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Abstract
The current study was performed to examine the acute toxicity of mercuric chloride (HgCl2) on the silver carp (Hypoph-
thalmichthys molitrix) larvae. Probit analysis was used to determine the median lethal concentration (LC50). The LC50 
values of Hg2+ for the fish larvae at 24, 48, 72, and 96 h were 267.72, 252.97, 225.57, and 97.80 μg/L, respectively. The 
safe concentration of Hg was 9.78 μg/L for fish larvae. Based on the 96 h LC50, fish were exposed to four different groups 
including 0, 6.11, 12.23, and 24.45 μg/L for 96 h to assess the effects of different concentrations of Hg2+ on antioxidant 
capacity, energy metabolism parameters, and related gene expression. The findings revealed that there were no significant 
differences in the activities of superoxide dismutase (SOD) and total antioxidant capacity (T-AOC) in fish larvae among all 
the groups (P < 0.05). In the 12.23 μg/L group, fish larvae had a maximum in catalase (CAT) activity. The creatine kinase 
(CK) activities of fish larvae in control and 6.11 μg/L groups were significantly lower than those groups (P < 0.05). A high 
concentration of Hg2+ significantly upregulated the mRNA levels of heat shock protein 70 (HSP70) and metallothionein 
(MT) genes in fish larvae. Furthermore, the IBR index value showed the highest value in the 24.45 μg/L group. Overall, this 
study provides an increased understanding of the effects of Hg-acute toxicity on silver carp larvae.
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Introduction

Mercury (Hg), as we all know, is a biologically, chemi-
cally, and geologically active element (Yu et al. 2020; Mao 
et al. 2021). Hg is usually present in aquatic ecosystems in 
both inorganic (e.g., elemental Hg (Hg0) and oxidized Hg 
(HgII)) and organic (e.g., methyl Hg (MeHg) and dimethyl 
Hg (DMeHg)) forms (Yu et al. 2020). Of these, inorganic 
mercury is the main form released into the environment 
and methyl mercury is the most toxic form to human health 

(Zupo et al. 2019). Because of its high toxicity, difficulty 
to degrade, easy migration, and enrichment characteristics, 
as well as its powerful harmful effect on aquatic organisms 
and humans, it has sparked widespread concern (Anatone 
et al. 2020).

Currently, Hg has been widely detected in the aquatic 
environment. For example, the mean concentrations of total 
Hg in the overlying water of the main stem and tributaries 
of the Yangtze River in China were 7.94 ng/L and 7.64 ng/L 
(Wang et al. 2019). The average concentrations of total Hg 
and MeHg in the seawater from the six sites in Laizhou Bay 
(North China) were 57.8 ng/L and 0.33 ng/L (Cao et al. 
2020). Hg pollution in the aquatic environment has become 
a serious environmental problem that requires attention. Hg 
can be enriched in aquatic organisms through biomagnifica-
tion in the food chain in the kidney, gill, spleen, liver, and 
gall bladder, causing permanent damage in the aquatic envi-
ronment (Harley et al. 2015; Rua-Ibarz et al. 2019).

The effects of acute or chronic exposure to inorganic and 
organic mercury on the behavior, growth, reproduction, tis-
sue structure, and physiology and biochemistry of fish have 
been widely reported (Crump and Trudeau 2009; Huang 
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et al. 2010; Wang et al. 2013; Sfakianakis et al. 2015; Chen 
et al. 2017; Zheng et al. 2019). Most studies have focused 
on the more toxic organic mercury (MeHg), but the toxic 
effects of inorganic mercury on fish are poorly studied, espe-
cially in the early developmental stages of fish. Silver carp 
(Hypophthalmichthys molitrix) is one of the four important 
carp species in China, accounting for 12.34% of total cul-
tured freshwater fish production in 2020 (Yearbook 2020). 
Several studies related to the acute toxicity, physiological 
effect, and bioconcentration of heavy metals in the aquatic 
environment on silver carp have been reported (Hedayati and 
Ghaffari 2013; Liu et al. 2021). However, there is still a lack 
of studies on the acute toxic effects of fish and their toxic-
ity mechanisms, especially on the toxic effects of the early 
developmental stages of silver carp. Fish larvae are an ideal 
model for the toxicological testing of aquatic animals. They 
are more sensitive to environmental contaminants during the 
early stages of growth and development.

Therefore, the objective of this study was to calculate 
the median lethal concentration (LC50) of silver carp lar-
vae at various periods under Hg stress. And this study also 
evaluated the potential acute toxicity (96 h) effects of silver 
carp larvae exposed to different concentrations of mercury 
chloride (HgCl2) from the perspective of the antioxidant 
capacity, energy metabolism, parameters, and related gene 
expression. These findings provide a reference for studying 
the mechanism of mercury toxicity to fish and a theoretical 
basis for ecological risk assessment.

Materials and methods

Test chemicals and experimental fish

HgCl2 (purity > 99%, AR) was purchased from Sigma-
Aldrich (St Louis, MO, USA). Deionized water was prepared 
into a 1-g/L HgCl2 stock solution. The solution was then 
stored in brown bottles at room temperature and shielded 
from light before getting diluted to the mass concentration 
required for the experimental design.

Silver carp larvae were purchased from the Genetic 
Breeding Center, Yaowan Experimental Farm, Yang-
tze River Fisheries Research Institute (Jingzhou, Hubei, 
China). Fertilized eggs were obtained by artificial insemi-
nation through injection of domperidone and luteinizing 
hormone-releasing hormone A2 drugs. The fertilized eggs 
were incubated in the incubation loop in running water at 
a temperature of 25.00 ± 1.00 °C during incubation. Fish 
larvae were fed with newly hatched brine shrimp (Artemia 
nauplii) twice a day (10:00 a.m.; 6:00 p.m.). Starvation 
treatment of fish larvae 24 h before the experiment, and 
healthy, uniformly sized 10-day-old fish were collected for 
relevant experiments. Dechlorinated tap water was used for 

the testing process. The water quality parameters were pho-
toperiod 16 h:8 h light/dark, temperature 25.00 ± 1.00 °C, 
and pH 7.4 ± 0.2. Fish larvae were not fed during the expo-
sure test. All procedures and animal handling comply with 
the guidelines approved by the Animal Ethics Committee of 
Yangtze University.

Experimental design

Acute toxicity test

A static acute toxicological test was performed to determine 
the LC50 of Hg2+ concentration in silver carp larvae after 
24 h, 48 h, 72 h, and 96 h. Based on the results of the pre-
experiment to determine the maximum concentration of all 
lethal for 24 h, seven groups (0, 40, 65, 104, 167, 270, and 
435 μg/L) with equal logarithmic spacing were set. In the 
experiment, silver carp larvae were set up in seven groups, 
three replicates in each group. Each tank contained 10 
fish. The reaction and swimming characteristics of silver 
carp larvae under mercury stress were observed and recorded 
within 8 h after the experiment started. At 24, 48, 72, and 
96 h, fish larval mortality was recorded. The dead fish were 
later recovered. Fish larvae mortality was determined by the 
lack of response to the touch of sterile forceps on the fish 
body, and feeding was stopped during the whole test period. 
Regression probit analysis was performed using SPSS soft-
ware with Hg2+ concentration as the natural logarithm.

Exposure experiment and sampling

Fish larvae (average initial weight 0.027 ± 0.004 g; average 
body length 1.25 ± 0.06 cm; (mean ± SEM)) were randomly 
assigned to 12 tanks (40 × 23 × 25 cm). Four groups were 
formed with three parallel settings for each group. Each 
tank contained 20 L tap water and 60 fish larvae. The sub-
sequent exposure concentrations were set according to 1/16, 
1/8, and 1/4 of the obtained 96 h LC50. Each group has a 
different concentration of 0, 6.11, 12.23, and 24.45 μg/L 
(named T0, T1, T2, and T3) . All solution samples were ana-
lyzed, and the measured Hg2+ concentration (0, 5.89 ± 0.60, 
10.97 ± 1.85, and 22.04 ± 2.27 μg/L, corresponding to T0, 
T1, T2, and T3 groups, respectively) was within 20% of 
the nominal concentration during the exposure period. 
The experimental conditions were a water temperature of 
25.00 ± 1.00 °C, a photoperiod of 16 h:8 h light/dark, and a 
pH of 7.4 ± 0.2. The exposure experiment lasted 96 h.

The mucus on the body surface of the fish larvae was 
rinsed off with sterile distilled water at the end of the experi-
ment. After absorbing water from the surface of the fish with 
absorbent paper, the whole fish larvae were quickly placed in 
liquid nitrogen and then transferred to a − 80 °C refrigerator 
until further analysis. Due to the small size of the fish larvae, 
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all samples for biochemical analysis and gene expression 
were taken from whole fish larvae.

Biochemical analysis

After thawing the whole fish larvae, three fish larvae in 
each group were homogenized to form a 10% solution using 
0.86% sterile saline solution at a ratio of m (tissue, g):v 
(saline solution, mL) 1 to 9 and centrifuged at 3500 rpm 
for 10  min at 4  °C. The supernatant was immediately 
extracted and analyzed for biochemical parameters using a 
microplate reader (Bio Tek Epoch, USA). The superoxide 
dismutase (SOD) assay kit (WST-1 method; No. A001-3-
2), total antioxidant capacity (T-AOC) assay kit (ABTS 
method; No. A015-2-1), catalase (CAT) assay kit (Visible 
light; No. A007-1-1), creatine kinase (CK) assay kit (Col-
orimetric method; No. A032-1-1), pyruvate kinase (PK) 
assay kit (Ultraviolet colorimetry method; No. A076-1-1), 
phosphofructokinase (PFK) test kit (Ultraviolet colorim-
etry method; No. A129-1-1), and total protein quantitative 
assay kit (Bradford method; No. A045-2-2) were measured 
using commercial assay kits (Jiancheng Bioengineering 
Institute, Nanjing, China) according to the manufacturer’s 
instructions.

RNA extraction, synthesis of cDNA, and real‑time 
PCR analysis

Total RNA was extracted from the nine samples of whole 
fish larvae in each group using the Trizol Reagent (AG, 
Hunan, China). The concentration and quality of total RNA 
were analyzed by micro-spectrophotometer. First-strand 
cDNAs were synthesized using the SweScript RT I First 
Strand cDNA Synthesis Kit (AG, Hunan, China) for real-
time quantitative PCR analysis (qPCR). The qPCR was 
performed using a Roche LightCycle 96® real-time PCR 
instrument (Roche, Switzerland) to investigate the mRNA 
expression of CK, metallothionein (MT), and heat shock 
protein 70 (HSP70). The 18S RNA was used as the internal 
reference gene. Gene names, accession numbers, and for-
ward and reverse primer sequences are shown in Table 1. 
The qPCR was performed in a 20-μL reaction volume, 
including 10-μL SYBR qPCR Master Mix, 2 μL cDNA 
template, 1.5 μL each of 2.5 μmol/L forward and reverse 
primers, and 5 μL sterile water. The program for the qPCR 
reaction was 95 °C for 30 s, 45 cycles at 95 °C, for 10 s, and 
60 °C for 30 s. Gene fold change was analyzed according to 
the 2−∆∆Ct method (Livak and Schmittgen 2001).

Integrated biomarker response

IBR values were assessed for selected biomarkers (antioxi-
dant enzyme parameters, energy metabolism parameters). 

The IBR calculation method was described in detail in our 
previous study (Chen et al. 2022).

Statistical analysis

All values were presented as mean ± standard errors 
(mean ± SEM). Statistical analysis was conducted using the 
SPSS software (version 25, SPSS Inc., Chicago, IL, USA). 
All data were checked for homogeneity of variance using the 
Levene’s equal variance test and normal distribution using 
the Shapiro-Wilk test. Statistical significance was deter-
mined using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s HSD multiple range tests if the data were 
normally distributed and homogeneity of variance was met. 
A value of P < 0.05 was considered statistically significant. 
In addition, the Spearman correlation coefficient was calcu-
lated to determine the relationships between all parameters. 
The calculation and visualization of the matrix were per-
formed using the Origin software (version 9.8, OriginLab 
Corporation, Massachusetts, USA).

Results

The poisoning symptoms of fish larvae

The poisoning symptoms of fish larvae under different con-
centrations of Hg2+ were as follows: There were no abnor-
malities in the fish larvae in the treatment groups at the 
beginning of the experiment. The movement area of fish 
larvae was mainly concentrated at the bottom of the water, 
which was similar to the control group. The fish larvae in 
the high concentration (435 μg/L) group showed excitement 
phenomenon after 3 h, concentrated at the water surface, 
and swam rapidly, with a significantly faster swimming 
speed than the control group. After 6 h, some fish larvae 
turned sideways in the beaker container or had abnormal 
swimming posture, activity speed gradually slowed down, 
slow response to external stimuli, and head floating phenom-
enon. After 8 h, some fish larvae died and white secretions 

Table 1   Sequences of forward and reverse primers used for real-time 
quantitative PCR analysis (qPCR)

Gene name Primer sequence (from 5′ to 3′)

18S Forward: GAC​GGA​AGG​GCA​CCA​CCA​GG
Reverse: ACC​ACC​ACC​CAC​AGA​ATC​GA

CK Forward: TTC​GGA​AAC​ACC​CAC​AAC​AACT​
Reverse: TGT​CCC​TAA​GCT​TGC​CAT​ACAT​

HSP70 Forward: CTG​CCA​AGA​ATG​GTC​TGG​AGTC​
Reverse: ATA​CCG​TCG​GGC​ATT​CCA​C

MT Forward: AAA​TGG​ATC​CTT​GCG​ATT​GCG​
Reverse: TTG​ACC​TCC​TCA​CTG​ACA​GC
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appeared on their bodies and sank to the bottom. After death, 
the fish showed a series of typical symptoms of poisoning, 
including tail flexion, spine flexion, and bleeding from the 
gills and tail.

Acute toxicity test

The results of acute toxicity tests on silver carp are shown in 
Table 2. The number of dead fish increases with the increase in 
Hg2+ concentration. The results of the probit analysis revealed 
that the LC50 for 24 h, 48 h, 72 h, and 96 h were 267.72, 
252.97, 225.57, and 97.80 μg/L, respectively. The safe con-
centration of Hg was 9.78 μg/L for silver carp larvae (Table 2).

Antioxidant capacity

There was no significant difference in the activities of SOD 
and T-AOC among all the groups (P > 0.05; Fig. 1A and B). 
The fish larvae of the T2 and T3 groups had lower activity 
of CAT than the T1 group, but no significant difference in 
the T1 group compared to the T0 group (P < 0.05; Fig. 1C). 
Detailed information about the statistical results of the data 
in Fig. 1 is shown in Table 3.

Energy metabolism parameters

The activity of energy metabolism parameters of fish larvae 
in the different concentrations of Hg2+ is shown in Figs. 2 
and 3. The activity of CK in fish larvae was significantly 
lower in the T0 and T1 groups than in the T2 and T3 groups. 
(P < 0.05; Fig. 2A). There was no significant difference in 
PK and PEK activities among all the groups. (P > 0.05; 
Fig. 2B and C). Detailed information about the statistical 
results of the data in Fig. 2 is shown in Table 4. The relative 
expression of the CK gene in the fish larvae was significantly 
downregulated in the T0 and T1 groups compared to the T2 

and T3 groups (P < 0.05; Fig. 3A). Compared with the con-
trol, the highest values of HSP70 were found in fish larvae 
exposed to T2 and T3 groups (P < 0.05; Fig. 3B). The high-
est values of MT were found in fish larvae exposed to the 
T3 group than the other groups (P < 0.05; Fig. 3C). Detailed 
information about the statistical results of the data in Fig. 3 
is shown in Table 5.

Spearman correlation coefficients 
among the parameters

The visualization results are shown in Fig. 4. MT gene 
expression and HSP70 gene expression were significantly 
positively correlated with CK activity (P < 0.05). MT gene 
expression was significantly negatively correlated with CK 
gene expression and HSP70 gene expression (P < 0.05). 
T-AOC activity was significantly negatively correlated with 
CAT activity (P < 0.05).

Integrated biomarker response analysis

The responses of fish larvae in different groups to antioxi-
dant capacity (SOD, T-AOC, and CAT activity) and energy 
metabolism parameters (CK, PK, and PFK activity; CK, 
HSP70, and MT gene) biomarkers were standardized, and 
radar plots were shown in Fig. 5. The IBR index values in 
the various groups revealed that biomarkers responded dif-
ferently. The T3 group had the highest IBR value (12.62), 
followed by the T0 (9.39), T1 (8.84), and T2 groups (7.67).

Discussion

As a short-term toxicological test, the acute toxicity test is 
important in environmental risk assessment and hazard clas-
sification. The relative toxicity of various toxic substances 

Table 2   The median lethal 
concentration (LC50) and safe 
concentrations of Hg2+ for silver 
carp larvae

Safe concentration (SC) = 96 h LC50 × 0.1
LC50 median lethal concentration, SC safe concentration, CI confidence limits

Hg2+ (μg/L) Mortality (%)

24 h 48 h 72 h 96 h

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
40 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 13.33 ± 4.71
65 0.00 ± 0.00 0.00 ± 0.00 6.67 ± 9.43 20.00 ± 8.16
104 0.00 ± 0.00 6.67 ± 4.71 16.67 ± 9.43 60.00 ± 8.16
167 10.00 ± 8.16 16.67 ± 4.71 16.67 ± 4.71 80.00 ± 8.16
270 33.33 ± 4.71 33.33 ± 4.71 46.67 ± 4.71 86.67 ± 9.43
435 96.70 ± 4.71 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00
LC50/(μg/L) 267.72 252.97 225.57 97.80
SC/(μg/L) 9.78
95% CI 247.12–290.86 221.61–293.89 179.64–301.22 83.58–113.29
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in different species is assessed by testing the main effects 
of toxic substances in aquatic species during the short term 
of their life cycle (Ebrahimpour et al. 2010). LC50 was an 
important parameter for measuring the toxicity of toxicants 

present in water to aquatic animals and is widely used in 
aquatic environmental toxicology studies (Hoffman et al. 
2002). In an acute toxicity test of Hg2+ and its safety con-
centration evaluation study on Xiphophorus helleri, the LC50 
values at 24, 48, and 96 h were 1710, 1350, and 840 μg/L, 
respectively (Chunfeng and Zhanqiang 2005). The 96 h 
LC50 of Hg2+ for the juveniles Prochilodus argenteus was 
339 μg/L (da Silva et al. 2021). In this study, the mortality 
of silver carp larvae increased with the increase of Hg2+ 
concentration. Based on probit analysis, the LC50 values 
at 24, 48, 72, and 96 h were 267.72, 252.97, 225.57, and 
97.80 μg/L, respectively. The LC50 decreased relatively gen-
tly at 24, 48, and 72 h, but sharply at 96 h. These results 
indicate that with the increase of time and concentration, 
the accumulation of Hg in silver carp larvae increases and 
exceeds the tolerance range of the body, which eventually 
leads to the death of a large number of fish larvae. In addi-
tion, acute toxicity exposure to Hg compared to other spe-
cies showed that different species have different sensitivity 
to Hg toxicity.

Reactive oxygen species (ROS) are commonly used 
to describe the many reactive molecules and free radi-
cals formed during normal mitochondrial oxidative 

Fig. 1   The SOD activity (A), 
T-AOC activity (B), and CAT 
activity (C) on the silver carp 
larvae in response to differ-
ent concentrations of Hg2+ 
stress. Vertical bars indicate 
the mean ± SE (n = 3). Data 
with different letters represent 
significant differences between 
all groups (P < 0.05)

Table 3   Detailed information about the statistical results of the data 
in Fig. 1

Sum of squares Degrees 
of free-
dom

F-value P-value

Figure 1A
  Between groups 56.320 3 2.286 0.156
  Within groups 65.705 8
  Total 122.025 11

Figure 1B
  Between groups 0.086 3 0.237 0.868
  Within groups 0.965 8
  Total 1.051 11

Figure 1C
  Between groups 58.946 3 4.160 0.047
  Within groups 37.784 8
  Total 96.730 11

49764 Environmental Science and Pollution Research  (2023) 30:49760–49770

1 3



metabolism. The production and elimination of ROS are 
in a dynamic equilibrium, and large amounts of ROS are 
produced when fish are chronically stressed by pollutants 
in the water column (Hamed et al. 2021). Antioxidant 
defenses are very sensitive to reveal pro-oxidant condi-
tions and are often used as effective biomarkers of oxida-
tive stress in fish (Ahmad et al. 2006). The antioxidant 
defense system involves a series of antioxidant enzymes 
(SOD, T-AOC, and CAT), of which the SOD-CAT system 
is often considered the first line of defense in the pro-
duction of ROS under environmental stress (Wen et al. 
2018). Changes in SOD activity can reflect the degree of 
damage to the organism. SOD can catalyze the conver-
sion of superoxide anion radicals (O2−) into O2 and H2O2, 
which plays an important role in maintaining the balance 
of ROS (Zhang et al. 2004). CAT is mainly responsible 
for the reduction of hydrogen peroxide produced by the 
metabolism of long-chain fatty acids in the peroxisome, 
converting it into H2O and oxygen molecules (Ni et al. 
2019). The current study found that the enzymatic activi-
ties of antioxidant enzymes (SOD and T-AOC) of fish lar-
vae in the different Hg concentration groups did not show 

significant differences. This may be attributed to the fact 
that the current concentration of Hg2+ did not change the 
dynamic equilibrium of ROS in silver carp larvae. T-AOC 
is a comprehensive expression of the body’s antioxidant 
capacity, reflecting the strength of its antioxidant defense 
system (Kong et al. 2021). In our study, CAT activity in 
the T1 group was significantly elevated, which demon-
strated that such a low concentration can enhance anti-
oxidant capacity. However, high concentrations of Hg2+ 
(T2 and T3 groups) did not show significant differences 
compared to the control group. The reason for this effect 
could be that low concentrations of Hg stress may have 
produced excitotoxic effects. The systemic enzymes and 
non-enzymatic systems were mobilized to remove exces-
sive ROS from the fish larvae, thus reducing the damage 
caused by excessive ROS to the organism. However, it 
should be pointed out that the mechanism of the antioxi-
dant system response to Hg toxic exposure in silver carp 
larvae remains unclear.

Fish under stress (e.g., exogenous contaminants) can 
increase the demand for energy substances and interfere 
with the normal path of glucose metabolism in the organism. 

Fig. 2   The CK activity (A), PK 
activity (B), and PEK activity 
(C) on the silver carp larvae in 
response to different concentra-
tions of Hg2+ stress. Vertical 
bars indicate the mean ± SE 
(n = 3). Data with different 
letters represent significant 
differences between all groups 
(P < 0.05)
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CK is a crucial enzyme in the energy metabolism of living 
creatures. It catalyzes the creation of creatine phosphate and 
adenosine diphosphate (ADP) in the body from creatine and 
adenosine triphosphate (ATP). CK is commonly found in the 

cytoplasm and mitochondria, and it provides energy primar-
ily for muscle contraction and vital organ functions (O'Brien 
et al. 2014). In a previous study of Oreochromis niloticus 

Fig. 3   Relative mRNA expres-
sion levels of the silver carp 
larvae in response to different 
concentrations of Hg2+ stress. 
CK mRNA expression (A); 
HSP70 mRNA expression 
(B); MT mRNA expression 
(C). Vertical bars indicate the 
mean ± SE (n = 3). Data with 
different letters represent sig-
nificant differences between all 
groups (P < 0.05)

Table 4   Detailed information about the statistical results of the data 
in Fig. 2

Sum of squares Degrees 
of free-
dom

F-value P-value

Figure 2A
  Between groups 3.619 3 16.258 0.001
  Within groups 0.594 8
  Total 4.213 11

Figure 2B
  Between groups 187.705 3 0.756 0.549
  Within groups 661.759 8
  Total 849.464 11

Figure 2C
  Between groups 52.698 3 3.045 0.092
  Within groups 46.148 8
  Total 98.846 11

Table 5   Detailed information about the statistical results of the data 
in Fig. 3

Sum of squares Degrees 
of free-
dom

F-value P-value

Figure 3A
  Between groups 13.211 3 9.215 0.006
  Within groups 3.823 8
  Total 17.034 11

Figure 3B
  Between groups 14.264 3 3.542 0.048
  Within groups 10.739 8
  Total 25.003 11

Figure 3C
  Between groups 2.579 3 8.919 0.006
  Within groups 0.771 8
  Total 3.350 11
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exposed to cadmium, a significant increase in activity with 
CK activity in red muscle was observed (Almeida et al. 
2002). The results of this study showed that the CK activity, 
as well as the relative expression of the CK gene, gradually 
increased with increasing Hg2+ concentration. We speculate 
that the glycolytic capacity of the fish may be accelerated 
under Hg stress, thus providing energy to the organism. PFK 
and PK are key enzymes in the process of glycolysis, of 
which changes in activity can reflect energy metabolism in 
tissue cells (Serafini et al. 2019; Moniruzzaman et al. 2020). 
In the present study, the PFK activity in fish larvae of the T2 
and T3 groups showed an increasing trend after 96 h of Hg 
exposure. It may be due to the accelerated process of gly-
colysis and protein turnover metabolism to meet the body’s 
demand for energy after exposure to Hg2+. In contrast, PK 
activity did not show significant changes, probably due to 
the insensitivity of PK to Hg2+.

Heat shock proteins are a protein family that is highly 
conserved and plays a major role in cell and tissue physiol-
ogy. HSP70 is one of them, which improves cellular resist-
ance and acts as a stress protector when the organism is 
subjected to extreme stress (Moniruzzaman et al. 2020). In 
this study, the relative expression of the HSP70 gene was 
up-regulated in the high Hg2+ concentration. This may be 
due to the response to the metal-contaminated external envi-
ronment by increasing the expression of HSP70. MT is a 
cysteine-rich and detoxifying low molecular protein that can 
reduce the toxic effects of heavy metals on organisms and 
rapidly scavenge free radicals such as -OH and O2− from 

organisms to enhance the body’s resistance to stress (Cretì 
et al. 2010). Heavy metals in aquatic environments have 
been shown to easily induce MT synthesis in organisms, and 
MT may be a sensitive biomarker of metal toxicity resist-
ance in aquatic animals (Kim and Kang 2016). In this study, 
the relative expression of the MT gene gradually increased 
with increasing Hg2+ concentration. It may be due to the 
increased synthesis of MT under Hg2+ stress to reduce the 
toxic effects of heavy metals on fish larvae.

Exploring the correlations between different biomark-
ers will facilitate the assessment of ecotoxicity. This will 
enable the screening of suitable biomarkers to elucidate the 
interactions that have occurred between contaminants and 
organisms. In the current study, correlations of biomark-
ers (measured biochemical parameters) were evaluated. 
The results showed that there were not many relationships 
with significant correlations between parameters. It was not 
intuitive to use to assess the overall health status of fish. 
Therefore, we quoted the calculation of the IBR index, as 
in previous toxicological studies. The IBR index has been 
used to evaluate the toxicological effects of environmental 
contaminants, and it employs a multi-biomarker response to 
evaluate fish sensitivity to toxicants (Kim et al. 2014; Paul 
et al. 2020). Previous studies have shown that the IBR index 
provides a comprehensive assessment of the stress status of 
fish due to exposure to contaminants (Li et al. 2011; Chen 
et al. 2022). Thus, the overall health status of the fish could 
be assessed. The IBR index showed a maximum in the T3 
group, indicating high stress under high Hg2+ concentration 

Fig. 4   A heatmap depicts 
the correlations between the 
various metrics examined. A 
color scale ranging from 1 to 1 
represents the correlation value, 
with saffron yellow indicating 
a positive correlation and dark 
cyan indicating a negative cor-
relation. “Asterisks” represent a 
significant difference (P < 0.05)
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stress. However, the control group did not show the lowest 
value, which may be due to the excitatory toxicity under 
low-concentration stress. It is important to note that when 
using this index, the selection of biomarkers is critical in the 
calculation of the final IBR index value (Biswal et al. 2021).

Conclusions

Hg-induced toxicity causes various behavioral changes in 
silver carp larvae. Probit analysis revealed that the LC50 val-
ues for 24, 48, 72, and 96 h were 267.72, 252.97, 225.57, and 
97.80 μg/L, respectively. The safe concentration of Hg was 
9.78 μg/L for silver carp larvae. After 96 h of exposure, the 
effects of different concentrations of Hg on the antioxidant 

capacity of fish larvae were generally not significant. The 
energy metabolic parameters of fish larvae were disturbed 
under high concentrations of Hg (T2 and T3 group) stress. 
Different concentrations of Hg2+ influenced fish larvae 
relative expression of HSP70 and MT, with the T3 group 
having the largest values. Furthermore, the IBR index val-
ues revealed that the high Hg2+ concentration (T3 group) 
increases the overall pressure of toxicity in fish larvae. Our 
results increased our understanding of the Hg-induced acute 
toxicity to silver carp.
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Fig. 5   Data radar plots after 
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integrated biomarker response 
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