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Abstract

N-nitrosamines (NAms), which can arise as byproducts of disinfection agents, are reportedly found
in drinking water, and their potential carcinogenicity is a concern; however, little research exists
regarding the genotoxicity or carcinogenicity of NAms exposure as a low-dose mixture. The three
most common NAms components in China’s drinking water are N-nitrosodimethylamine
(NDMA), N-nitrosodiethylamine (NDEA) and N-nitrosomethylethylamine (NMEA). Thus, we
measured the genotoxic and carcinogenic potential of these compounds and measured the cell
cycle and gene expression. The data show that exposure to the NAms-mixture doubled the
revertants in the TA98 and TAI100 S. typhimurium strains and increased the DNA double-strand
breaks and the micronuclear frequency in the NIH3T3 cells compared to a single exposure. After
long-term NAms mixture exposure, a malignant transformation of NIH3T3 and a significantly
increased G2/M distribution were observed. Furthermore, P53, CDK1, P38, CDC25A and CyclinB
expressions were down-regulated in the NAms-mixture exposure group; however, P21 and
GADDA45A genes were up-regulated. Interestingly, the CHK1/CHK2 and CDC25A genes had two
responses, depending on the NAms concentrations. Thus, we observed mutagenic, genotoxic and
carcinogenic effects after a low-dose NAms-mixture exposure in drinking water, and DNA repair
and apoptosis pathways may contribute to these adverse effects.
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Introduction

N-nitrosamines (NAms) are disinfection
byproducts (DBPs) [1, 2] found in drinking water, and
their potential carcinogenicity is a concern [3]. Nine
NAms compounds have been identified, as well as
their  molecular structures, physical traits,
classifications and risks, and these data appear in
Supplemental Table S1 and Figure S1 [4, 5]. The
International Agency for Research on Cancer (IARC)
has classified eight NAms compounds as potential
(Group 2A) or possible carcinogens (Group 2B) to
humans [6]. The US Environmental Protection Agency

(EPA), the Agency for Toxic Substances and Disease
Registry and the Department of Human Health
Services also suggest that this group of NAms may be
considered a human carcinogen that is hazardous in
low concentrations. In addition, some developed
countries have exposure limits for NAms. Ontario
Canada has set a drinking water standard for
N-nitrosodimethylamine (NDMA) of 9 ppt [7]. The
California Department of Health Services has set
notification levels for NDMA, N-nitrosodiethylamine
(NDEA) and N-nitrosodipropylamine (NDPA) at 10
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ppt and seeks to decrease this to 3 ppt [8]. The
National Institute for Public Health and the
Environment (RIVM, Netherlands) proposed a
provisional guideline value for NDMA in drinking
water of 12 ppt. These actions are precursors to formal
regulations; however, most countries have not
developed guidelines for NAms exposure due to a
lack of sufficient risk-assessment data.

Exposure to NAms has been shown to be
associated with tumors in epidemiological studies of
human and laboratory animals [9]. NDMA, NDEA
and N-nitrosomethylethylamine (NMEA) are highly
mutagenic compounds that are suspected human
carcinogens, and it is estimated that NDEA as low as
0.2 ppt in drinking water is associated with a 10-¢
increased lifetime cancer risk [10]. NDMA is
carcinogenic in experimental animals through several
exposure routes, including the ingestion of drinking
water. Most studies have focused on a single
substance at a high concentration; however, many
NAms coexist in drinking water, and individual
toxicity may differ from a mixture exposure, which
could be toxic at low doses [11, 12]. Presently, humans
and environmental species are exposed to an almost
infinite number of possible chemical combinations;
thus, evidence of low-dose exposures to mixtures of
environmental chemicals is of interest. Therefore, we
investigated NAms mixtures at low doses to
understand the health risk of pollutants in drinking
water.

For this study, we selected a dose-addition
approach and the most sensitive transformation cell
line (NIH3T3) and common NAms compounds
(NDMA, NDEA and NMEA) to assess the genotoxic
and mutagenic potential and the possible molecular
mechanism underlying low-dose exposure to a NAms
mixture in drinking water.

Materials and Methods

Bacterial strain and cells

The T97, TA98, TA100 and TA102 S. typhimurium
strains were obtained from Ames Laboratory in USA.
The NIH3T3 cells (ATCC, CRL-1658) were cultured in
DMEM (Gibco, Grand Island, NY, USA) containing
10% FBS (Gibco, USA), 100 U/ml penicillin and 100
pg/ml streptomycin at 37°C in a humidified 5% CO;
atmosphere.

Database of exposure

Meta-analysis was performed to summarize
average NAms in drinking water. PubMed, Web of
Science and Google Scholar were used to review the
existing literature (from 1980 to 2015) [13-20]
regarding NAms exposure in China’s drinking water.
The search  terms were "N-nitrosamines",

"Disinfection Byproducts or DBPs", "Drinking Water"
and "China or Chinese" in various combinations. We
chose eligible full texts and contacted the authors to
confirm information when necessary.

Cell viability assay

Cytotoxicity was measured using a CCK-8 assay
kit (Kumamoto, Japan) [21]. We used 1-30,000-fold
concentrations of NAms to measure toxicity in
NIH3T3 cells. Ten thousand cells with five replicates
were plated in 96-well microplates and cultured for 24
h at 37°C. Then, the cells were incubated for an
additional 72 h in media containing different NAms
concentrations. Subsequently, optical density (OD)
was measured at 450 nm with a Bio-Rad microplate
reader. Each experiment was repeated three times.
The 50% lethal concentration (LCsp) was calculated
using a dose-response curve.

Ames test

TA98, TA100, T97 and TA102 Salmonella
typhimurium strains were cultured (1 x 10° cells/ml)
overnight, and 0.5 ml S9 mix or PBS, 0.1 ml NAms and
0.1 ml bacterial suspension were mixed in tubes and
cultured for 1 h at 37°C with shaking (100 times/min).
Then, 2 ml of top agarose was added to each tube and
poured onto the underlying medium. The mixture
was incubated for 48 h at 37°C before counting the
revertant colonies. Each test was performed in
triplicate with positive and negative controls, as
shown in Table S2. A chemical was regarded as
positive when the number of revertant colonies was at
least twice the negative control [22].

Comet assay

A comet assay was performed similar to
previous studies [23]. NIH3T3 cells were treated with
different concentrations of NAms for 24 h, and cell
viability >75% H>O» (500 pg/ml) and DMSO (0.5%)
were used as positive and negative controls,
respectively. Cells were embedded in an agarose
micro-gel and lysed. DNA was denatured and
electrophoresed under alkaline conditions (pH=13)
and stained with EB solution (20 pg/ml) for 10 min.
At least 100 randomly selected cells were analyzed for
each group, with triplicates, using fluorescent-
microscopy (Nikon, Japan). For quantifying DNA
damage, the percentage of tail DNA was calculated
using a CASP image analysis system (CaspLab,
Poland) [24].

8-OHdG assay

After exposure to NAms, the NIH3T3 cells’
supernatant was centrifuged at 3,000 rpm for 10 min.
We added 50 pl of standard solution to standard
wells, 10 pl sample and 40 pl dilution buffer to sample
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wells and then 100 pl of HRP-conjugate reagent to the
standard well and sample well, respectively. The plate
was then incubated 1 h at 37°C and was washed five
times. Next, 50 pl of TMB and HRP chromogenic
substrates were added to each well and incubated for
15 min in the dark at 37°C and then stopped with 50 pl
stop solution. OD was measured and the 8-OHdG
was calculated. Each treatment was carried out in
triplicate [25].

Cytoplasm block micronucleus (CBMN) assay

A CBMN assay was performed following the
Organization for Economic Co-operation and
Development’s method (OECD-T487) [26]. The
NIH3T3 cells were exposed to different NAms levels
for 40 h (1.5-2 normal cell cycles). Mitomycin C (1pM)
and 0.5% DMSO were used as positive and negative
controls. At least 2,000 binucleated cells were scored
per group under fluorescence microscope (Nikon,
Japan). Micronucleus (MNi), Nuclear Budding
(NBUDs) and Nucleoplasmic Bridge (NPB) were
calculated [26, 27]. The experiments were repeated
three times.

Cell colony formation assay

NIH3T3 cells were used due to their wide
applicability in cell malignant transformation studies.
We seeded the NIH3T3 cells into a 6-well plate (100
cells/well). After culturing for 24 h at 37°C, the cells
were treated with different NAms concentrations,
positive control (3-methylcholanthrene, 3-MCA),
solvent control (0.5 % DMSO) and negative control
(distilled water) for 72 h, respectively. After washing
twice with PBS, the cells were continually cultured for
seven days at 37°C, and the medium was refreshed
every three days. Then, the cells were fixed with
methyl alcohol and stained with 10% Giemsa, and the
colonies with more than 50 cells were counted [21, 28].
This was used to quantify colony-forming efficiency
(CFE) and relative colony-forming efficiency (RCFE).
CFE and RCFE were calculated as follows:

CFE (%) = (number of colonies induced)/(number of
cells seeded) x 100%

RCEFE (%) = [(CEF of treatment group)/(CEF of
negative control group)] x 100%

Cell transformation assay

The NIH3T3 cells were seeded at a density of
2,000 cells/dish (10 cm), and the cells were cultured
for 24 h. Cells were treated the same as the cell colony
formation assay for 72 h. After rinsing with PBS, the
cells were continually cultured for 14 days at 37°C,
and the medium was replaced every three days. The
cells were stained with 10% Giemsa, and the
transformation frequency (1F) was calculated as

follows [28]:

TF = [total number of transformed colonies per
treatment/ (total cells plated per treatment x CFE)] x
100%

Concanavalin A (Con A) agglutination

The transformed malignant cells induced by
NAms were seeded (1,000 cells/dish) for the Con A
agglutination assay, and the untransformed cells were
labeled as negative controls. On day 14, the cells were
harvested by adjusting them to 104 cells /ml with PBS.
Then, 100 pl of single-cell suspensions and different
concentrations of Con A were added to 24-well
microplates for 10 min. Cell agglutination with Con A
was observed by microscope (Nikon, Japan) [21].

Soft agar assay

A 3-ml aliquot of 1.2% agar in a culture medium
was plated in 60-mm dishes. Then 1,000 cells of
transformed malignant or untransformed cells were
mixed with 3 ml of 0.35% agar in a medium and
plated on the solidified bottom agar. When the top
agar solidified, the dishes were transferred to an
incubator and cultured for 30 days. Two or three
drops of the medium were added to each dish three
times a week. After culturing for 30 days, the visible
cell colonies were photographed and counted [29].

Cell cycle determination

NIH3T3 cells were seeded at a density of 3.2 x
10*and cultured for 24 h. The cells were treated with
different concentrations of NAms for 72 h. After
rinsing with cold PBS, the cells were fixed with cold
70% ethanol for 12-24 h. Then, the cells were rinsed
twice with cold PBS and stained using 0.5 ml of a stain
agent (0.25% Triton X-100, 10 pg/ml PL, 100 pg/ml
RNase) for 30 min in the dark. Measurements were
performed with flow cytometry (BD, USA).

RNA extraction and real-time RT-PCR

RNA samples were extracted with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and
quantified by Nanodrop (Thermo, Wilmington, DE).
Total RNA was converted to cDNA by using SYBR
Green PCR Kit (Qiagen, Germany). The primers were
designed wusing Primer Express Software v2.0
(Applied Biosystems, Carlsbad, CA, USA) and
synthesized by the Beijing Genomics Institute (BGI,
China). All the primers’ sequences are shown in the
Supplemental (Table S3). The RT-PCR reactions were
performed with ABI ViiA7 Sequence Detection
Real-Time PCR System (Applied Bio-systems, USA).
The cycle threshold (Ct) values were used to show the
relative gene expression. Eighteen ribosomal RNA
genes (rRNA, Hs99999901_s1, 18S) were used as an
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internal control. The difference in each group’s gene
expression was calculated with the 2-24Ctmethod [12,
30]. All experiments were run in triplicate.

Woestern blot

Western blot analysis was performed as the
previous description [12]. The cells were harvested
after being washed three times with cold PBS and
placed in a lysis buffer (Beyotime Institute of
Biotechnology, China) on ice for 15 min. The cell
lysates were centrifuged at 12,000 x g at 4°C for 10
min, and the supernatants were collected. The
concentration of protein was detected via the BCA
method. Proteins were separated in 8% SDS
polyacrylamide gel by electrophoresis and transferred
onto  nitrocellulose  immunoblot = membranes
(Millipore, Bedford, MA, USA) after 4h of blocking in
TBST solution containing 5% skim milk, and then they
were incubated with primary antibodies (Abcam,
Cambridge, UK) overnight at 4°C. The antibodies
were diluted as follows: P21 (1: 1000), P53 (1: 1000),
P38 (1: 1000), CDK1 (1: 1000), cyclinB1 (1: 2000), ChK1
(1: 1000), GADD45A (1: 1000), CDC25B (1: 1000),
CHK2 (1: 1000), CDC25A (1: 1000) and GAPDH (1:
2000). The membranes were washed and then
incubated with horseradish peroxidase-conjugated
(HRP) secondary antibodies for 1 h at room
temperature. Proteins were detected by enhanced
chemiluminescence using ECL reagent (Beyotime
Institute of Biotechnology, China) and visualized on
an image system (Image Quant LAS 4000 mini, USA).
Signal densities were quantified using software Image
] 1.44 (National Institutes of Health, Bethesda, MD,
http:/ /rsbweb.nih.gov/ij/).

Statistical analysis

Data were analyzed by SPSS version 18.0
(Armonk, IBM Corp, NY, US) and presented as means
t standard deviations (SD), with p <0.05 considered
statistically significant. Results were analyzed using
the GraphPad Prism software (version 5.0, GraphPad
Prism Inc., San Diego, CA). A Dunnett-t multiple
comparison analysis of treatments versus controls
was applied.

Results

Occurrence and concentration of NAms in
China’s drinking water

According to the literature [13-20], nine NAms
compounds are found in China’s drinking water.
NDMA, NDEA and NEMA are the most common and
are found at the greatest concentration; thus, in our
study, we used 10, 5 and 5 ng/L, respectively. Upon
examination of the chemicals’ toxic effects,
cytotoxicity and proliferation rates were determined
to be confounding factors. To avoid this, we measured
the viability of NIH3T3 cells exposed to these
compounds, as well as a mixture of all. Table S2
shows these data and the actual concentrations for the
biological experiment.

Cytotoxicity of NAms in NIH3T3 cells

Cell survival data appears in Figure 1. Survival
decreased with an increased concentration of NAms
in both single and mixture exposure groups.
Treatment with mixed NAms reduced viability the
most. The data show that a 1,000-fold concentration of
mixture exposure was chosen as an optimal
concentration, according to the OECD’s

120 ~ -8 NDMA
- NDEA proposed genotoxicity dose requirements.
1104 _ NMEA . .
@ ; -A- Mixture NAms mixture exposure increased
< 100 Ames assay colonies
E ] An Ames test was performed in
3 904 TA97, TA98, TA100 and TA102 S.
3 typhimurium strains, and the data
o gi(S) i demonstrate that 100-fold (20 x 102ng/L)
g - and 1,000-fold (20 x 10° ng/L) NAms
&’ mixtures increase colonies, as shown in
&0 4 Figure 2A. The mutagenic index (MI) data
appear in Supplemental Table S2. No
50 5 . . . . . differences were observed for S.
~F @4‘ \8 \S »\& »\S typhimurium revertant colonies among the
» (;;Jr ~F q,+ fb+ three NAms alone or in the mixture of

Fold of NAms in drinking water

TA97 and TA102 strains (Supplemental
Figure S2).

Figure 1. Cytotoxicity of individual NAms and a mixture in drinking water. Both exposures

inhibited cell survival, and this was dose-dependent. The mixture contained NDMA, NDEA and NMEA.
The exposure dose was set as a fold of actual environmental exposure level: 1% represents 10 ng/L for
NDMA; 1x represents 5 ng/L for NDEA and NMEA; 1x represents (10nomat5npeat5nmea) ng/l for the

mixture.

NAms mixture exposure caused
chromosomal damage according to
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a CBMN test

A CBMN test was used to measure chromosomal
damage after exposure of an NIH3T3 cell line to
NAms alone or a mixture, and the data show that the
mixture increased MNi in NIH3T3 cells but that a
single exposure has no influence (Figure 2B). NBUDs
and NPB were similar (Supplemental Figure 54).

NAms mixture exposure can induce DNA
double-strand breaks, as measured with a
comet assay

A comet assay confirmed that a mixture of
1,000-fold (20 x 10°ng/L) NAms exposure
significantly increased the percentage of tail DNA (p
<0.05) in NIH3T3 cells compared to the controls;
however, no such changes were observed in NAms
alone (1 to 1,000-fold) or with low-dose mixed
exposure (1 to 100-fold; Figure 2C). The 8-OHdG data
agree with the comet assay (Supplemental Figure S3)

Colony formation assay

Cell colonies were counted as depicted in the
Methods section, and CFE (%) and RCFE (%) data

appear in Figure 3A.Compared with the controls,
RCFE (%) was not significantly different among
NDMA, NDEA, NMEA and mixture exposures (p
>0.05). RCFE for each treatment was expressed as a
percentage of CFE from the negative controls.

NAms mixture exposure transformed NIH3T3
cells

Individual NAms do not induce NIH3T3 cell
transformation; however, the mixture increased TF in
the NIH3T3 cell (Figure 3B). Con A and the soft agar
assay confirmed phenotypic changes in the
transformed cells (Figure 3C and Figure 3D).
Furthermore, the untransformed NIH3T3 cells were
agglutinated with only a high (100pg/ml)
concentration of Con A, whereas NAms-transformed
cells were agglutinated with 25ug/ml Con A
(Supplemental Table S4). Negative controls failed to
grow when suspended in soft agar; however,
NAms-transformed  cells in soft agar
(Supplemental Table S5).
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Figure 2. Genotoxic potential of low-dose exposure to single or NAms mixture in NIH3T3 cells. A. Mutagenicity concentration-response curves for single and
mixed NAms with TA98 and TA100 S. typhimurium. B. Determination of micronucleus formation induced by NAms in NIH3T3 cells. Binucleated cells with micronuclei after
exposure to NAms for 40 h. The upper image shows the MNi, NPBs and NBUDs, respectively. MNi were fewer in the lower panel. Compared to the control, a mixture of
1,000-fold (20 x 103 ng/L) NAms can cause an increased MNi in NIH3T3 cells (p <0.05). C. The percentage of tail DNA induced by NAms was measured using a comet assay. The
upper panel (a) represented the cytotoxicity at the same concentration of NAms, and the lower panel (b) represented DNA damage. Compared to the control, a mixture of
1,000-fold (20 x 103 ng/L) NAms significantly increased the percentage of tail DNA (p <0.05) in NIH3T3 cells.
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Figure 3. NAms-induced transformation of NIH/3T3 cells. A. Colony-forming assay results showed that relative colony-forming efficiency (RCFE) was not significantly
different among NDMA, NDEA, NMEA and mixture exposures. B. Transformation assay results for the combined exposure of three NAms at 1,000-fold (20 x 103 ng/L)
concentrations can increase transformation frequency (TF) in NIH3T3 cells. C. The results of Con A agglutination (a, b) and the results of soft agar assay (c, d); a: dispersive cells;
b: agglutinated cells; c: non-survival cells; d: NAms-transformed cells. D. Transformed cell images: normal cells (a, b) and NAms-transformed cells (c, d).

NAms mixture exposure leads to G2/M arrest
by multiple gene regulation

Cell-cycle analysis showed significant G2/M
arrest after 1,000-fold (20 x 10°ng/L) NAms mixture
exposure (Figure 4A and 4B). Because this
concentration can induce cell transformation and
G2/M arrest, we speculated that some genes may
regulate the effects of the mixture exposure. Gene
expression data show that genes were altered, and
compared to the single exposure, the mRNA and
protein for P53/CDK1/CDC25A /P38 /CyclinB1l were
down-regulated with the 1,000-fold (20 x 10° ng/L)
NAms mixture exposure group, and the P21 and
GADD45A genes were up-regulated (Figure 4C and
Supplemental Figure S5). After 1,000-fold NAms
mixture exposure, the CHK1/CHK2 genes were
up-regulated, and the CDC25A genes were
down-regulated (Figure S5).

Discussion

NAms are nitrogen non-halogen DBPs mainly
generated during chloramine disinfection [31, 32], and
they may be carcinogenic. Thus, some countries have
guidelines for specific NAms components; however,
these guidelines are based on single NAms exposures.
Better data about NAms mixtures may help establish
safety limits for these types of exposures in drinking
water, yet no reports for mixtures are available [33,
34].

Furthermore, the genotoxic assessments of
NAms are usually assessed as mg/L, which is 40-50
million times the concentrations present in drinking
water. For example, NDMA has been studied using an
Ames assay at 20 mM [35] and with a comet assay at
2.39 mM [36]. Previous genotoxicity studies with
NAms-DBPs did not assess the genotoxicity
thoroughly with different end points [35, 36].
Research may also ignore potent adverse effects when
investigating the predicted effects (or risk assessment)
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for mixed chemicals at a low dose. Thus, we must
better characterize the genotoxicity and mutagenicity
of NAms [37]. Therefore, we used a genotoxicity test
proposed by the International Council for
Harmonization (ICH) [38], including an Ames, comet,
8-OHdG and CBMN assays, to evaluate the
genotoxicity of NAms individually and as mixtures in
vitro. We found increased mutagenicity in double
revertants, chromosome abbreviation and DNA
double-strand  breaks after exposure to a
three-compound mixture at 1,000-fold (20 x 103ng/L)
of actual NAms in drinking water, and at this
concentration, genotoxic and carcinogenic effects
were noted. The mutagenic potential of NAms was
measured using a cell transformation assay in vitro
[39], and NAms in a 1,000-fold (20 x 103ng/L) mixture
induced a malignant transformation in NIH3T3 cells.
Thus, the mixture had greater genotoxicity and
mutagenicity than the individual constituents.

To evaluate genotoxicity and mutagenicity of a
NAms mixture exposure, we conducted cell-cycle and
gene-expression evaluations in the transformed cells.

The data show that 100-fold and 1,000-fold
A.
(Y H
2] 2]
2 E
2—
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concentrations of NAms exposure could lead to
G2/M arrest; however, only the 1,000-fold
concentrations induced cell transformation. RT-PCR
and western blot showed that p53, p21, CDC25A/B1,
CHK1/2 and CDK1/2 expressions were up-regulated
in the 100-fold (20 x 102 ng/L) exposure but
down-regulated after a 1,000-fold exposure. DNA
damage from NAms included DNA adducts and an
activated DNA damage checkpoint. The NIH3T3 cells’
exposure to NAms caused DNA damage and initiated
DNA repair pathways, triggering cell-cycle arrest to
repair the damage. However, the activated repair
response was not effective when the exposure
exceeded a threshold that produced a transformed
malignant cell. Our study had some limitations in that
we did not elucidate how each NAms component
contributed to toxicity independently as a carcinogen.
Thus, more study is needed. Furthermore, the
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RNA and/or protein data to better understand these
preliminary observations.
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Figure 4. Effect of low-dose NAms mixture exposure and cell cycle and gene expression. (A) Representative flow cytometry image of cell-cycle results. (B) NIH3T3
cells were in G2/M arrest after 1,000-fold (20 x 103 ng/L) mixed NAms exposure compared to control cells (p <0.05). C. Expression of protein for cell-cycle regulation genes;
(a) expression of P53, P38, p21, GADD45A and CDK1 (CDK?2); (b) expression of CDC25A, CDC25B, CHK?2, CHK1 and CyclinB1; * indicates p <0.05 vs control.
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This is the first genotoxicity and carcinogenicity

study of low-dose NAms mixture exposure, and the
data suggest NAms are hazardous to public health;
however, their toxicity and mechanism must be
clarified. Human epidemiological studies must be

performed to understand NAms’ adverse effects on

public health and our environment.
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