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Toxicity interaction has aroused many researchers’ interest in the combined toxicity of pollutants. Recently,
some published studies have shown that the toxicity of some mixture pollutants is time dependent and well
correlated with certain components in the mixture. Therefore, to investigate whether toxicity interaction is
affected by the exposure time or certain components, synergism and antagonism within typical
environmental contaminants of heavy metal mixtures were analyzed in different exposure times. Herein,
three binary and one ternary mixture systems were designed by using three heavy metals: cadmium
chloride, lead chloride (Pb) and manganese(i) chloride tetrahydrate (Mn). For each mixture system, five
mixture rays with different concentration ratios were arranged by direct equipartition ray design and
uniform design ray methods. The toxicities of the three heavy metals and 20 mixture rays towards
photobacteria Vibrio ginghaiensis sp.-Q67 (Q67) were determined by the established time-dependent
microplate toxicity analysis (t-MTA) in different exposure durations of 0.25, 2, 4, 8 and 12 h. It was shown
that the toxicities of three heavy metals (Cd, Pb and Mn) as well as their binary and ternary mixture rays
to Q67 were also time dependent, but different metals or mixture rays showed different time

characteristics. Surprisingly, some mixture rays exhibited antagonism or synergism with time dependency
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Accepted 7th July 2018 an e time characteristics varied in different mixture systems. Furthermore, the binary or ternary

mixture systems with Pb displayed antagonism, while the Cd—Mn mixture system without Pb exhibited
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Introduction

The risk assessments of contaminants in the environment are
usually based on the toxicity data of single pollutants.
Contaminants in the environment, however, coexist in various
forms or concentrations and form a complex mixture of
pollutants, which can produce combined toxicity effects on the
biological environment.'* The accumulated toxicity and toxicity
interaction (synergism and antagonism) of mixture pollutants
will cause greater potential hazards.* Even if the concentration
of a single contaminant is below the No-Observed-Effects
Concentration (NOEC), their mixtures may produce significant
combined toxicity to the aquatic organisms.® Ding et al.® indi-
cated the potential adverse effects of PAEs in the presence of Cd
on aquatic organisms. Wang et al’ reported that binary
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additive action or synergism, which indicated that Pb was probably the causative agent of antagonism

graphene oxide-ionic liquid mixtures resulted in severe
combined toxicity on Scenedesmus obliquus. Moreover, toxicity
interactions (synergism or antagonism) were observed in the
mixture of pollutants.** Previous studies have demonstrated
that toxicity interaction may be attributed to the existence of
certain components in mixtures. Fan et al' validated that
polymyxin B sulfate was the key component inducing antago-
nism by the combined effect of at least three components.*?
Zhang et al.”® found that the antagonism/synergism induced by
mixtures of eight ILs was related to [emim]BF(4)/[emim]CF(3)
SO(3). Therefore, the systematic study of the combined
toxicity of pollutants in aquatic organisms is of environmental
significance.

Cd, Pb and Mn are three common heavy metal pollutants in
the environment, among which Cd and Pb are the primary
toxins affecting biological systems. In recent years, the problem
of heavy metal pollution on farmland has become increasingly
serious, leading to events like cadmium rice and heavy metal
pollution of vegetables.'*** It has been demonstrated that heavy
metals are harmful to ecosystems, human health and life safety
through the food chain'”*® and toxic to aquatic organisms such
as Daphnia magna, spiral seaweed, grey mullet (Mugil cephalus)
and tiger perch (Terapon jarbua)."> Furthermore, the toxicity
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interactions were observed between heavy metals and antibi-
otics,” heavy metals and organic contaminants,* and different
heavy metals.>* Therefore, a study of the combined toxicity of
heavy metal pollutants on aquatic organisms is also of much
significance.

Recently, some published studies have indicated that
different pollutants may exhibit different trends in toxicity with
the extension of exposure time.***” Wang et al.>® found that the
herbicides triazine and their mixtures show significant time-
dependent toxicity. Zhang et al.*” reported that aminoglyco-
side antibiotics and their mixtures exhibit distinct time-
dependent toxicity to luminous bacteria. Qu et al.* revealed
that toxicological interaction between ionic liquids and pesti-
cides is time dependent. Therefore, long-term exposure is also
an important consideration in order to gain better under-
standing of the toxic effects of pollutants.

Therefore, the present study aims to investigate the toxicity
interactions within heavy metal mixtures and the effects of
exposure time and mixture components on their synergism or
antagonism. Three heavy metals, namely, cadmium chloride
(Cd), lead chloride (Pb) and manganese(u) chloride tetrahydrate
(Mn), were selected to design binary and ternary mixture systems
by direct equipartition ray (EquRay) and uniform design ray (UD-
Ray) methods, respectively. The toxicity of the three heavy metals
and their mixture rays towards Vibrio ginghaiensis sp.-Q67 (Q67)
was determined by the time-dependent microplate toxicity anal-
ysis (t-MTA). Toxicity interaction (synergism or antagonism) in
different exposure durations was analyzed by the reference
concentration addition (CA) method. The obtained results will
provide a data reference for scientific and objective evaluation of
the environmental risk of heavy metal pollutants.

Results
Toxicities of three single heavy metals on Q67

The concentration-effect data of three heavy metals in different
durations on Q67 can be well fitted by non-linear functions
reported by Logit and Weibull.** The fitted location parameter
(«) and shape parameter (), statistical parameters (correlation
coefficient (R) and root mean square error (RMSE)) and negative
logarithm of median effective concentration (pECs,) are listed
in Table S1f and the concentration-effect curves (CRCs) are
given in Fig. S1.7 From Table S1,7 the Logit and Weibull func-
tions can clearly describe the concentration-effect data of the
three heavy metals in different exposure durations (R > 0.94,
RMSE < 0.08). From Fig. S1,} it can be observed that all the three
heavy metals display clearly acute toxicity with inhibition rate
higher than 75% in the exposure period of 0.25 h, but the
toxicity changes in different heavy metals vary with the increase
in time. Cd and Mn show time-dependent toxicity, i.e., the
toxicity increases with exposure duration, which is similar to
that reported previously by some authors.** Some studies show
that acute toxicity of CuO NPs towards Daphnia magna increases
significantly with the increase in exposure duration.*> However,
the acute toxicity of Pb is higher than that developed during
other exposure times and has no clear time-dependency. The
order of toxicity of the three heavy metals at any exposure time
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point (Table S17) is always Cd > Pb > Mn based on the pECs,
values;* this was in accordance with the study of heavy metals
on Chlorella Pyrenoidosa.**

Toxicities of mixtures on Q67

The CRCs of all mixture systems in five exposure time periods of
0.25, 2, 4, 8, and 12 h are shown in Fig. S2 and S3.7 The fitted
location parameter («) and shape parameter (G), statistical
parameters (correlation coefficient (R) and root-mean-square
error (RMSE)) and pECs, values of 20 binary mixture rays are
listed in Table S2at (for the Cd-Pb system), Table S2b+ (for the
Cd-Mn system), Table S2ct (for the Pb-Mn system) and Table
S3.f From Fig. S2 and S3,1 the toxicity of mixtures on Q67
displays similar time-dependency to that of single chemicals.
For example, rays in the Cd-Mn system display distinct time-
dependent toxicity, which is similar to that of Cd and Mn.
Toxicity trends of rays with time lengthening in other mixture
systems are similar to that of the component with relatively
higher concentration ratio (Table 1). As we can see from Table
S2a, S2c and S3,f the toxicity of several rays in the mixture
system of Cd-Pb and Cd-Mn is close to the toxicity of Pb with
the higher p;, which directly affects the toxicity change charac-
teristics of the ray with time lengthening.

Toxicity interaction within binary mixture

The concentration-effect data point and fitted CRCs together
with the values predicted by CA are plotted in Fig. 1-3. The
binary mixture systems' CRCs and predicted lines by CA in the
first two exposure time periods are given in Fig. S4a and S4b in
the ESIT due to the additive action within most of the rays in the
binary mixture systems. Toxicity interaction information within
the mixtures in the whole exposure time are analyzed and given
in Table 1.

Table 1 Toxicological interactions in various mixture rays at different
time points and low, middle, and high concentration levels, where S
refers to synergism, A to antagonism, and — to additive action

Mixture ray 0.25h 2h 4h 8h 12h

Cd-Pb-R1 - -
Cd-Pb-R2 - - -
Cd-Pb-R3 - - -
Cd-Pb-R4 - -
Cd-Pb-R5

Cd-Mn-R1
Cd-Mn-R2 - -
Cd-Mn-R3 --- ---
Cd-Mn-R4 - -
Cd-Mn-R5 -—- -—- -—-
Pb-Mn-R1 - - -
Pb-Mn-R2 - S - -
Pb-Mn-R3 - -
Pb-Mn-R4 - -
Pb-Mn-R5 - -
Cd-Pb-Mn-R1 p—_— —_—
Cd-Pb-Mn-R2 - - S—
Cd-Pb-Mn-R3 -—- -—- -—-
Cd-Pb-Mn-R4 - - S— S— -
Cd-Pb-Mn-R5 - - - - -

n

This journal is © The Royal Society of Chemistry 2018
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Fig.1 The concentration—-response relationship of five rays in Cd—Pb binary mixture system towards Q67 in three exposure times of 4, 8, and
12 h, where the black scatters refer to the experimental points, blue lines to the 95% confidential intervals, black solid lines to the fitted CRCs and

red solid lines to the CRCs predicted by CA.

From Fig. 1-3, the rays in different mixture systems display
different toxicity interactions, namely, synergism, antagonism
and additive action. Moreover, the toxicity interactions, namely,
synergism, antagonism and additive action, within the same
ray, such as R4 in the Cd-Pb mixture system, varies for different
exposure time periods. For the Cd-Pb mixture system, as shown

This journal is © The Royal Society of Chemistry 2018

in Fig. 1, the predicted line by CA of R1 is below the lower limits
of 95% confidence interval (OCI) of the observed data and
exhibits synergism. Also, the synergism within R1 grows clearly
from 4 h to 12 h. R2, R3 and R4 display additive action in the
exposure time of 4 h, where the predicted line by CA locates in
the limits of 95% confidence interval (OCI) of the observed data.

RSC Adlv., 2018, 8, 26089-26098 | 26091
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Fig.2 The concentration—response relationship of five rays in Cd—Mn binary mixture system towards Q67 in three exposure times of 4, 8, and
12 h, where the black scatters refer to the experimental points, blue lines to the 95% confidential intervals, black solid lines to the fitted CRCs, and

red solid line to the CRCs predicted by CA.

Then, partial antagonism occurs in the high concentration
region in 8 h. After that, antagonism becomes clear in 12 h. R5
shows weak synergism in 4 h, additive action in 8 h and partial
antagonism in the high concentration region in 12 h.
Different from the Cd-Pb system, no antagonism but
synergism appears in the Cd-Mn system (Fig. 2). From 4 h to

26092 | RSC Adv., 2018, 8, 26089-26098

12 h, synergism within all the five rays clearly increases with the
increase in time, i.e., all five rays exhibit time dependency. It can
be observed from Fig. 3 that R1 exhibits additive action in 4 h
and partial antagonism in 8 and 12 h. R2 and R3 display
additive action in 4 and 8 h and synergism in 12 h. R4 and R5
show additive action.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The concentration—response relationship of five rays in Pb—Mn binary mixture system towards Q67 in three exposure times of 4, 8, and
12 h, where the black scatters refer to the experimental points, blue lines to the 95% confidential intervals, black solid lines to the fitted CRCs, and
red solid line to the CRCs predicted by CA.

Toxicity interaction within ternary mixture parameters (correlation coefficient (R) and root mean square error
(RMSE)) and pECs, values of three binary mixtures are listed in
Table S3.}

From Fig. 4, it can be observed that R1 shows synergism in
4 and 8 h and additive action in 12 h. R2 displays additive

The concentration-effect data point and fitted CRCs and CA
prediction line of ternary mixtures are shown in Fig. 4. The fitted
location parameter («) and shape parameter (), statistical

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 26089-26098 | 26093
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Fig. 4 The concentration—response relationship of five rays in Pbo—Cd—-Mn ternary mixture system towards Q67 in three exposure times of 4, 8,
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and red solid line to the CRCs predicted by CA.

action in 4 h, but synergism in 8 and 12 h, which indicates
time dependency. R3 and R5 appear additive in 4-12 h. R4
presents additive action in 4 h and 12 h and antagonism

in 8 h.

26094 | RSC Adv., 2018, 8, 26089-26098

Discussion

The toxicity of contaminants is related not only to the exposure
concentration, but also to the exposure time, which is an
important influencing factor.?”*** In this study, toxicity of three

This journal is © The Royal Society of Chemistry 2018
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heavy metals and their mixtures with different concentrations
and p;s towards Q67 shows different time characteristics. The
toxicities of Cd and Mn increase with the increase in exposure
time, while Pb has higher toxicity in 0.25 h than that of other
exposure time. The toxicity of mixture systems towards Q67
displays similar time characteristics to those of composites,
particularly that of the component with higher p;s value. For
example, rays in the Cd-Mn system display significant time-
dependent toxicity, which is similar to the characteristics of
Cd and Mn. The time characteristics of several rays in the
mixture system of Cd-Pb and Cd-Mn is close to the toxicity of
Pb with the higher concentration ratio (p;), which directly affects
the toxicity trends of mixture rays with the increase in time.

Mixtures may produce time-dependent synergism or antag-
onism.'™**** In this study, the combined toxicity of the three
heavy metals studied towards Q67 also produces time-
dependent synergism and antagonism. For the Cd-Pb mixture
system in Fig. 1, R1 exhibits synergism, which increases clearly
from the exposure time of 4 h to 12 h. Toxic actions of R2, R3
and R4 change from additive action to clear antagonism in the
high concentration region in 4-12 h. In case of R5, the toxic
action changes from weak synergism in 4 h to additive action in
8 h and antagonism in the high concentration region in 12 h. As
shown in Fig. 2, synergisms of all the five Cd-Mn rays clearly
increase with the increase in time. It can be observed from Fig. 3
and 4 that different rays in the Pb-Mn and Cd-Pb-Mn mixture
systems also exhibit additive action, synergism or antagonism
in 4-12 h. The distinct synergism or antagonism of heavy metal
mixtures indicates that more heavy metals or other pollutants
such as pesticides and antibiotics, coexisting in the waste water
system, may inhibit the growth of some resistant microorgan-
isms or hamper the heavy metal inactivation. However, this
issue would need more future studies to resolve.

Toxicity interaction may be component dependent.'® Based
on the abovementioned result, further analysis was conducted.
Surprisingly, all the binary mixture systems with Pb exhibit
antagonism in the high concentration region, while the Cd-Mn
mixture systems without Pb exhibit additive action or synergism
but no antagonism. The ternary mixture system with Pb also
appears to exhibit weak antagonism. Most of the rays in the
ternary mixture system exhibit weak synergism and additive
action, which is probably due to the lowest concentration ratios
of Pb in the mixture system. Therefore, Pb is probably the
causative agent of antagonism produced by the mixture. Ding
et al*® also found that both the three-component mixture
systems exhibiting antagonism contained sulfamethazine.
Zhang et al.*® claimed that [bmim]CH;(CH,),0S0; was indeed
a key component inducing mixture antagonism. In our study,

Table 2 Basic physical properties of three heavy metals
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mixture with Pb producing antagonism may be due to the Pb's
highest completive among the three heavy metals, which can
inhibit the absorption and accumulation of Cd and Mn on to
the surface of organisms. Therefore, all the binary mixture
systems and even some ternary mixture rays with Pb show
antagonism. The synergism mechanism may be due to the
coexistence of Cd and Mn, which augments the permeability of
cell membranes. The underlying mechanisms of the toxic
action of the three heavy metals still require further study.

The abovementioned information indicates that the
mixtures' composites and concentrations (ratios) have great
effects on the combined toxicity and toxicity interaction,** but
the exposure time and certain components also play important
roles. Therefore, a real-time analysis of the ecological toxicity of
contaminants should be taken into account while investigating
the effects of pollutants,*® so that we could completely under-
stand the toxicity effects of pollutants and their mechanisms of
actions.

Experimental
Chemicals

Three heavy metals, cadmium chloride (CdCl,), lead chloride
(PbCl,) and manganese(u) chloride tetrahydrate (MnCl,-H,0)
(abbreviated as Cd, Pb and Mn) were purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Their
physical properties such as the molecular weight (MW), CAS
registration number (CAS RN) and stock concentration are lis-
ted in Table 2. The stock solutions were prepared with Milli-Q
water and stored in the dark at 4 °C.

Mixture design

Three heavy metals were taken as mixture components to
construct three binary mixture systems, namely, Cd-Pb, Pb-Mn,
and Cd-Mn systems, and one ternary mixture system, i.e., Cd-
Pb-Mn. For each system, direct equipartition ray (EquRay)** and
uniform design ray (UD-ray)** methods were employed to design
the basic concentration compositions (BCCs)** of five rays for
the binary and ternary mixture systems, respectively. For the
EquRay, the process used was as follows. A line segment in
a two-dimensional (X-Y) concentration plane, constructed by
the effect concentration (EC,) of the two heavy metals, was
drawn by connecting the ECs, points of two components at X-
axis and Y-axis, respectively. Five equidistant points were set on
the line segment. Five rays (R1, R2, R3, R4, and R5) were drawn
by connecting the origin (O) and the five equidistance points to
form five rays with different concentration ratios (p;s). For the

Name Abbr. MwW* CAS RN Purity (%) Stock (mol L")
Cadmium chloride Cd 228.35 7790-78-5 =99 1.06 x 1072
Lead chloride Pb 278.11 7758-95-4 =99 4.60 x 1072
Manganese(u) chloride tetrahydrate Mn 197.90 13 446-34-9 >95 1.58 x 10"

“ MW: molecular weight.

This journal is © The Royal Society of Chemistry 2018
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UD-Ray, the process used was as follows. Based on the EC,
computed from the optimal function (Logit or Weibull) of single
heavy metal listed in Table S1,t five mixture rays with different
pis (points) were first designed by using the uniform table, U7
(7). Each point was then extended as a ray by using the fixed
concentration ratio ray (FCRR) procedure, where the ray had
a constant p; value of various components. From the BCCs, p;s
of various components in the mixture rays can be calculated
and listed in Table 3. The concentrations of each component in
the mixtures were calculated and are listed in Table S4a-c and
S5.F

Toxicity test

The freeze-dried luminescent bacterium Vibrio qinghaiensis sp.-
Q67 (Q67) was purchased from Beijing Hamamatsu Corp., Ltd.
(Beijing, China). The components and preparation steps of
culture medium were the same as those reported in the litera-
ture.?”** In addition, the methods of bacteria activation culture
were based on the study reported by Wang et al.”®

The toxic effect of heavy metals and their mixture rays on
Q67 were determined by time-dependent microplate toxicity
analysis (t-MTA).*>** Taking a 96-well microplate as the expo-
sure experiment carrier, for a single chemical or a mixture ray,
an appropriate dilution factor (f) was selected after preliminary
experiments. The stock solutions of each heavy metal were
diluted into 12 different concentrations and the concentrations
were reduced progressively. Then, 12 different test concentra-
tions in 3 parallels in a 96-well microplate were arranged, and
then added in a solution of Q67 (100 pL), which had been
cultured to logarithmic phase in advance. The final volume in
each pore was made up to 200 puL and the microplate test was
repeated three times.

The microplates with luminescent bacteria were cultured in
a biochemical incubator at 22 + 1 °C and removed at 0.25, 2, 4, 8

Table 3 Concentration ratio (p) of three heavy metals in various
binary and ternary mixture rays

Ray Pca Ppy, Pyin
Cd-Pb-R1 0.4410 0.5590

Cd-Pb-R2 0.2399 0.7610

Cd-Pb-R3 0.1363 0.8637

Cd-Pb-R4 0.0731 0.9269

Cd-Pb-R5 0.0306 0.9649

Cd-Mn-R1 0.4072 0.5928
Cd-Mn-R2 0.2155 0.7845
Cd-Mn-R3 0.1208 0.8792
Cd-Mn-R4 0.0643 0.9357
Cd-Mn-R5 0.0267 0.9733
Pb-Mn-R1 0.8132 0.1868
Pb-Mn-R2 0.6352 0.3648
Pb-Mn-R3 0.4654 0.5346
Pb-Mn-R4 0.3032 0.6968
Pb-Mn-R5 0.1483 0.8517
Cd-Pb-Mn-R1 0.1356 0.0953 0.7691
Cd-Pb-Mn-R2 0.4583 0.2311 0.3106
Cd-Pb-Mn-R3 0.3413 0.032 0.6267
Cd-Pb-Mn-R4 0.5120 0.0401 0.4479
Cd-Pb-Mn-R5 0.4336 0.0684 0.4980
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and 12 h. Then, they were placed in a plate reader to determine
the luminous intensity and calculate the inhibition of luminous
bacteria in each hole of the microplate.

The toxicity (E)*” is expressed as inhibition of biolumines-
cence of Q67, which is calculated as follows:

1
=1-— 1
x=1-7 o
where I, is the average of the relative light unit (RLU) of Q67
exposed to the controls (12 parallels) and I is the average of RLU
of the test chemical or mixture (three parallels) in one
microplate.

Concentration-response curve fitting

All the concentration-response data in different exposure times
were fitted nonlinearly using the APTox software program.*® In
addition, we calculated the observation effect of confidence
interval corresponding to 95% confidence intervals (OCIs).*” In
order to reveal the toxicity change trends of pollutants in
different exposure times and concentrations, the observed
concentration-effect data were fitted to two non-linear func-
tions, namely, Logit and Weibull. The goodness of fit was
described by the correlation coefficient (R) and root mean
square error (RMSE). The higher the R or the lower the RMSE,
the better would be the fitting. The formulae of the Logit and
Weibull functions are given as follows:

x = 1/(1 + exp(—a — B logio(c))) (2)
x =1 — exp(—exp(a + 8 logjo(c))) (3)

where o and @ are the parameters of position and slope of
Weibull and Logit, respectively, E is the effect that refers to the
inhibition of pollutant on Q67 and c is the concentration of the
pollutant.

Toxicity interaction characterization

Concentration addition (CA) is a standard addition reference
model and can be used to analyze toxicity interaction within
mixtures.**** When the observed toxicity of a mixture is greater/
less than that predicted by CA, the mixture appears to exhibit
synergism/antagonism.'>*® Moreover, there is no significant
deviation of the observed toxicity from that predicted by CA; the
mixture shows no interaction, indicating additive action. The
CA model is as follows:**

n cl

ECX,[ =1 (4)

i=1
where ¢; is the concentration of component (i) in the mixture
whose effect is x% and EC,; is the concentration of the ith
component at the combined effect of x%.

Conclusions

In summary, the toxicity of three heavy metals (Cd, Pb and Mn)
as well as their binary and ternary mixture rays to Q67 exhibits

This journal is © The Royal Society of Chemistry 2018
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time dependency, but different metals or mixture rays show
different time characteristics. The order of toxicity of the three
heavy metals in the whole exposure time period is Cd > Pb > Mn.
Toxicity interactions of the four mixture systems with different
mixture components exhibit antagonism, synergism and addi-
tive action. Moreover, the antagonism and synergism are time
dependent, but the time characteristics vary within different
mixture systems. Antagonism appears in the binary or ternary
mixture systems containing Pb, while the Cd-Mn mixture
system without Pb exhibits additive action or synergism. Pb is
probably the key component of the mixture producing antago-
nism. Therefore, the exposure time period and certain compo-
nents are two important factors affecting the combined toxicity
or toxicity interaction within mixtures, which should be
considered while performing risk assessment of heavy metals
and their mixtures.
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