 20 s, for 5 min,
the conjugation product between thiocoline (a product of the
degradation of acetylthiocholine) and 5,5-dithiobis-2-
nitrobenzoic acid (DTNB) (absorbance increase), according
to the method of Ellman et al. (1961). Activity determinations
were made using 40 μL of PMS, 250 μL of reaction mixture
(acetylthiocholine (75 mM), and DTNB (10 mM)) in K-
phosphate buffer (0.1 M, pH 7.2).

Enzymatic activities were determined in quadruplicate and
expressed as micromoles of substrate hydrolyzed per minute
per milligram of protein. Protein concentration in samples was
determined in quadruplicate by Bradford’s method (Bradford
1976) at 595 nm, using γ-globulin as a standard.

P. reticulata assays

Toxicity test and behavioral analysis

The toxicity test followed the OECD Guideline for Testing of
Chemicals fish acute toxicity test (OECD 1992). Juveniles of
P. reticulatawere exposed in glass aquariums to three nominal
concentrations of rotenone 0, 2.5, 25, and 250 μg/L. Tested
fish had an average weight of 92±28 mg and an average
length of 1.51±0.22 cm. Ten juvenile fish per group were
placed in each aquarium containing rotenone diluted in 1 L

Table 1 (continued)

Species LC50
a Time (h) References

Danio rerio 18 48 Hanisch et al. (2010)

Tanakia tanago 33 48 Hashimoto and Nishuichi (1981)

Carassius carrasius 18 96 Meadows (1973)

Rutilus rutilus 1.3 24 Meadows (1973)

Puntius sophore 38.2 48 Nanda et al. (2009)

Anabas testudineus 93.7 48 Nanda et al. (2009)

Channa punctatus 164.5 48 Nanda et al. (2009)

Heteropneustes fossilis 213.3 48 Nanda et al. (2009)

Danio rerio 18.2 96 This work

a All concentration values refer to the active ingredient concentration of rotenone

Environ Sci Pollut Res (2015) 22:13926–13938 13929



of water and were exposed for 72 h. The experiment was
conducted in duplicate. Mortality was observed after 12, 24,
48, and 72 h. In addition, the presence or absence of behav-
ioral changes (qualitative analysis) was evaluated, such as
response to mechanical stimulus, mydriasis, tremors, paraly-
sis, loss of equilibrium, and erratic swimming.

Histopathological analysis

Among the fish that survived acute rotenone exposure for
72 h, histopathological analyses were performed on five ran-
domly selected individuals from each treatment. Whole fish
were fixed with freshly prepared Davidson fixative solution
(mixed at a ratio of 9:1 fixative/acetic acid) for 24 h. The fish
were then embedded in paraffin, sectioned longitudinally in
7-μm sections, stained with hematoxylin and eosin, and ob-
served by optical microscopy (×40 Zeiss Axioskop 2).

The histopathological changes were evaluated in gills and
liver. The changes observed were classified into four different
groups (CS1, CS2, CS3, CS4) as proposed by Bernet et al.
(1999) (see Table 2), which takes into account the importance
of the lesion (0–3, see below) and the degree and extent of
histological changes (0–6, see below). Ultimately, this model
allows the measurement of a numeric value to indicate the
overall rate of histopathological changes to the gill (ICg) and
liver (ICl).

The importance factor (w) is related to the reversibility and
survivability of the effect and is classified as follows: (1) le-
sions that could be easily reversed (minimal damage), (2)
lesions that can be reversed in most cases upon neutralization
of the toxic agent (moderate damage), and (3) damage that is
usually irreversible, leading to partial or complete loss of or-
gan function (severe damage).

The score value measures the degree and extent of histo-
logical changes as no change (0–1), minimal abnormalities
(2–3), moderate alterations (4–5), and (6) severe alterations
(diffuse injury).

SSD analysis

The SSD was performed with LC50 values from the experi-
mental data of the present study and values from the current
literature (see Table 1). All concentration values refer to the
active ingredient concentration of rotenone. Only acute toxic-
ity data from tests of 24- to 240-h exposure duration were
used. When more than one value was found for the same
species, the LC50 from the longest study was chosen; if the
studies had the same duration, the toxicity data were summa-
rized as geometric means. A logistic curve (log) was fitted to
the data using nonlinear regression. The predicted toxicities
for the 5 and 50 % most sensitive organisms were estimated
(HC5 and HC50, in other words, hazardous concentration for
5 % or 50 % of the population, respectively). The SSD plot

was generated using the US Environmental Protection
Agency spreadsheet built over Excel (USEPA 2014).

Statistical analysis

Sigma Stat 3.5 statistical package was used for statistical anal-
yses (SPSS 2004). The effective concentrations (50 % effec-
tive concentration (EC50)) were calculated using a nonlinear
allosteric decay function in a spreadsheet built over Microsoft
Excel. A one-way ANOVAwas used to detect the differences
between the groups for normally distributed data sets. When
data did not pass the Kolmogorov–Smirnov normality test and
Levene’s homogeneity of variance test, a Kruskal–Wallis test
was used. However, if significant results were found,
Dunnett’s or Dunn’s test (for parametric or nonparametric
tests, respectively) was used to detect significant differences
between the tested concentrations and the control (p<0.05).

Results

D. rerio embryos

In the D. rerio assay, no significant mortality or developmen-
tal abnormalities (less than 10 %) were observed in the em-
bryos of the control group (Figs. 1 and 2a). All the organisms
exposed to concentrations higher than 40μg/L were dead after
72 h of exposure. A 96-h LC50 of 12.2 μg/L was obtained for
D. rerio embryos (Table 3).

Embryos started to hatch at 48 h (7.1 % of hatching in the
control and 6.7 % in the concentration of 5 μg/L). At 96 h,
100% of embryos had hatched in the control and in the 5 μg/L
treatments, whereas a significant delay was observed in fish
exposed to 20 μg/L with 13.3 % of hatching (Table 4).

Rotenone affected embryos’ behavior. After 4 days, the
hatched embryos from the control group were swimming at
the water surface in the microplate well and reacting to the
light and mechanical stimulus. However, exposed embryos
did not respond to mechanical stimulus; they showed abnor-
mal posture, losing equilibrium and lying on the bottom of the
microplate well, 96-h EC50=12.2 μg/L (see Table 3).

Even at very low doses, there were changes in development
parameters and only otolith formation and heartbeat were not
affected by rotenone exposure. Table 3 summarizes the EC50

of rotenone for each parameter analyzed during development.
At 24 h, embryo development in the control and 5 μg/L treat-
ments was normal: embryos presented a well-developed head,
body, and tail (Fig. 2a). In the remaining concentrations, toxic
effects were noticed, including a considerable delay in the
detachment of the tail bud from the yolk sac, lack of pigmen-
tation in the eye and body, general delay, and somite formation
(Table 3). From 72 h, a significant occurrence of edemas was
observed with EC50=19.9 μg/L. The effects on pigmentation
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persisted after 72 and 96 h, EC50=9.1 and 13.8 μg/L, respec-
tively. Moreover, at 96 h, the exposed embryos also showed
tail deformities and delayed yolk sac absorption (Fig. 2b, c).
Due to these effects, exposed embryos were not able to be
vertical in the water column and had trouble swimming and
keeping their equilibrium.

The biomarker assays showed an inhibition of CAT for all
tested concentrations (1 to 20 μg/L) (Fig. 3a). The GST was
inhibited at 1, 5, and 20 μg/L (Fig. 3b). ChE was inhibited at
the highest concentrations (10 and 20 μg/L, Fig. 3c).

P. reticulata juveniles

In the fish acute test with juveniles, no mortality was observed
in the control group. However, a mortality of 16.7, 23.36, and

20.03 % was observed in the treatments 2.5, 25, and 250 μg/L
of rotenone, respectively (Table 5). Table 5 shows that behav-
ioral changes became more pronounced with increasing con-
centration of rotenone. Fish exposed to 2.5 μg/L of rotenone
did not show any behavioral changes. However, fish exposed
to 25 μg/L showed mydriasis. Furthermore, all the fish treated
with 250 μg/L of rotenone showed no response to mechanical
stimulus, mydriasis, tremors, paralysis, loss of equilibrium,
and erratic swimming.

Histological damage due to rotenone was observed for all
the test concentrations. Figure 4 depicts gill and liver samples
from control fish and the structural changes observed in fish
exposed to 250 μg/L of rotenone. The occurrence of gill and
liver lesions was classified according to the type of change
(Fig. 5). The ICg was significantly higher at all exposure

Table 2 Classification of
histopathological changes in liver
and gills of Poecilia reticulata
exposed to rotenone for 72 h

Groups Pattern of reaction Type of alteration Importance
factor (w)

CS1 Circulatory disturbances Inflammation 1

Hyperemia 1

Aneurysm 1

Intercellular edema 1

CS2 Regressive changes of epithelium
and supporting tissue

Architectural and structural alterations 1

Plasma alterations 1

Deposits 1

Nuclear alterations 2

Atrophy 2

Necrosis 3

Rupture of pillar cells 3

CS3 Progressive change of epithelium
and supporting tissue

Hypertrophy 1

Hyperplasia 2

CS4 Inflammation Exudates 1

Activation of reticuloendothelial system 1

Infiltration 2

Fig. 1 Overview of rotenone
effects on D. rerio embryos from
24 through 96 h of exposure
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concentrations compared to the control. Fewer liver lesions
were observed, but a significant increase in ICl was noted in
fish exposed to 250 μg/L of rotenone. Both organs showed
more changes in the category CS2 (regressive changes in the
epithelium and supporting tissues).

SSD analysis

The SSD plot is shown in Fig. 6 with lethal values from dif-
ferent species. The maximum LC50 value found among all the
studies with fish species was 710 μg/L (Plecostomus sp.),
whereas the minimum value was 0.2 μg/L (Micropterus
salmoides) (Table 1). The predicted toxicities for the 5 %
and 50 % most sensitive species are, respectively, 3.2 μg/L
(upper limit=6.6 and lower limit=1.6 μg/L) and 42.2 μg/L
(upper limit=85 and lower limit=21 μg/L) of rotenone.

Discussion

The data from this study show that rotenone displays very
steep dose-response curves for both lethal and sublethal ad-
verse effects. The threshold between the concentrations that
induce effects and the ineffective concentrations is very nar-
row. Rotenone caused signif icant morta l i ty and

Fig. 2 Embryo and hatched embryo developmental alterations in
D. rerio after rotenone exposure: a 96-h-old control organism with
normal development, b 96-h-old hatched embryo with tail deformity,
and c 96-h-old nonhatched embryo with cardiac edema and tail
deformities

Table 3 Letal and Effective
concentration values (LC50 and
EC50 in µg/L) for developmental
anomalies in zebrafish embryos
exposed to rotenone over 96 h
(standard error between brackets)

Abnormalities 24 h 48 h 72 h 96 h

Lack of somite formation 18.5 (±1.4) ne ne ne

Lack of tail detachment 20.1 (±1.2) – ne ne

General delay 20.2 (±1.1) – – ne

Lack of pigmentation 20 (±1.2) 7.2 (±1.3) 9.1 (±0.2) 13.8 (±4.1)

Cardiac edema – – 19.9 (±1.8) –

Tail deformities – – 19.5 (±1.2) 12.5 (±2.2)

Delay in yolk sac absorption – – – 18.3 (±8.4)

Loss of equilibrium ne ne ne 12.2 (±2.2)

LC50 values 24 (±3.7) 22.6 (±4.2) 20.1 (±3.1) 12.2 (±2.1)

– Means no effect observed, ne not evaluated

Table 4 Percentage of zebrafish eggs hatched during exposure to
rotenone (μg/L) (standard error between brackets)

Rotenone 48 h 72 h 96 h

0 7.1 (4.7) 100 (0) 100 (0)

5 6.7 (5.8) 100 (0) 100 (0)

10 0 (0) 12.9 (5.8) 49.6 (7.1)

20 0 (0) 0 (0)* 13.3 (11.6)*

40 0 (0) – –

80 – – –

– Means that all organisms were dead

*Significantly different from control (Dunn’s test, p<0.05)
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developmental and behavioral alterations in zebrafish embry-
os for concentrations as low as 20 μg/L. Effects on the bio-
chemical biomarkers were observed for concentrations
above 1 μg/L. In addition, behavioral changes were

observed for P. reticulata juveniles exposed to concentra-
tions equal to or above 25 μg/L of rotenone; moreover,
histological damage in the liver was observed in fish ex-
posed to concentrations equal to or above 2.5 μg/L.

Analyses of developmental parameters in fish have been
gaining space in the assessment of the effects of synthetic and
natural products (Crawford et al. 2011; Hung et al. 2012). The
48-h LC50 value obtained for D. rerio embryos is in line with
the results of a previous study reporting a 48-h LC50=27 μg/L
(Hanisch et al. 2010). No data on developmental alterations
caused by rotenone on fish were found in the literature.
Reproductive and developmental studies of rotenone are
available only for mammals and birds (Haag 1931; Rao and
Chauhan 1971). Short-term exposure to rotenone can provoke
abnormal body pigmentation, abnormal posture, spine defor-
mities, and cardiac edema (Table 3). Those morphological
changes might be related to the mutagenic and cytotoxic
action of rotenone. Melo et al. (2014) reported induction of
micronuclei (MN) frequency in Oreochromis niloticus ex-
posed to rotenone. Additionally, by means of the fluorescence
in situ hybridization technique, it was possible to understand
that MN formation occurred due to an aneugenic effect of
rotenone probably caused by mitotic spindle disturbances.
The cytotoxic activity of rotenone is attributed to binding di-
rectly to tubulin and, thus, the inhibition of microtubule as-
sembly arresting cells in mitosis (Srivastava and Panda 2007).

Hatching delay was observed in all concentrations from
≥20 μg/L. Despite the lack of information on the effects of
rotenone in fish embryos, development studies with other ver-
tebrate models have highlighted the embryotoxic effects of
rotenone. For instance, Haag (1931) conducted a single-
generation reproduction study in guinea pigs. At a dietary
concentration of 150 mg/kg, all young were either born dead
or died within 5 days of birth. In a chick embryo-screening
assay, Rao and Chauhan (1971) noted a complete arrest of
embryo development at 1 μg/L but no effect at 0.1 μg/L.

Rotenone exposure caused a general inhibition of biochem-
ical markers of enzymatic activity. The oxidative stress en-
zymes CAT and GST were inhibited at concentrations
≥1 μg/L (Fig. 3a, b). In spite of the lack of studies on rotenone
effects on oxidative stress parameters of fish, the inhibition of
CAT and GST in zebrafish embryos is consistent with rote-
none effects on in vitro models. In a study by Siddiqui et al.
(2013), rotenone depicted a dose-dependent cytotoxic re-
sponse in HepG2 cells and simultaneously caused a decrease
in the activity of oxidative stress biomarkers, such as glutathi-
one, CAT, and superoxide dismutase. The alterations in nor-
mal oxidative status in zebrafish embryos induce cellular dam-
age and might lead to the death or morphological aberrations.
The activity of ChE, a neurological biomarker, was inhibited
in zebrafish embryos exposed to concentrations ≥10 μg/L of
rotenone. ChE activity inhibition is consistent with previous
studies, suggesting clinical signs of neurotoxicity, including

Fig. 3 Biomarker activities in D. rerio embryos (mean values±standard
error) after 96 h of exposure to rotenone: a catalase activity, b glutathione
S-transferase activity, and c cholinesterase activity. Asterisk means
significantly different from the respective control treatment (Dunnett’s
or Dunn’s test, p<0.05)
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tremors, prostration, and breathing difficulties, observed fol-
lowing acute oral exposure to rotenone (Turner et al. 2007).
Rotenone crosses the blood-brain barrier, causing neurotoxic
effects by uncoupling the mitochondrial electron transport
chain, releasing reactive oxygen species, which contributes
to apoptosis (Swarnkar et al. 2013). The neurotoxic action of
rotenone was also demonstrated by several studies relating
rotenone exposure to the pathology of Parkinson’s disease, a
chronic degenerative disease that affects the central nervous
system (Betarbet et al. 2000; Giasson and Lee 2000).

Behavioral changes were observed in both P. reticulata ju-
veniles and zebrafish embryos exposed to rotenone. Loss of
equilibrium was observed in P. reticulata juveniles exposed to
rotenone concentrations ≥250 μg/L, whereas for the same

effect, an EC50=12.2 μg/L was observed for zebrafish embry-
os. This suggests a higher sensitivity of embryos to rotenone
and/or an interspecies variability in the sensitivity to rotenone.
Our results are in agreement with previous results by
Chadderton et al. (2001) who reported behavioral alterations,
including loss of equilibrium, in six different species of fish
exposed to 200 μg/L of rotenone (nominal concentration).
Changes in the behavioral patterns of fish might be related
to the neurotoxic action of rotenone, which interferes in the
normal status of the central nervous system including ChE
activity, as supported by our results.

Histological alterations are commonly determined in two
key organs: the gills, which interact directly with the aquatic
environment and are therefore considered primary exposure
sites (Cengiz 2006), and the liver that has the function of
metabolizing and excreting xenobiotics. In the present study,
the histopathological parameters highlight the effect of rote-
none on the fish target tissues. Depending on the distribution
and severity of the injury, exposure to toxic substances can
cause pathological changes and affect organ function. Here,
we determined rotenone-induced changes in the gills and liver
of rotenone-exposed fish. The gills are known to perform a
variety of functions, including gas exchange, osmoregulation,
excretion, and hormone metabolism (Da Cuna et al. 2011). On
the other hand, the liver is involved in metabolism, excretion
of xenobiotics, and protein synthesis (Ferguson 2006). We
observed rotenone-induced changes in both organs, but the
damage was more pronounced in the gills. As gills represent

Table 5 Behavioral changes and mortality observed in P. reticulata
after exposure to rotenone

Observed effect 0 μg/L 2.5 μg/L 25 μg/L 250 μg/L

Mydriasis – oe oe

Response to mechanical
stimulus

– – oe

Tremors – – oe

Paralysis – – oe

Loss of equilibrium – – oe

Erratic swimming – – oe

Mortality (%) – 16.7 23.36 20.03

– Means no effect observed, oe observed effect

Fig. 4 Gill and liver samples of
P. reticulata. a Gill from control
animal. Primary lamellar
epithelium (square), secondary
lamellar epithelium (circle), and
pillar cell (arrowhead sign). b
Gill exposed at 250 μg/L of
rotenone. Gill hyperemia of the
lamellar epithelium (arrowhead
sign); aneurysm (circle); pillar
cell disruption, necrosis, and
sloughing of the epithelium
(white arrows), change
throughout architecture of
lamellar epithelium; fusion of
lamellar epithelium (square). c
Liver from control animal. Liver
tissue with normal architecture
and evident sinusoids (asterisk). d
Liver exposed at 250 μg/L of
rotenone. Liver hepatocyte with
hypertrophy/vacuolation (circle),
foci of necrosis (white arrows),
and vacuolar degeneration
(asterisk). H & E, ×40 of
magnification

13934 Environ Sci Pollut Res (2015) 22:13926–13938



the uptake site for rotenone, they are typically sensitive to
toxicity and are often the first organ to show structural and
functional responses to an agent (Ba-Omar et al. 2011). In
contrast, the liver usually shows toxic effects after chronic
(prolonged) exposure. Since the present study examined only
the short-term toxicity of rotenone, it remains possible that
more pronounced liver damage could be seen following a
longer exposure to this chemical.

Acute toxicity tests assess the rapid and severe effects of a
given chemical on a given organism over a short period of

time. The most common result is LC50—the concentration
value lethal to 50 % of the organisms, which is the basis of
risk assessment procedures to evaluate the relative sensitivities
of aquatic organisms to chemicals. In general, zebrafish ranks
among the most rotenone-sensitive fish species, with a 48-h
LC50=22.6 μg/L and a 96-h LC50 value of 12.2 μg/L
(Table 3). Such high sensitivity is also highlighted in the
SSD analysis, where a HC5 value of 3.2 μg/L indicates rote-
none as extremely toxic to fish species. This may reflect the
route of contamination, as the breathing mechanism of a fish

Fig. 5 Comparison of
histological changes observed
between the controls and the fish
exposed to 250 μg/L of rotenone:
a index of changes in the gills
(ICg) and b index of changes in
the liver (ICl). Asterisks mean
significantly different from
control (Dunn’s test, p<0.05)

Fig. 6 Species sensitivity
distribution plot representing the
affected fraction of species versus
rotenone concentration (μg/L).
The open circles represent the
different fish species. For easier
comparison, the zebrafish (Danio
rerio) is represented as a black
square
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(the gills) comes into direct contact with the contaminated
water, allowing rotenone to pass directly into the bloodstream.
Even so, tolerance to rotenone is highly variable among fish
species, and this difference in sensitivity can be due to the
variation in the levels of liver enzymes responsible for the
decomposition of rotenone. The liver is the main organ re-
sponsible for the detoxification of xenobiotics, and the forma-
tion of bile is a major detoxification pathway and one of the
most likely routes for excretion. Another reason for differen-
tial rotenone tolerance is the production of alternative sub-
strates in ATP synthesis; these substrates bypass complex I
of the mitochondrial respiratory chain affected by rotenone
(Ling 2003). Plhalová et al. (2010) showed that P. reticulata
is more sensitive to terbutryn than D. rerio. Their results con-
firmed that the acute toxicity of a toxicant depends not only on
age but also on the species studied. Depending on the tested
substance, larvae or adults can bemore sensitive, because after
hatching, the embryo loses the protection of the chorion mem-
brane, becoming fully exposed. Even not tested, juvenile
stages of D. rerio could still be more sensitive than embryos.

Rotenone is widely used in the management of fisher-
ies, to eliminate undesirable fish, but after application,
rotenone and its main metabolite rotenolone can persist
in the water, sediments, and biota of the aquatic environ-
ment (Finlayson 2001; Vasquez et al. 2012; Finlayson
et al. 2014). Regardless of the high sensitivity of rotenone
to photolysis on the top layer of surface water (half-life of
21 h in the top 1 cm of water), at 2 m deep, the toxin can
persist for 191 days (USEPA 2006). It is essential to have
detailed knowledge of the thresholds of rotenone toxicity
against nontarget species (such as fish, zooplankton, am-
phibians, and reptiles). Thus, only a careful use of rote-
none for selective elimination, associated with compre-
hensive knowledge of thresholds of toxicity for both se-
lected and nontarget species, will permit the safe use of
this pesticide without compromising the whole ecosystem.

Conclusion

Rotenone is an extremely toxic pesticide, and its use
should be carefully regulated. Exposure to low concen-
trations of rotenone induced biochemical alterations
inhibiting the activities of the oxidative stress markers
CAT and GST (lowest-observed-effect concentration
(LOEC)=1 μg/L) and the neurologic biomarker ChE
(LOEC=10 μg/L). A link between ChE inhibition and
behavioral alterations is suggested. Histological changes
could be related to oxidative damage trigged by rotenone
exposure. Rotenone is embryotoxic, provoking develop-
mental changes in D. rerio embryos, namely lack of tail
detachment, delayed somite formation, lack of pigmenta-
tion, cardiac edema, tail deformities, and delay in yolk

sac absorption. Moreover, the SSD analysis showed that
rotenone is extremely toxic to several fish species (HC5=
3.2 μg/L), suggesting that after an application, effects on
nontarget organisms might occur even in concentrations
below micrograms per liter.
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