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Abstract

Bisphenol-A (BPA), a known endocrine-disrupting chemical that is distributed world wide, is extensively

employed in industry, dentistry and consumer household products. This study was conducted to explore the

estrogenic effects of BPA on the male freshwater prawn, Macrobrachium asperulum, by examining the daily

survival rate, molting frequency, hepatosomatic index (HSI), and levels of vitellogenin-like protein. Results

revealed that BPA can elicit the expression of vitellogenin-like protein (0.09  and 0.09 �g P·(mg protein)-1,

respectively) in male organisms exposed to 0.1 and 1 ng l-1 BPA at day 7. Moreover, prawns were perceived

to be sensitive to estrogenic compounds. Hence, it can be concluded that M. asperulum can be used as a

species for biomonitoring, and levels of vitellogenin-like protein in males are a useful biomarker for detecting

estrogenic contaminations.
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Introduction

Bisphenol-A (BPA), a known endocrine disrupter chemical

that is distributed world wide, is described as being capable of

mimicking and/or interacting with the estrogen receptor and eliciting

an estrogenic response in the endocrine system of nontarget species

(Brennan et al., 2006). Moreover, disruption of these physiological

processes often interferes with hormonal homeostasis in organisms

(Blaise et al., 1999). In addition, BPA is a monomer extensively

used in the manufacture of polycarbonate plastics, polyester-styrene

resins, epoxy resins, foodstuff containers, and dental sealants and

composites (Basheer et al., 2004; Oehlmann et al., 2006; Zhang et

al., 2006; Izumi et al., 2008). Furthermore, this compound is often

detected in aquatic ecosystems, with concentrations of 4~92 ng l-1 in

German river (Stachel et al., 2003), up to 27 ng l-1 in Japanese

river (Nakada et al., 2004), 9~76 ng l-1 in Swiss river (Voutsa et al.,

2006) and > 50 ng l-1 in Taiwanese river (Ding and Wu, 2000). It is

notable that BPA is still being detected in human biological samples,

such as serum and urine, indicating the continued presence of

sources of BPA exposure (Calafat et al., 2005; Yonekubo et al.,

2008). Due to the possibility of bioaccumulation and biomagnification,

the estrogenic effects of BPA is of great concern.

Estrogenic compounds, such as BPA, are introduced into

aquatic ecosystems via the effluents of industrial and municipal

sewage treatment plants and create environmental problems

(Schirling et al., 2006; Matozzo et al., 2008). Aquatic invertebrates

are clearly at risk of exposure to these estrogen mimics.

Freshwater prawn is a keystone species that affect the

biomass and community structure of freshwater ecosystems

(Richardson et al., 2004). Among 17 recorded species of

Macrobrachium geographically distributed in Taiwan, the population

of M. asperulum is the most abundant and widely distributed (Lin,
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Huang et al.

2007). It is notable that, unlike most species of Macrobrachium, M.

asperulum is the only land-locked species, indicating that prawns

live in freshwater for entire lives (Shy and Yu, 1998). Furthermore,

this species was also proposed as a good model animal for studying

the reproduction-related biology of freshwater decapods by Huang

et al. (2010). Thus, M. asperulum is a reasonable choice for a

model animal in this study.

In oviparous organisms, vitellogenin, the major precursor

of the egg-yolk protein, is synthesized in the ovaries and/or

hepatopancreas (Chen and Chen, 1994; Han et al., 1994; Chen

et al., 1999; Tseng et al., 2001). Vitellogenin is a female-specific

protein, and functions as a carrier protein which brings nutritive

materials necessary for the development of embryos and early

larvae into oocytes of freshwater prawns (Tahara et al., 2005).

However, the vitellogenin gene found in male individuals is normally

not expressed (Flouriot et al., 1995; Marin and Matozzo, 2004).

Nevertheless, it can be activated by estrogenic compounds, and

this vitellogenin induction may be considered a useful biomarker for

evaluating the presence of endocrine-disrupting chemicals in aquatic

environments (Sumpter and Jobling, 1995; Huang et al., 2006). In

addition, a key physiological process, molting, necessary for both

growth and reproduction, is a valuable parameter in prawns as

well. Any alterations of this process could have adverse effects on

populations (Brennan et al., 2006).

The estrogenic potency of BPA in the male prawn M.

asperulum was investigated in the present study, including the

survival rate, molting frequency, hepatosomatic index (HSI), and

levels of vitellogenin-like protein in the hemolymph and

hepatopancreas.

Materials and Methods

Prawn M. asperulum were captured using commercial

lobster pots (32.0 cm long and 12.5 cm wide). Traps were set on a

mixed sandy and pebble bottom in the evening and harvested next

morning followed by the immediate transfer of live prawn to the

laboratory (Huang et al., 2010). The species of collected prawn

were identified based on keys of Shy and Yu (1998). Collected

male prawn were acclimatized to laboratory condition for 2 weeks

before the studies began.

In total, 243 males (in an intermolt period) with similar weights

were equally divided into seven clear glass tanks each having at

least 30 individuals. Groups of M. asperulum were exposed to BPA

concentrations of 0.1, 1 and 10 ng l-1, and 17�-estradiol

concentrations of 1, 10 and 100 ng l-1, respectively. Specimens

exposed to the clear water were used as a control. Water of each

tank was completely changed and reagents prepared daily to ensure

the quality of water and chemicals. On days 1, 3, and 7 of the

experiment, at least 10 individuals were randomly evaluated for

survival rate, molting frequency, HSI value, and levels of vitellogenin-

like protein in the hemolymph and hepatopancreas. Daily survival

rate was calculated as the percentage of surviving individuals daily

relative to all selected males; total survival rate was calculated as

the percentage of all surviving individuals relative to that of all

selected males. Molting frequency was recorded before feeding.

Approximately 100 �l of hemolymph was extracted from the

pericardial cavity (TERUMO, Japan) rinsed with an anticoagulant

solution, and then frozen at -80°C. Hepatosomatic index  value was

calculated as the percentage of the dissected hepatopancreas weight

relative to the wet body weight, and organs were stored at -80°C

for subsequent analyses.

Vitellogenin-like protein determination: Hemolymph samples

were centrifuged at 10,000 rpm for 40 min at 4°C (Huang et al.,

2006) and supernatants at 50 �l were stored at -80°C.

Hepatopancreas samples were homogenized with a Teflon pestle

(Kontes, Vineland, NJ, USA) in 500 �l of sterile ice-cold 25 mM

Tris-HCl buffer (pH 7.5), containing 5 �l of supersaturated citric

acid. Homogenates were then centrifuged at 12,000 rpm for 40 min

at 4°C, and the supernatants were stored at -80°C.

Vitellogenin-like protein levels of hemolymph and

hepatopancreas were determined based on the alkali-labile

phosphate (ALP) assay (Gagné et al., 2001). Both homogenates

(50 �l) were mixed with an equal volume of ice-cold 10%

trichloroacetic acid for 15 min at 25 °C, followed by centrifugation at

10,000 rpm for 5 min at 4 °C. The pellet was resuspended in 200 �l

of 2 M NaOH and then heat-treated for 30 min at 60 °C. The levels

of phosphates were determined using the phosphomolybdenum

method (Stanton, 1968), and the optical absorbance at 600 nm was

recorded by a microplate reader (Power ware 340, BioTek, USA).

To normalize the levels of phosphates, both homogenates proteins

were further examined by the Bradford (1976) technique. Hence,

data are expressed as �g of phosphate per mg protein (�g P·(mg

protein)-1).

Statistical analysis: Statistical significance was analyzed with an

SPSS vers. 12.0 (SPSS, 2003) program using a one-way analysis

of variance (ANOVA) and Duncan’s multiple-range test. A probability

value (p) of < 0.05 indicated a significant difference. Data are

presented as the mean ± SD.

Results and Discussion

The HSI values of males exposed to BPA were examined,

and results are shown in Table 1. BPA had no significant impact (p

> 0.05) on HSI values, although the indexes of both BPA treatments

(0.1 and 10 ng l-1) higher than the 1 ng l-1 17�-estradiol group were

found. The survival rate and molting frequency were examined,

and results presented in Table 2. Survival rates of the control groups

throughout the study averaged up to 97.94%, and a high mortality

rate of 8.33% was recorded on day 5. After spiking both estrogenic

compounds, low survival rates were observed on the first 3 days

(Table 2). Furthermore, the highest mortality rate (22.22%) was

obtained on day 6 in the 1 ng l-1 17�-estradiol treatment group.

However, the daily survival rate with all doses of BPA seemed to be

lower than those of 17�-estradiol treatments on the first 3 days after

beginning the test (Table 2), as in a previous report (Andersen et

al., 1999). BPA is generally believed to be a less-potent estrogen
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than 17�-estradiol (Krishnan et al., 1993), but a higher bioavailability

of BPA may be anticipated due to it being a smaller and less-lipophilic

molecule (Andersen et al., 1999). Furthermore, all treatments,

including the 17�-estradiol treatments, showed high survival rates

on day 4 (Table 2). It is reasonable to suspect that some regulatory

mechanism inside the prawns had been triggered. Perhaps, further

processing is needed. In addition, the acute toxicity of these two

estrogenic compounds was also previously investigated (Hirano et

al., 2004); the 48 hr median lethal concentrations (LC
50

) values of

17�-estradiol were 2.97 and 1.69 mg l-1 in D. magna and A. bahia,

respectively. In addition, the 48 hr LC
50

 values of BPA were 12.80

and 1.34 mg l-1 in those two species, respectively. In this study,

dead individuals, even exposed to extreme low doses, were seen

in all BPA treatments. Thus, M. asperulum can probably be proposed

as being an environmentally sensitive species.

Exposure to 17�-estradiol at a 10 ng l-1 concentration had

an obvious stimulatory effect on molting behaviors (Table 2). In

groups exposed to 17�-estradiol, higher molting frequencies

compared to those given BPA treatments were observed. However,

on day 5 after exposure to 10 ng l-1 17�-estradiol and 0.1 ng l-1

BPA, molting was seemingly elicited more frequently in males. In

addition, Mu et al. (2005) indicated that BPA elicits anti-ecdysteroidal

activity in D. magna, and the mechanism is due to its ability to

enhance endogenous juvenoid activity. The anti-ecdysteroidal

activity of juvenoids was previously demonstrated. For example,

inhibition or suppression of the embryonic development by BPA in

the copepod A. tonsa and the lobster H. americanus was reported

(Andersen et al., 2001). Similarly, Andersen et al. (1999) revealed

that molting alterations have high ecotoxicological relevance for

crustaceans, but they may be a result of an ecdysone-related effect

rather than an estrogenic effect. However, insufficient evidence was

produced in this study to support the above findings. Furthermore,

the threshold concentration for reproductive toxicity of BPA in D.

magna was 1.30 mg l-1 as proposed by Mu et al. (2005). Although

these observations are in contrast to previously data published,

Brennan et al. (2006) postulated that BPA has no statistically

significant inhibitory effects (p > 0.05) on the molting of D. magna at

a high concentration tested of 10.5 mg l-1. In addition, the presence

of molting individuals was first observed with 10 ng l-1 BPA

administration (Table 2). The following results were recorded in the

17�-estradiol and control groups in this order.

Levels of vitellogenin-like protein were determined and are

summarized in Figs. 1 and 2. On day 1, hemolymph vitellogenin-like

protein levels in males exposed to 1 and 10 ng l-1 17�-estradiol

were 0.19 and 0.18 �g P·(mg protein)-1, respectively. Both

significantly differed (p < 0.05) from the control group (0.07 �g

P·(mg protein)-1; Fig. 1A). On day 3, the administration of 100 ng l-1

17�-estradiol resulted in the highest levels of the biomarker protein

(0.17 �g P·(mg protein)-1), which was approximately 169% higher

than the control (Fig. 1B). When performed on day 7, males exposed

to BPA atconcentrations of 0.1 and 1 ng l-1 were 0.09 and 0.09 �g

P·(mg protein)-1, respectively. Both caused hemolymph protein levels

that were significantly (p < 0.05) higher than those of the control

groups, even at all doses of the 17�-estradiol administration (Fig.

1C). However, no significant difference (p > 0.05) between the two

BPA treatments was detected (Fig. 1C). In addition, the lowest protein

level (0.01 �g P·(mg protein)-1) resulting from the highest dose of

17�-estradiol treatment was recorded on day 7 (Fig. 1C).

Table 1 : Hepatosomatic index (HSI) of male M. asperulum exposed to 17�-estradiol and Bisphenol-A

Day 1 (%) Day 3 (%) Day 7 (%)

Control 3.71 ± 1.23ab 3.40 ± 0.84 3.33 ± 0.97

1 ng l-1 17�-estradiol 3.45 ± 0.67a 3.03 ± 0.51 3.15 ± 0.40

10 ng l-1 17�-estradiol 4.32 ± 0.91ab 3.48 ± 0.64 3.67 ± 0.60

100 ng l-1 17�-estradiol 3.88 ± 0.70ab 3.64 ± 0.51 3.26 ± 0.51

0.1 ng l-1 BPA 4.36 ± 0.62b 3.70 ± 1.09 3.35 ± 1.21

1 ng l-1 BPA 4.08 ± 0.62ab 3.58 ± 0.97 2.41 ± 1.13

10 ng l-1 BPA 4.52 ± 0.95b 3.57 ± 0.93 3.11 ± 0.73

Values are mean ± SD. Different superscripts within the same column indicate a significant difference (p < 0.05)

Table  2 : Daily survival rates of male M. asperulum exposed to 17�-estradiol and Bisphenol-A

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Total

(%) (%) (%) (%) (%) (%) (%) (%)

Control 100.00 100.00 92.31 100.00 91.67* 100.00 100.00 97.94

1 ng l-1 17�-estradiol 92.86 84.62 100.00 100.00 100.00 77.78 85.71 79.07

10 ng l-1 17�-estradiol 93.10 96.30 91.67* 90.91 100.00* 100.00 100.00 88.64

100 ng l-1 17�-estradiol 96.88 87.10 87.50 100.00 92.86 92.31* 100.00 80.85

0.1 ng l-1 BPA 94.44 82.35 87.50 100.00 85.71* 100.00 100.00 77.78

1 ng l-1 BPA 91.67 90.91 83.33 100.00 100.00 100.00 80.00 76.47

10 ng l-1 BPA 83.33 100.00* 93.33 100.00 100.00 100.00 100.00 85.71

An asterisk (*) indicates that molting individuals were recorded. Values are mean ± SD. No statistically significant difference was observed (p > 0.05)
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On day 1, levels of the biomarker protein in the

hepatopancreas in all groups showed no significant differences (p >

0.05) with the control (Fig. 2A). On day 3, BPA seemed to have an

obvious stimulatory effect on the induction of vitellogenin-like protein,

with levels approximately 48% and 35% higher than the control

with both BPA treatments (0.1 and 1 ng l-1). The level of 0.95  �g

P·(mg protein)-1 in the 10 ng l-1 17�-estradiol group significantly

differed (p < 0.05) from the control group (Fig. 2B). With exposure

of animals to 1 and 10 ng l-1 17�-estradiol, estrogenic effects were

obviously recorded (p < 0.05) compared to the control group on

day 7 (Fig. 2C). On the contrary, no significant difference (p > 0.05)

in groups at all doses of BPA was recorded (Fig. 2C). In addition, a
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Fig. 1: Induction of vitellogenin-like protein in the hemolymph of male M.

asperulum exposed to three 17�-estradiol (1, 10, 100 ng l-1) and three BPA

(0.1, 1, 10 ng l-1) treatments for 1 (A), 3 (B), and 7 (C) days. In the box and

whisker plot, the bottom of each box is the 25th percentile, the top is the 75th

percentile, the line in the middle is the mean, and the whiskers represent the

minimum and maximum of the study population. “C”, “E”, and “B” are

respective abbreviations for the “control”, “17�-estradiol”, and “bisphenol

A” on the X-axis.

Fig. 2: Induction of vitellogenin-like protein in the hepatopancreas of male

M. asperulum exposed to three 17�-estradiol (1, 10, 100 ng l-1) and three

BPA (0.1, 1, 10 ng l-1) treatments for 1 (A), 3 (B), and 7 (C) days. In the box

and whisker plot, the bottom of each box is the 25th percentile, the top is the

75th percentile, the line in the middle is the mean, and whiskers represent

the minimum and maximum of the study population. “C”, “E” and “B” are

respective abbreviations for the “control”, “17�-estradiol”, and “bisphenol

A” on the X-axis.
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low biomarker protein level (0.46 �g P·(mg protein)-1) appeared

on day 7 after exposure to 100 ng l-1 17�-estradiol (Fig. 2C).

This study demonstrated that low levels of BPA (0.1 and 1

ng l-1) can elicit the induction of the biomarker protein, vitellogenin.

Similarly, investigations were carried out with 17�-estradiol treatments

(Figs. 1, 2). However, no significant difference (p > 0.05) was

recorded at the highest dose of BPA throughout the study, although

elevated levels of vitellogenin-like protein in hemolymph and the

hepatopancreas were observed on day 3 (Figs. 1B, 2B). As

described herein, a biomarker of a vitellogenin-like protein in males

can be expressed by estrogenic compounds, as previously reported

(Sumpter and Jobling, 1995; Huang et al., 2006; Matozzo et al.,

2008).

BPA can elicit the induction of vitellogenin-like protein in

male M. asperulum, even at the extreme low doses. Moreover,

prawns were perceived sensitive to estrogenic compounds. This

investigation suggested that M. asperulum can serve as a

biomonitoring species, and the level of vitellogenin-like protein in

males was a useful biomarker for estrogenic contaminations.
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