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Abstract: Sulfide is considered as an environmental factor and toxicant with a wide distribution in
aquatic environments. At present, the toxic effects of sulfide stress on rice field eel (Monopterus albus)
are poorly understood. To ascertain these effects, the juvenile rice field eels were exposed to sub-
lethal concentrations of Na2S (0, 0.2154, 2.154, and 21.54 mg/L) for 7, 14, and 28 days. Antioxidant
parameters such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx),
and malondialdehyde (MDA) as well as the related gene (including sod, cat) expressions were
measured. The expressions of metallothionein (mt) and heat shock protein 90 (hsp90), which are used
as physiological stress indices, were also detected. The results showed that exposure to sulfide altered
the antioxidant response and related gene expressions in rice field eel. The activities of SOD were
inhibited and the MDA contents were increased after exposure to sulfide. The activities of CAT and
GPx were increased at 7 days and decreased at 28 days after treatment with sulfide at the highest
dose. The expressions of sod, cat, and hsp90 were upregulated at 7 days and downregulated at 14 and
28 days after exposure to high doses of sulfide. The expression of mt was significantly downregulated
in all sulfide treated groups. The toxic effects caused by sulfide were in dose-dependent and time-
dependent manners. In short, oxidative stress and physiological stress were caused in rice field eel
after the exposure to sulfide.

Keywords: sulfide; rice field eel; oxidative stress; physiological stress

1. Introduction

Sulfide including three forms (HS−, H2S, and S2−) is considered as an environmental
factor and toxicant to aquatic organisms [1,2]. Sulfide is found in concentrations ranging
from µg/L to mg/L in the surface water, sewers, and waste water [3,4]. As a type of
toxic chemical, organisms exposed to sulfide might suffer adverse effects on growth,
development, reproduction, and survival. Much attention had been given to sulfide due
to its toxicity [5]. In aquatic environments, sulfide is mainly generated by anaerobic
microorganisms under anaerobic conditions [6,7]. It is well-known that sulfide can inhibit
cytochrome c oxidase, reduce energy production, and cause histotoxic hypoxia in both
mammals and fish [1,8]. Recent studies have shown that exposure to sulfide could alter
the energy metabolism, damage gut structure, and impair the health of Pacific white
shrimp [6,9]. Additionally, induced oxidative stress and altered composition of microbiota
in the intestine of red swamp crayfish was reported after being treated with sulfide [10].
For zebrafish, exposure to a high dose of sulfide produced developmental toxicity [5].
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Although sulfide might cause multiple toxic effects in aquatic organisms, the potential
toxicity mechanisms of sulfide remain to be elucidated.

The rice field eel (Monopterus albus), a type of air-breathing fish, mainly inhabits muddy
waters such as rice fields, lakes, ponds, and rivers [11,12]. It is one of the most valuable
aquacultured fish in China for its high nutritional value [13,14]. The annual output of rice
field eel in 2017 amounted to 358,295 tons in China [15]. However, the production of rice
field eel is still restricted by infection diseases and environmental stress [12]. At present,
there are no available details on the toxic effect of rice field eel caused by sulfide stress.

Environmental factors including pollution could induce the generation of reactive
oxygen species (ROS) and lead to oxidative stress in organisms [16,17]. ROS can change
the function of cell components adversely and destroy cell structure [17]. There are two
antioxidant defense systems including an enzymatic antioxidant defense system and nonen-
zymatic antioxidant defense system to scavenge excessive ROS to protect cells from damage.
The enzymatic antioxidant defense system includes multiple enzymes such as catalase
(CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), etc. [17–19]. Malondi-
aldehyde (MDA), the end product of lipid peroxidation, is suggested as a useful biomarker
for oxidative stress [20]. Metallothionein (MT) is inducible by oxidative stress and func-
tioned as a scavenger of free radicals [21]. Additionally, heat shock proteins (HSPs) have
multifunctional roles and play an essential role in avoiding cell damage under environmen-
tal stress. HSPs and MT are often used as physiological stress indices.

Sulfide could induce the production of ROS and cause oxidative stress in multiple
aquatic organisms such as red swamp crayfish and Pacific white shrimp [10,22,23]. How-
ever, far too little attention has been paid to the responses of the antioxidant defense system
under sulfide stress in rice field eel. Therefore, in the present study, rice field eel was used
to investigate the toxic effects (mainly the responses of antioxidant defense system) treated
with sub-lethal doses of sulfide. Antioxidant response parameters including SOD, CAT,
GPx, and MDA were measured. Additionally, mRNA expression levels of sod (Cu/Zn), cat,
mt, and hsp90 were quantified by real-time PCR.

2. Materials and Methods
2.1. Fish and Exposure

The juvenile rice field eels (12.1 ± 0.71 g, 16.36 ± 0.83 cm) were obtained from a
commercial hatchery in Qianjiang, China. The fish were cultured in 24-h aeration tap water
(pH 7.1 ± 0.2; hardness 43.6 ± 2.1 CaCO3/L) operating with a 12:12 h light:dark cycle at
26 ± 2 ◦C, and fed with commercial-feed (Tongwei, Chengdu, China) once per day. After
2 weeks acclimation, 240 healthy rice field eels were randomly selected and distributed
into 12 aquaria (80 cm × 39 cm × 62 cm, 20 fish per aquaria) containing 20 L oof water. The
96-h LC50 of Na2S on juvenile rice field eels was detected as 215.4 mg/L in our lab (data
not shown). According to the 96-h LC50, the rice field eels were exposed to 0, 0.2154, 2.154,
and 21.54 mg/L Na2S (Na2S·9H2O, purity ≥98%, Sigma-Aldrich, Saint Louis, USA) for
7, 14, and 28 days. The rice field eels were fed daily with commercial-feed. The dose of
sulfide in the exposure solution was detected using the methylene blue spectrophotometric
method every 6 h. The corresponding Na2S was added to the solution, which made the
actual concentration consistent with the nominal concentration. All solutions were renewed
every day. There was no dead fish in all of the sulfide treatment groups during the entire
exposure period.

2.2. Sampling

After exposure for 7, 14, and 28 days, the fish were sampled. At each sample time,
12 fish from each group (including three replicates, four fish per aquaria) were randomly
chosen and anesthetized with MS-222 (0.1 g/L, Sigma-Aldrich, Saint Louis, USA). The liver
was quickly separated and divided into two parts: for biochemical parameters analysis,
the livers (n = 6) were washed with ice-cold 0.86% physiological saline three times and



Water 2022, 14, 3230 3 of 11

immediately stored at −80 ◦C; for RNA measurement, livers (n = 6) were stored in TRIZOL
reagent (Invitrogen, Carlsbad, USA) and frozen at −80 ◦C.

2.3. Biochemical Parameter Analysis

The liver samples were homogenized using an ultrasonic cell disrupter (Scientz-
IID, Ningbo, China) with 10 volumes of ice-cold 0.86% physiological saline on ice. The
samples were centrifuged at 12,000× g for 20 min at 4 ◦C. The supernatant was separated,
and the total protein level of it was quantified by Bradford assay [24]. All biochemical
parameters including SOD, CAT, GPx, and MDA were detected by applying commercial
kits obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according
to the manufacturer’s procedures.

2.4. Genes Expressions Analysis

The total RNA extraction, genomic DNA digestion, reverse and transcriptase poly-
merase reaction were operated according to the previously reported method [25,26]. Quanti-
tative RT-PCR (qRT-PCR) was conducted using the UltraSYBR Mixture Kit (CWBIO Beijing,
Beijing, China) and performed on an ABI 7500 System (Applied Biosystems 7500, Carlsbad,
USA) with the followed program: 95 ◦C for 10 min, then 40 cycles of 95 ◦C for 15 s, and
60 ◦C for 1 min. The specified products of qRT-PCR were verified by electrophoresis in
agarose gel and a single peak in the melting curve. The gene amplification efficiency values
ranged from 92.11% to 104.6%. Each sample included three replicates. The gene expression
levels were quantified by the 2−∆∆Ct method and calibrated by the reference gene (β-actin).
The primers for quantitative RT-PCR are shown in Table 1.

Table 1. Primer sequences for qRT-PCR.

Name Sequence of Primer (5′-3′) Product
Length (bp) Efficiency (%) Gene Bank ID

β-actin-F GAGGTATCCTGACCCTGAAGTA
105 96.09 XM_020621264

β-actin-R CGACTCTCAGCTCATTGTAGAAG
sod-F CTCTCTCTCTCGGCACCTATTA

133 104.6 XM_020602040sod-R GACTCAAGGCTACAAAGGTCAA
cat-F CTGCACAGTGTCAGGTCTAAA

111 92.11 XM_020624985cat-R TGACCTCTGAGACCCTCTATTC
mt-F TACACACCACTGGCTCTTTG

94 93.59 XM_020604384mt-R CGCAAGGGTCCATCTCTTT
hsp90-F TAAGGAGGTTGAGGAGGATGAG

95 95.36 XM_020622865hsp90-R CCTCAGCTGTGAAGTGGATATG

2.5. Integrated Biomarker Response (IBR)

IBR, which integrates a battery of biomarkers into one general stress index, is a useful
tool in assessing ecological risk [27]. In order to evaluate the integrated effect of the sulfide at
different doses, the IBR was conducted using the previously described method [27,28]. IBR
version 2 was used in the present study. All of the detected biomarkers were standardized,
and the scores are presented in star plots.

2.6. Statistical Analysis

Data were presented as the mean ± standard deviation (SD). All statistical analysis
was performed using SPSS 20.0 software (Chicago, USA). The Kolmogorov–Smirnov test
and Levene’s test was applied to analyze the normality and homogeneity of the data,
respectively. Statistical differences among the treatment groups and control group were
evaluated by one-way analysis of variance (ANOVA) followed by a Tukey’s post hoc test.
p < 0.05 was supposed to be statistically different. Principal component analysis (PCA) was
performed using Statistic 6.0 (StatSoft, Tulsa, OK, USA).
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3. Results
3.1. Antioxidant Parameters

The changes in the antioxidant parameters exposed to sulfide are illustrated in Figure 1.
Generally, compared with the control, the activities of SOD were inhibited after exposure
to various doses of Na2S. Significant inhibitions of SOD activities were presented in the
21.54 mg/L Na2S group exposed for 7 days and above and the 2.154 mg/L Na2S group
exposed for 28 days. After 7 days of exposure, the CAT activity was significantly increased
in the 21.54 mg/L Na2S group; when exposed for 14 and 28 days, there was a decrease
trend for CAT activity in the sulfide treatment groups, and CAT activity was dramatically
decreased after being exposed to 21.54 mg/L Na2S for 28 days. When exposed to a higher
concentration of Na2S (2.154 mg/L and 21.54 mg/L) for a short time (7 days), the GPx
activities were significantly increased while the GPx activities were significantly decreased
after exposure for a long time (28 days). There was no significant difference in the MDA
content after being exposed to sulfide for 7 days. An increasing trend was shown after
being treated with sulfide for 14 days or above. The MDA levels were remarkably enhanced
in the 2.154 mg/L and 21.54 mg/L Na2S groups after exposure for 14 or 28 days.
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Figure 1. The changes in the oxidative stress parameters (SOD, CAT, GPx, and MDA) in the liver
of rice field eel after exposure to 0, 0.2154, 2.154, and 21.54 mg/L Na2S for 7, 14, and 28 days. The
results are shown as the mean ± SD of six replicates. * p < 0.05, ** p < 0.01 indicate the statistically
significant differences between the exposure and control groups.
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3.2. Genes Expressions

The genes expressions including sod, cat, hsp90, and mt are shown in Figure 2. Exposure
to sulfide for 7 days, the sod expression was significantly upregulated in the 2.154 mg/L
and 21.54 mg/L Na2S groups. While exposed for 14 days, significant downregulation of sod
expression was detected in all of the sulfide treated groups. Additionally, sod expression
was significantly decreased in the higher Na2S dose groups (2.154 mg/L and 21.54 mg/L)
after exposure for 28 days. Similar to the expression pattern of sod for a short time (7 days)
exposure to sulfide enhanced the expression of cat, and exposure to 2.154 and 21.54 mg/L
Na2S significantly upregulated the cat expression level while long time (14 and 28 days)
exposure in all sulfide treatment groups significantly downregulated the cat expression
level. For hsp90 expression, it was dramatically upregulated after exposure to 21.54 mg/L
Na2S for 7 days. With the increase in the exposure period (14 and 28 days), hsp90 expression
was significantly downregulated in all sulfide exposure groups. It was shown that the
expression of mt was significantly downregulated in all sulfide treated groups regardless of
the exposure time.
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Figure 2. Quantitative RT-PCR analysis of the expression levels of sod, cat, hsp90, and mt in the liver
of rice field eel after exposure to 0, 0.2154, 2.154, and 21.54 mg/L Na2S for 7, 14, and 28 days. The
results are shown as the mean ± SD of six replicates. * p < 0.05, ** p < 0.01 indicate the statistically
significant differences between the exposure and control groups.
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3.3. PCA and IBR Results

The PCA results are shown in Figure 3. The first two principal components (PC)
explained 68.07% of the total variances. The PC1 and PC2 accounted for 47.87% and 20.2%
of the total variances, respectively. The MDA level had a highly positive correlation with
the Na2S concentrations as well as exposure time.
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Figure 3. Ordination diagram of the PCA of Na2S doses, exposure time, and parameters measured in
rice field eel after Na2S exposure.

The IBR results are presented in Figure 4. Based on all parameters, there were two
responsive patterns according to the exposure period. The star plot of the 7 days exposure
was remarkably different from the plots of the 14 and 28 days of exposure (Figure 4A−C).
After exposure to sulfide for 7 days, all biomarkers were activated or upregulated except for
SOD and mt, which was inhibited and downregulated by sulfide, respectively. After sulfide
exposure for 14 and 28 days, all indicators were decreased or downregulated except for the
MDA content, which was increased by sulfide. The IBR values of each treatment are shown
in Figure 4D, which were calculated based on all of the biomarkers detected. The high IBR
value stands for high stress caused by the environmental factor. As seen from the star plot,
toxic effects generated by sulfide were in dose−dependent and time−dependent manners.
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Figure 4. Star plots for measuring the various parameters of rice field eel after exposure to sulfide
for 7 days (A), 14 days (B), 28 days (C), and IBR values for each treatment (D). Control, control
group; 0.2154−7d, 0.2154 mg/L Na2S exposed for 7 days; 2.154−7d, 2.154 mg/L Na2S exposed for
7 days; 21.54−7d, 21.54 mg/L Na2S exposed for 7 days; 0.2154−14d, 0.2154 mg/L Na2S exposed for
14 days; 2.154−14d, 2.154 mg/L Na2S exposed for 14 days; 21.54−14d, 21.54 mg/L Na2S exposed for
14 days; 0.2154−28d, 0.2154 mg/L Na2S exposed for 28 days; 2.154−28d, 2.154 mg/L Na2S exposed
for 28 days; 21.54−28d, 21.54 mg/L Na2S exposed for 28 days.

4. Discussion

Generally, there is a dynamic equilibrium between oxidants and antioxidants in organ-
isms [29], which is crucial for the health of organisms. When antioxidants are exhausted or
ROS accumulates excessively, the equilibrium will be disturbed and proposes oxidative
stress to the organism [30,31]. Oxidative stress was caused by multiple environmental
factors such as UV exposure, environmental pollution, stress of hypoxia, pathogenic in-
fection, etc. [32–35]. In aquatic organisms, the detoxification of ROS is controlled by the
antioxidant defense system, which was composed of antioxidant enzymes (including SOD,
CAT, glutathione reductase and GPx) and nonenzymatic antioxidants such as vitamin C,
reduced glutathione (GSH), vitamin A, and vitamin E [17,19,36]. SOD, the first line of
defense against ROS in living beings, converses superoxide radicals (O2

−) into hydrogen
peroxide (H2O2). Thereafter, H2O2 is reduced by CAT to form molecular oxygen and water.
GPx catalyzes the reduction of both hydrogen peroxide and lipid peroxide [32] and plays
an antidotal role in protecting cells from oxidative stress.

The well-known toxicity of sulfide is that it can suppress the activity of cytochrome c
oxidase in mitochondria, disturb electron transport, and reduce the production of ATP [1,2,37].
Exposure to sulfide also induced the generation of ROS in multiple organisms [3,38,39].



Water 2022, 14, 3230 8 of 11

Therefore, a deduction could be made assuredly that the antioxidant defense system was
affected by sulfide treatment. In aquatic organisms, alternation of antioxidant responses
under sulfide stress for a short time (no more than 72 h) has been reported in several
studies [10,22,23]. However, the changes in the antioxidant defense system for chronic
exposure to sulfide have rarely been reported, especially in fish. In the present research, the
rice field eel, an economically important aquaculture fish in China, was used to evaluate
the effects of the antioxidant defense system under exposure to sulfide for 28 days.

After exposure to 2.154 and 21.54 mg/L Na2S for a short time (7 days), the gene
transcription of sod and cat were significantly enhanced, coupled with significant increase
in the activities of CAT and GPx. The level of MDA, which was an important indicator
reflecting lipid peroxidation, did not change after short time exposure. This result indicates
that the rice field eel did not suffer oxidative stress after treatment with sulfide for 7 days.
This might be attributed to the capacity of antioxidant defense system being enhanced to
scavenge excessive ROS by an increase in the activity of antioxidant enzymes such as CAT,
GPx, etc. under short time sulfide stress. This consequence also indicated that adaptive
responses to oxidative stress worked to maintain redox status in rice field eel. It is worth
noting that the activities of SOD were decreased while the transcription levels of sod were
significantly upregulated after exposure to 2.154 and 21.54 mg/L Na2S. This inconsistency
might be attributable to there being three SOD isoforms in the organisms including Cu/Zn-
SOD, Mn-SOD, and Fe-SOD [40], and only one type of SOD isoform transcription level
was measured in the present study. After a prolonged exposure period (28 days), the
activities of SOD, CAT, GPx, and the transcription levels of sod and cat were decreased
and downregulated, respectively, in the higher sulfide dose (2.154 and 21.54 mg/L Na2S)
groups. The MDA contents were remarkably increased after higher sulfide dose (2.154
and 21.54 mg/L Na2S) treatment for long time (14 and 28 days) exposure, suggesting the
capacity of the antioxidant defense system failed to clear excessive ROS and the equilibrium
between the oxidants and antioxidants was broken. The oxidative stress was mainly
generated by the inhibition of antioxidant enzyme exposure to high doses of sulfide. Based
on the time effects of sulfide, short-term exposure resulted in an increase in the activity of
antioxidant enzymes and long-term exposure caused damage to the antioxidant defense
system, leading to oxidative stress to the rice field eel. Although the exposure times were
different in the present research, the activities of SOD, CAT, and GPx were increased after
short time exposure to sulfide, and these activities were inhibited gradually for a prolonged
exposure time in red swamp crayfish [10]. Aside from sulfide, similar consequences were
obtained when common carp and rainbow trout were exposed to tributyltin and verapamil,
respectively [41,42].

Heat shock proteins, also called stress proteins, function as molecular chaperones by
helping correct the folding of the native and refolding of the denatured proteins [43,44]. Not
only heat shock but also multiple stressful conditions such as oxidative stress, pollutants,
and other toxic chemicals can induce the expression of HSPs [43,45]. According to the
molecular weight, there are five types of HSP families, and the HSP90 is well conserved
and abundant cytosolic protein in the eukaryotic cells [44]. The expression of hsp90 has
been used as a biomarker for environmental assessment for its sensitivity to environmental
stress [46]. In the present study, the expression of hsp90 was significantly upregulated in
the highest sulfide dose group after 7 days of exposure. This situation may be attributable
to hsp90 playing the role of refolding the damaged proteins to avoid cell damage under
sulfide stress. When rice field eel was exposed to sulfide for 14 days and above, the
transcription levels of hsp90 were remarkably downregulated in all sulfide treatment
groups [44,46,47]. The expression of HSPs was changed in different tissues, pollutants,
exposure concentrations, and periods [47]. Werner and Hinton [48] demonstrated that
the protein level of HSP was reduced in polluted field sites, which might be due to the
inhibition of protein biosynthesis and the decreased availability of energy by contaminants.
Thus, we hypothesized a similar reason for the downregulated expression of hsp90 after
sulfide treatment for a long time period in the present study.
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MT is a family of cysteine-rich, low molecular weight cytosolic proteins that func-
tion in metal sequestration, protection against the toxicity of heavy metals, and oxidant
stress [32,49]. Aside from metal, there is a high variety of factors including oxidative stress,
radiation, cytokines, and growth factors [50]. MT is a useful biomarker for environmental
research [32,51]. In the present study, exposure to sulfide significantly downregulated the
transcriptional level of mt, and similar results were found by Guo, Ruan, Fan, Fang, Wang,
Luo, and Yi [10], who reported that the expression level of mt was decreased significantly
after treatment with sulfide for 48 h and 72 h in Procambarus clarkia [10]. Although further
studies are needed to extend the knowledge about the role of MT under environmental
stress, several reports have confirmed that there was a downregulation of MT in polluted
waters [52,53].

In conclusion, the results of the present study demonstrated that the oxidative stress
indices (SOD, CAT, GPx, and MDA) and related genes (sod, cat, hsp90, and mt) were altered
under sulfide stress. Exposure to sub-lethal concentrations of sulfide caused oxidative
stress and physiological stress in rice field eel. The toxic effects induced by sulfide were in
dose-dependent and time-dependent manners.
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