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ABSTRACT: Numerous studies have reported that the toxicity differences
among metals are widespread; however, little is known about the mechanism of
differences in metal toxicity to aquatic organisms due to the lack of quantitative
understanding of their adverse outcome pathway. Here, we investigated the
effects of Cd and Cu on bioaccumulation, gene expression, physiological
responses, and apical effects in zebrafish larvae. RNA sequencing was conducted
to provide supplementary mechanistic information for the effects of Cd and Cu
exposure. On this basis, we proposed a quantitative adverse outcome pathway
(qAOP) suitable for metal risk assessment of aquatic organisms. Our work
provides a mechanistic explanation for the differences in metal toxicity where
the strong bioaccumulation of Cu enables the newly accumulated Cu to reach
the threshold that causes different adverse effects faster than Cd in zebrafish
larvae, resulting in a higher toxicity of Cu than that of Cd. Furthermore, we proposed a parameter CIT/BCF (the ratio of internal
threshold concentration and bioaccumulation factor) that helps to understand the toxicity differences by combining the information
of bioaccumulation and internal threshold of adverse effects. This work demonstrated that qAOP is an effective quantitative tool for
understanding the toxicity mechanism and highlight the importance of toxicokinetics and toxicodynamics at different biological
levels in determining the metal toxicity.
KEYWORDS: quantitative adverse outcome pathway, zebrafish larvae, metals, toxicokinetic, toxicodynamic, toxicity difference

1. INTRODUCTION
Growing metal contamination is a critical environmental
issue.1 Metals widely exist in environments due to the
production, use, and discharge of metals by human
activities.2−5 Persistence, bioaccumulation, and toxicity of
metals in the environment can cause adverse effects on aquatic
organisms and humans.6 Significant differences in sensitivity to
aquatic organisms have been reported across metals.7 The
LC50 of different metals may differ by several orders of
magnitude to aquatic organisms, resulting in different
ecological risks.8−11 Therefore, revealing the toxicity mecha-
nisms of metals and elucidating the differences in toxicity
among metals has been an important challenge in the field of
ecotoxicology.12

The toxicity of metals has been extensively studied over the
past few decades. Researchers found that there are significant
differences in the bioaccumulation mechanisms among metals.
The influencing factors involve metal-specific physicochemical
properties, concentrations, geochemical influences, exposure
conditions, and physiological characteristics.13,14 Metals
showed different inductions of metal detoxification proteins
such as metallothioneins and phytochelatins, affecting the
bioavailability and toxicity of the metals.15,16 The distributions
of metals in organisms are also different, while the toxicity of
metals depends largely on the metals combined with the

sensitive subcellular fraction.17−19 Quantification of metal-
specific variations in toxicokinetics (TK) therefore seems
important to explain the differences in metal toxicity. However,
the toxicity of chemicals is not always related to TK.20,21 Yang
et al.11 quantified the correlation of uptake, subcellular
distribution, and excretion parameters of the four metals
with toxicity and showed that their TK characteristics were not
significantly correlated with LC50 values. Otherwise, studies
have reported metals with high bioaccumulation or bioconcen-
tration factor (BCF) but low toxicity, demonstrating that TK
may not be directly related to the differences in metal
toxicity.20,22−24 Therefore, the explanation of difference in
metal toxicity needs to further quantify the variations in metals
in toxicodynamics (TD).

Several studies have shown that different metals may cause
varying physiological responses, including oxidative stress,
inflammatory response, ion loss, and compensation re-
sponse.25−28 However, the relationship between these
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variances in toxicity effects and the differences in metal toxicity
is unclear. One of the main reasons is that modeling them is
difficult because metal toxicity involves very complex
biochemical and physiological processes, including the mode
of action at different biological levels.12,29 Most of the current
quantitative studies focus on apical endpoints such as survival,
growth, and reproduction,23,30 and there is a lack of
quantitative understanding of effects of metals on different
levels, including transcriptional and physiological responses. A
potential tool, the adverse outcome pathway (AOP), is
expected to solve the above issues. The AOP framework can
better organize different levels of toxicological data related to
the mode of action.31 An AOP describes biological
mechanisms that cause adverse outcome (AO) by assembling
causal networks with a molecular initiation event (MIE)
caused by stressors and measurable intermediate steps called
key events (KEs).32 The quantitative development of AOP is
the quantitative adverse outcome pathway (qAOP), which can
quantify KE relationships (KERs) that connect different KEs,
thereby providing the possibility of a quantitative under-
standing of metal toxicities at different levels.33,34 However,
although the effects of different metals have been widely
reported for a range of aquatic organisms, the causality
between metal-induced adverse effects has not been fully
developed.

Cd and Cu are common nonessential and essential metals in
the aquatic ecosystems with high risk levels.35 There are
significant differences in TK and TD between Cd and Cu,
showing different orders of toxicity to different organ-
isms.7,11,26 Therefore, Cd and Cu can be used as
representatives for studying the mechanisms of metal
toxicity.12 Zebrafish (Danio rerio), as a model aquatic organism
for chemical toxicity tests in ecotoxicology, was widely used in
the study of metal toxicity.11 Here, different biological tests,
including bioaccumulation, gene expression, physiological
responses, apical effects, and multiple-endpoint RNA sequenc-
ing, were carried out to systematically explore the possible
mode of actions of Cd and Cu on zebrafish larvae. The main
objective of the study was to establish a qAOP to understand
the processes that affect metal TK and TD and contribute to
the differences in toxicity among metals.

2. MATERIALS AND METHODS
2.1. Organisms and Chemicals. All procedures were

performed according to the guidelines proposed by the
Committee on the Ethics of Animal Experiments of Nankai
University (Tianjin, China). Adult zebrafish (Danio rerio) were
acquired from the Institute of Hydrobiology, Chinese
Academy of Sciences (Wuhan, China), and maintained in
carbon-filtered dechlorinated tap water for 30 days to adapt to
the laboratory environment. The zebrafish were maintained at
26 ± 1 °C on a 12:12 h light:dark cycle and fed brine shrimp
twice a day. The fish were mated with a ratio of 2:1 adult male
to female, and the embryos were collected from the incubator.
After 72 h of fertilization, healthy fish larvae were collected for
subsequent experiments. The isotopes 113Cd and 63Cu
(ISOFLEX, San Francisco, California) were dissolved in 5%
HNO3 with a stock concentration of 1 g L−1 Cd(NO3)2 and
Cu(NO3)2. A series of metal exposure solutions were prepared
by diluting the stock solution with E3 medium (containing 5.0
mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4)
to target concentrations.36

2.2. Exposure Conditions. According to the previously
described protocol,11 3-day postfertilization zebrafish larvae
(3∼4 μm) were maintained at a density of 30 in a sterile six-
well cell plate, with 10 mL of exposure solutions per well. The
exposure concentration settings were based on 72 h LC50
calculation from preliminary exposure in this study (Figure
S1). The main principle was to enable the treatments to
provide exposures at similar levels of AO (mortality) to
support the comparison between the two metals. The Cd
concentrations were 0.018, 0.089, 0.177, 0.442, and 0.885
μmol L−1, and Cu concentrations were 0.016, 0.079, 0.159,
0.397, and 0.794 μmol L−1. The exposure solution was
renewed every day, and no feeding was provided during the
exposure period. Samples were taken after 72 h of exposure,
and the samples were chosen to be used immediately or
quickly frozen in liquid nitrogen according to the subsequent
use. Mortality, abnormality, and body length were measured
immediately after the end of the exposure. Samples needed to
determine the metal content were collected in a 1.5 mL
polypropylene centrifuge tube, washed with 1 mM EDTA
solution, and subsequently rinsed with ultrapure water before
being frozen. For the samples to be measured for physiological
indicators and qPCR, sufficient biomass was collected and
frozen directly. Test solutions at the beginning and the end of
the exposure were sampled to determine the metal
concentration. The detailed exposure conditions of each
analysis are provided in Supporting Information (Table S1).
2.3. Transcriptomic Analysis. An independent multiple-

endpoint exposure experiment was used to evaluate tran-
scriptome response. Considering the sublethal and lethal
exposure conditions, Cd treatments were set to 0.177 μmol L−1

exposure for 24, 48, and 72 h and an additional 0.018 and
0.885 μmol L−1 exposure for 48 h. Cu treatments were set to
0.159 μmol L−1 exposure for 24, 48, and 72 h and an additional
0.016 and 0.794 μmol L−1 exposure for 48 h. The control
groups for 24, 48, and 72 h exposure were also included. Each
treatment has three parallels. After total RNA was extracted
from a total of 80 larva samples, mRNA was isolated by Oligo
Magnetic Beads and cut into small fragments for cDNA
synthesis. Libraries were generated using the AMPure XP
beads. cDNA library construction and Illumina sequencing
were performed by NovoGene (Beijing, China). The Differ-
entially Expressed Genes (DEGs) between the two samples
were identified if they had an adjusted p value <0.05 using
DESSeq2. The Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis of DEGs
were realized through cluster Profiler software. It was
considered that the GO term and the KEGG pathway with
an adjusted p value less than 0.05 were significantly enriched
by DEGs. Raw fastq files were available through the NCBI
BioProject database (accession no. PRJNA793298).
2.4. Chemical and Physiological Analysis. The larva

samples were dried at 80 °C for 24 h. The completely dried
samples were digested with 1 mL of concentrated HNO3
(Kermel, Ultrapure, 70%) at 80 °C for 8 h and then filtered
using a 0.45 μm membrane filter. All samples were diluted so
that the final HNO3 concentration was around 1%. The
concentrations of metal isotopes (113Cd and 63Cu) and Fe
were determined by inductively coupled plasma-mass spec-
trometry (ICP-MS, ELANDRC-e, PerkinElmer). The material
DOLT-4 (dogfish liver; LGC Standards) was detected for
quality control. After every 30 samples, the reference materials
were measured, and the results were within 5% of the certified
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value.11 The new bioaccumulated metal concentrations are
equal to the metal isotope concentration after metal exposure
minus the background metal isotope concentration. At each
sampling time point, 40 live larvae were sampled for
physiological analysis. Reactive oxygen species (ROS), total

antioxidant capacity (TAC), malondialdehyde (MDA), tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), inducible
nitric oxide synthase (INOS), relative apoptosis, glutathione
peroxidase 4 (GPX4), and melatonin in zebrafish larvae after
72 h of exposure were performed using the commercially

Figure 1. Effect of Cd and Cu on different endpoints in zebrafish larvae after 72 h of exposure. The exposure concentrations of Cd were 0, 0.018,
0.089, 0.177, 0.442, and 0.885 μmol L−1, and the concentrations of Cu were 0, 0.016, 0.079, 0.159, 0.397, and 0.794 μmol L−1, respectively. Data
represent the mean ± SD (n = 3 biologically independent samples). (A−C) Metal body burden; (D−F) apical effects; (G−O) physiological
measurements. * (p < 0.05) and ** (p < 0.01) indicate significant differences between Cd and Cu treatments. Different letters indicate significant
differences between the control and each treatment (p < 0.05). The abbreviations are reactive oxygen species (ROS), total antioxidant capacity
(TAC), malondialdehyde (MDA), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), inducible nitric oxide synthase (INOS), and glutathione
peroxidase 4 (GPX4).
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available assay kits.11 The detailed assay procedures are
described in the Supporting Information.
2.5. qPCR Analysis. Fifteen zebrafish larvae, after exposure

to Cd and Cu, were pooled as one replicate for gene expression
analysis. Each treatment has four parallels. The total RNA was
extracted from each replicate using the UNlQ-10 Column
Total RNA Purification Kit (Sangon Biotech, China)
according to the manufacturer’s protocols. Nano-400 (All-
sheng instruments, China) was used to detect the concen-
tration and quality of RNA, and 1 μg of RNA for each replicate
was used for cDNA synthesis, which was conducted with the
MightyScript First Strand cDNA Synthesis Master Mix
(Sangon Biotech, China) following the manufacturer’s
protocols. qPCR analysis was performed using the LightCycler
96 Instrument with the SGExcel FastSYBR Mixture (Sangon
Biotech, China). Each group had four biological replicates and
two technical replicates. Relative gene expression was
determined using 2−ΔΔCt and normalized to the expression
levels for reference gene β-ACTIN. According to the results of
the transcriptomic analysis, the National Center for Bio-
technology Information (NCBI) nucleotide database was
mined for Danio rerio of selected genes in the oxidative
response (PRNPA, SESN2, MPX, TXN, CU/ZN-SOD, CAT,
NRF2, KEAP1A), inflammation response (IL1B, IRG1L, INOS,
MMP9, CCL20B, TNFA, NFKB3, NFKBIAA, COX-2),
apoptosis (CASP3B, CASP9, PMAIP1, ATF4A, MCL1A),
visual function (PDE6C, PDE6HA, ARR3A, GRK7A), circadian
rhythm (NR1D1, PER3, PER1B, CIARTA, CIPCA), and
associated with the ferroptosis (FTHL29, FTHL30,
LOC100006428, SLC3A2B, SAT1B). Primers for genes were
designed using Primer Premier 5 software, detailed in
Supporting Information (Table S2).
2.6. AOP Assembly and Weight of Evidence (WoE)

Assessment. The conceptual AOPs and confidence levels of
KEs and KERs follow OECD’s AOP handbook for AOP
development and assessment.37 Quantitative KER models were
established based on the current experimental data using the
maximum likelihood estimation functions in the Benchmark
Dose Analysis Software (BMDS 3.2, US EPA).38 The best-
fitted models were selected based on goodness-of-fit and the
Akaike information criterion (AIC). When a KE has multiple
indicators correspondingly, the indicator with the best-fitting
model should be selected to represent this KE. Supporting
evidence from the current experimental evidence and
published data evidence were used for the WoE assessment
(Table S3). The WoE of KEs and KERs was scored as “high”,
“moderate”, and “low” confidence following OECD’s hand-
book (Tables S4 and S5). The internal benchmark dose
(BMDI) for each KE was calculated using Benchmark Dose
Analysis Software, and the best-fitted model was selected.
BMDI represents the internal benchmark dose that triggered
the 5% effect of KE in this study.
2.7. Statistical Analysis. A one-way ANOVA followed by

Duncan’s post hoc test was performed to identify the
significant differences in biological indicators of gene
expression between the treatment group and the control
group. One-way analysis of variance with a T-test was used to
identify the significant differences between Cd and Cu
treatments. Statistical analyses and figures were conducted
and constructed using R 4.0.5 (http://www.R-project.org/).
The TK−TD experiment design, model construction, and
parameterization are detailed in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Metal Quantification in Exposure Solutions and

Zebrafish Larvae. The measured concentration of Cd and
Cu in exposure solutions was close to the nominal
concentration, and the loss rate was less than 5% at the end
of the exposure. Previous studies have shown that Cd and Cu
reached steady state within 72 h in zebrafish larvae under
different concentrations of exposure.11,39 In this study, the
BCFs of Cd and Cu calculated according to the TK model
were 322 ± 31 and 712 ± 35 L kg−1 at 72 h of Cd exposure
and Cu exposure, respectively (Figure S2). The bioaccumu-
lation of Cu was higher than that of Cd in zebrafish larvae
(Figure 1A,B).
3.2. Apical Effects. The mortality of zebrafish larvae

increased with the increase of exposure concentration for both
Cd and Cu exposure. The survival of Cu was lower than that of
Cd at different exposure concentrations, but the difference was
not significant (Figure 1D). The 72 h LC50 values of Cd and
Cu were 1.50 ± 0.07 and 0.755 ± 0.06 μmol L−1, respectively
(Figure S1), with a 2-fold difference. These values were similar
to previous reports that the acute toxicity to zebrafish (larvae/
adult) of Cd was less than that of Cu.11,25 Cd and Cu cause
developmental toxicity to fish.40 After exposure to Cd and Cu,
abnormalities such as spinal deformities, craniofacial malfor-
mations, pericardial edema, and yolk sac edema were observed
in zebrafish larvae (Figure S3). The effects of Cd on the
development and growth of zebrafish larvae were significantly
stronger than that of Cu at a similar exposure concentration (p
< 0.05) (Figure 1E,F).
3.3. Oxidative Stress and Inflammation. Among the

many toxic mechanisms of metals, one of the best known is
metal-induced ROS. Cd and Cu exposure led to a significant
increase in ROS content in zebrafish larvae, even at the lowest
exposure concentrations (Figure 1G). ROS generation
activates the internal antioxidant defense of cells, leading to
oxidative stress.13 The TAC of zebrafish larvae decreased
significantly after exposure to Cd and Cu (Figure 1H), which
may be related to the decrease of enzyme activity of superoxide
dismutase, catalase, glutathione peroxidase, and the con-
sumption of glutathione caused by metals.41 MDA was the
final product of lipid peroxidation, and its level increased with
the increase of the oxygen free radical and decreased with the
decrease of antioxidant capacity.42 The MDA content in
zebrafish larvae increased significantly after exposure to Cd and
Cu (Figure 1I), indicating that Cd and Cu caused serious
oxidative stress and lipid peroxidation in cells and further
damage to cell membranes and DNA.41

The genes related to response to oxidative stress SESN2,
MPX, and CAT were significantly upregulated under both Cd
and Cu exposure. CU/ZN-SOD was first significantly
upregulated and then downregulated. PRNPA was significantly
upregulated under Cu exposure, while TXN was significantly
upregulated under Cd exposure. NRF2 and KEAP1A were
significantly upregulated under Cd exposure but not under Cu
exposure (Figure 3), indicating that Cd-induced oxidative
stress may be related to the Nrf2-Keap1 pathway, which was an
important signaling cascade responsible for defending against
oxidative damage induced by exogenous chemicals.43 Cd and
Cu exposure causes the upregulation of oxidative defense
pathways, such as response to oxidative stress, cellular oxidant
detoxification, antioxidant activity, response to ROS, ROS
metabolic process, superoxide metabolic process, and defense
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response (Figure 2), which may be the detoxification
mechanism of zebrafish larvae to metals.

Metal-induced oxidative stress can further cause inflamma-
tory response.41,44 Pro-inflammatory cytokines play a key role
in immune function.45 The gene expression (TNFA and IL1B)
(Figure 3) and contents (TNF-α and IL-6) of pro-
inflammatory cytokines (Figure 1J,K) increased significantly
after Cd and Cu exposure, which promoted the inflammatory
response. INOS is one of the earliest response genes in the
inflammatory cascade and is widely used as a biomarker of
inflammation.46 In our study, the upregulation of INOS at
gene expression (Figure 3) and protein levels (Figure 1L)
reflects the inflammation induced by Cd and Cu, which has
also been evident in previous studies.44,47 The genes related to
nuclear factor kappa B signaling pathway NFKB3, TNFA, and
NFKBIAA were significantly upregulated under both Cd and
Cu exposure (Figure 3). Metals induce nuclear factor kappa B
over-expression, which was one of the mechanisms leading to
inflammation in zebrafish.44,48 Marker genes of inflammatory
response IRG1L, MMP9, and COX-2 were significantly
upregulated under both Cd and Cu exposure (Figure 3).
The macrophage, leukocyte, and neutrophil migration path-
ways were significantly upregulated in some Cd and Cu
exposure groups (Figure 2), which may be the regulatory
mechanism of zebrafish larvae on inflammatory stimulation.49

In addition, Cd- and Cu-induced inflammation may involve the
upregulation of cytokine-mediated signaling, C-type lectin

receptor signaling, cytosolic DNA sensing, and NOD-like
receptor signaling pathways (Figure 2).
3.4. Apoptosis and Ferroptosis. Both oxidative stress

and inflammation can lead to apoptosis.41,44 In this study, Cd
and Cu significantly induced apoptosis in zebrafish larvae
(Figure 1M). Genes CASP3B and CASP9 belonging to the
caspase family were significantly upregulated after Cd and Cu
exposure (Figure 3), suggesting that Cd and Cu could induce
apoptosis through the caspase activation mechanism.41 The
apoptosis pathway and apoptosis-related genes PMAIP1,
ATF4A, and MCL1A were significantly upregulated under Cd
and Cu exposure (Figure 3). As an iron-dependent new
programmed cell death mode, ferroptosis has attracted more
and more attention in recent years, which is different from
apoptosis, necroptosis, and autophagy.50 Ferroptosis involves
mercaptan and lipid and iron metabolism, leading to iron-
dependent lipid peroxidation and ultimately cell death. GPX4
is a key enzyme that prevents ferroptosis and inhibits lipid
peroxidation by reducing phospholipids in hydrogen per-
oxide.51 In this study, Cd and Cu exposure resulted in a
significant decrease in GPX4 (Figure 1N), which is direct
evidence of ferroptosis.52 The significant increase in lipid
peroxidation caused by oxidative stress reaction after exposure
to Cd and Cu was also the direct cause of ferroptosis.52

Ferritin, the main iron storage protein, is an important part of
the antioxidant system, allowing iron to be stored at high
concentrations, thus blocking the entry of ROS-producing
substrates. During oxidative stress, ferritin expression increases

Figure 2. GO terms and KEGG pathways between Cd and Cu treatments. For enrichment results, the superscript “M” indicates the molecular
function domain of GO terms, the superscript “K” indicates KEGG pathways, and the others were biological process domains of GO terms. The
exposure conditions are expressed as metal_exposure time (h)_exposure concentration (μmol L−1) at the bottom of the figure.
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at mRNA and protein levels, preventing ferroptosis.53 Our
results showed a significant increase in ferritin transcription
levels (FTHL29, FTHL30, and LOC100006428) after Cd and
Cu exposure (Figure 3). In addition, there was a significant
change in the iron level in zebrafish larvae after Cd and Cu
exposure (Figure 1C). However, no concentration−response
relationship between the iron level and exposure level was
observed. This phenomenon was consistent with the change of
iron content in rats after metal exposure.54 The occurrence of
ferroptosis may be related to the disorder of iron homeostasis
caused by metals.52 SLC7A11 and SLC3A2 genes encode
cystine/glutamate antiporter, which regulates intracellular
glutathione production to prevent ferroptosis.53 The
SLC3A2B gene was significantly expressed after Cd exposure
but did not change after Cu exposure (Figure 3), suggesting
that zebrafish larvae may have different ferroptosis defense
mechanisms against the two metals. A recent study has shown
that the unsaturated fatty acid biosynthesis pathway (such as
arachidonic acid metabolism) plays an important role in
ferroptosis.55 The arachidonic acid metabolism pathway
(Figure 2) and related gene SAT1B (Figure 3) were
significantly upregulated after Cd and Cu exposure, which
was one of the causes of ferroptosis in zebrafish larvae. Results
of ferroptosis caused by metals are rarely reported,56 and our
study provides evidence for metal-induced ferroptosis in fish.

3.5. Visual Function and Circadian Rhythm. The GO
terms and KEGG pathways related to visual function and
circadian rhythm were significantly downregulated after Cd
and Cu exposure (Figure 2). Previous studies reported that
metals can affect eye development and thus impair vision.57−59

After Cd and Cu exposure, the genes affecting photo-
transduction and eye development PDE6C, PDE6HA, and
GRK7A were significantly downregulated under Cd and Cu
exposure, while ARR3A was significantly downregulated under
Cd exposure (Figure 3). These results suggested that Cd and
Cu may affect the development and function of the retina and
retinal neurons, leading to impaired visual function in zebrafish
larvae.60 Circadian rhythms control the life of almost all
organisms and regulate the cellular processes from reproduc-
tion and behavior. Metals have been found to interfere with the
normal circadian rhythms of fish.61 After Cd and Cu exposure,
the important genes related to the circadian clock and
circadian regulation NR1D1, PER3, PER1B, and CIPCA were
significantly downregulated under Cd and Cu exposure, while
CIART was significantly downregulated under Cu exposure
(Figure 3). Melatonin regulates various rhythms of zebrafish,
including circadian rhythms.62 Our results showed that Cd and
Cu exposure led to a significant decrease in melatonin content
in zebrafish larvae (Figure 1O), which may be one of the
causes of disruptive circadian rhythms after metal expo-
sure.63−65 Visual function and circadian rhythm can also affect
each other, and any change in them can affect the locomotor
and feeding activity of zebrafish.61,66−68 However, the effects of
metals on visual function, circadian rhythm, and behavior have
not been thoroughly studied.59,69

3.6. Quantitative Adverse Outcome Pathway of Cd
and Cu. All existing experimental evidence have been
combined into an AOP (Figure 3), providing an integration
of the observed responses to Cd and Cu exposure, including
transcriptional responses, physiology responses, and apical
effects. Current AOP includes oxidative stress, inflammation,
and apoptosis with conclusive evidence as well as ferroptosis,
visual function, and circadian rhythm disorders with possible
evidence. Further, according to the evidence, three linear
AOPs with ROS production as the MIE were assembled into
qAOP (Figure 4). In this qAOP, excessive ROS leads to
oxidative damage, apoptosis, and inflammation, eventually
leading to mortality. The essential assessment of all events
(including MIE, KE, and AO) was based on current and
published data (Table S3). All eight events were scored as
“high” essentiality, which was supported by direct evidence.
Cd- and Cu-mediated quantitative KERs were established
using existing data and predefined models.70 Of all 9 KERs,
KER1, KER2, KER3, KER4, KER5, KER7, and KER8 were
scored as “high”, whereas KER6 and KER9 were scored as
“moderate” (Table S5). Although Cd and Cu are found to
share the same events of AOP, the model of some KERs differs
between Cd and Cu, reflecting a different response−response
relationship, such as KER1 and KER4 (Figure 4), which may
be one of the reasons for the toxicity differences between Cd
and Cu. It is worth noting that the quantitative understanding
of all KERs was considered weak because of the lack of
mechanistic models and the lack of data support from other
species.38 The contribution of these KEs remains quantitatively
uncertain as long as not incorporated in the mechanistic
model. The essentiality of most KEs is considered highly
scored as oxidative stress responses, inflammation, and
apoptosis are highly conserved physiological responses caused

Figure 3. Proposed adverse outcome pathway networks of Cd and Cu
for zebrafish larvae. The solid boxes indicate adverse outcome
pathways demonstrated by direct evidence (physiological response),
and dotted boxes indicate indirect evidence (only gene expression or
function analysis). Colored small arrows in parentheses indicate
significant changes only after Cd (green arrow) or Cu (blue arrow)
exposure, and black arrows indicate significant changes after both Cd
and Cu exposure. The gene CU/ZN-SOD was first upregulated and
then downregulated (curved arrow), and other genes were
significantly upregulated (upward arrow) or downregulated (down-
ward arrow). In parentheses are the evidence of gene expression
(italics) and function analysis of RNA-seq. In square brackets are the
evidence of physiological response. The thicker arrows indicate the
relationship between different events. The results of gene expression
are detailed in Supporting Information (Figure S4).
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by metals and well-documented in aquatic organisms (Table
S3).41 All events are supported by transcriptome data,
providing more conserved mechanistic information supporting
the extrapolation across species.71 The proposed qAOP is
considered applicable to aquatic organisms with different life
stages and waterborne metal exposure from environmental

relevant concentrations to lethal concentrations on the
published evidence (Table S3).
3.7. Potential Mechanism for Metal Toxicity Differ-

ences. The 72 h LC50 value of Cd is approximately twice that
of Cu. Several events and canonical pathways related to
mortality were established in both qAOP of Cd and Cu that we
hypothesize to underscore differential metal toxicity (Figure

Figure 4. Proposed qAOP of Cd (A) and Cu (B) mediated lethal effects in zebrafish larvae. Stars indicate weight of evidence of KEs and
quantitative KER: 1 star = low, 2 stars = moderate, and 3 stars = high confidence. Black boxes are the main part of adverse outcome pathway
networks. Blue boxes are KER models obtained for zebrafish larvae in the current study. For KER, the x-axis represents the indicator of the previous
KE, and the y-axis represents the indicator of the next KE. The detailed information of KEs and KERs is summarized in Supporting Information
(Tables S4 and S5).
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4). Since Cd and Cu share the same KEs, the differences
between Cd and Cu were mainly reflected in the threshold of
KEs and dose−response relationships of KERs. To understand
the relationship between KEs and toxicity, the internal
benchmark dose (BMDI) was calculated as the threshold for
KEs by establishing a dose−response relationship.31 The
results of BMDI showed that the thresholds of oxidative stress
and inflammation were very low, which would be activated
soon after metal exposure, while the threshold of apoptosis was
high (Figure 5A). However, KEs can occur sequentially or in
parallel and play a role in the feedback loop.72 Contrary to
expectations, the BMDI values of most KEs were inconsistent
with the LC50 values of Cd and Cu (Figure 5A). Considering
that adverse effects are related not only to the threshold of KEs
but also to the exposure time necessary to trigger a particular
event, the BMDI and the TK process need to be linked.31

Taking the BMDI value of all KEs into the TK model, we can
calculate the trigger time of threshold of each KE (Figure 5B).
Interestingly, even if the threshold of KEs for Cu was higher
than that of Cd, the trigger time of most KEs of Cu was less
than that of Cd (Figure 5C) due to the higher accumulative
capacity of Cu in zebrafish larvae. The results of trigger time
are consistent with the 72 h LC50 value of Cd and Cu (Figure
5C). The strong bioaccumulation ability of Cu enables the
newly accumulated Cu to reach the threshold that causes
different adverse effects faster than Cd in zebrafish larvae. The
trigger time can reflect the toxicity better than the internal
threshold because the TK process is considered.

Although KEs can reflect toxicity, there is a lack of
assessment of the contribution of different KEs, so it is
necessary to unify a parameter for direct comparison. The
current TK−TD model is only applicable to the apical effects

such as survival, growth, and reproduction. As an alternative,
the internal threshold concentration (CIT) was used to assess
the ultimate effects. CIT is the main TD parameter; once the
chemical concentration in the biological target exceeds CIT, the
hazard caused by excess internal concentrations begins to
accumulate and increases the possibility of death as a
consequence.23,73 After measuring the internal concentration
of chemicals and subsequent effects, CIT can be calculated by
the TK−TD model or the dose−response model. CIT is the
threshold for mortality and can be considered a specific BMDI
contributed by all KEs. The order of BMDI was consistent
with CIT for Cd and Cu (Figure 5A), which explains why CIT of
Cd (165.1 ± 5.8 nmol g−1) was lower than the CIT of Cu
(343.3 ± 28.5 nmol g−1). CIT is usually used as an indicator to
measure the sensitivity of organisms to chemicals.23 Previous
studies have demonstrated a significant correlation between
CIT and LC50 of metals.11 However, due to the advantage of
the trigger time, we consider that the trigger time of CIT may
be a better indicator to reflect the magnitude of toxicity than
that of CIT. We calculated an alternative for the trigger time of
CIT by dividing CIT by BCF, since the trigger time depends on
metal accumulation capacity, and given that the trigger time is
difficult to obtain than BCF due to lack of data. Based on this,
to understand the relationship between CIT/BCF and toxicity
differences, we integrated and analyzed the TK−TD data for
metals from the published studies. As a representative of the
TK process, there was no remarkable correlation between BCF
and LC50 (p = 0.344) (Figure 6A), indicating that BCF can
only indirectly affect toxicity through the TD process. As a
representative of the TD process, there was a significant
positive correlation between CIT and LC50 (p = 0.00385)
(Figure 6B). The higher the CIT, the lower the toxicity of

Figure 5. Relationship between the internal benchmark dose (BMDI) and TK process. (A) BMDI value of different KEs and 72 h LC50 of Cd and
Cu. The internal threshold concentration (CIT) was considered a special BMDI for mortality. (B) Different BMDI in the TK process of Cd and Cu;
different colored lines correspond to different key events in (A). (C) The trigger time of different thresholds of KEs was calculated by bringing the
BMDI into the TK model. The dashed lines in (A,C) represented the different BMDI, trigger times, and LC50 between Cd and Cu.
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chemicals, which was consistent with the common under-
standing.11 However, CIT explained only 51% of the differences
in metal toxicity due to a lack of bioaccumulation assessment.
When considering the TK and TD processes simultaneously,
the combined parameter CIT/BCF greatly improved the
correlation coefficient with the effects (R2 = 0.928) (Figure
6C), which supported our conclusions in a broader range of
metals and species.

Acute toxicity to metals depends not only on the internal
threshold concentration of mortality but also on the bio-
accumulative capacity of metals.11 The stronger the accumu-
lation ability of metals at the target site, the faster the threshold
concentration can be exceeded. The part exceeding the
threshold will cause death. This is the general explanation
for the higher toxicity of some chemicals, because of their
lower CIT and higher BCF, both of which are indispensable.
Therefore, the parameter CIT/BCF was just proposed to better
understand the toxicity of metals. CIT/BCF can be understood
as the ability of organisms to uptake threshold-related metals
from a unit exposure medium. It could answer why Cu has a
higher CIT than Cd but is more toxic to zebrafish or why some
metals have a higher BCF but are less toxic.11 It is worth
noting that CIT should be a generalized threshold, including
not only acute toxicity but also the specific mode of action.
The current results are limited to the survival of acute
exposure. However, our results have the potential to be
extrapolated to other exposure scenarios (e.g., chronic
exposure) or toxicity endpoints, such as reproduction or
growth. When exposure only affects reproduction or growth or
only causes other minor effects, we should recognize that the
internal threshold concentration should be defined according
to the actual adverse outcomes. For example, BMDI of KEs
may be more suitable when evaluating a chemical with a
specific mode of action than CIT. Ideally, BCF should be the
bioaccumulation factor of the chemicals at the target site,
rather than the whole body. Generally, the concentration at the
target site rather than the concentration in the whole body is

considered to cause toxicity because the whole body
concentration contains the inactive fractions.11

Overall, this study proposes a framework of the adverse
outcome pathway to comprehensively elucidate the toxicity of
Cd and Cu to zebrafish larvae and the mechanism of their
toxicity differences. Physiological tests provide quantitative
information, while transcriptomics provides conservative
mechanistic information of the effects of exposure. On this
basis, a qAOP applicable for metal risk assessment of aquatic
organisms was proposed, which was helpful to explore the
toxicity mechanism of metals. This work provides a
mechanistic explanation for the differences in metal toxicity
where the strong bioaccumulation of Cu enables the newly
accumulated Cu to reach the threshold that causes different
adverse effects faster than Cd in zebrafish larvae, resulting in a
higher toxicity of Cu than Cd. We further proposed the general
mechanism of differences in metal toxicity. The parameter CIT/
BCF (the ratio of internal threshold concentration and
bioaccumulation factor) determines the differences in lethal
toxicity among metals. This work could advance the under-
standing of the differences in chemical toxicity, thereby
improving the hazard assessment of chemicals.
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