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ABBREVIATIONS 

ATCC, American Type Culture Collection; CBMN, Cytokinesis-block 

Micronuclei Test; DBPs, disinfection by-products; DCFH-DA, 

2′,7′-dichlorofluoresin diacetate; DMEM, Dulbecco's modified eagle medium; 
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DMSO, dimethyl sulfoxide; FBS, fetal bovine eerum; GCLC, 

glutamate-cysteine ligase catalytic; GCLM: glutamate-cysteine ligase modifier;  

GC/MS, gas chromatography/mass spectrometry; GSH, glutathione; HAAs, 

haloacetic acids; HO-1: heme oxygenase-1; IARC, International Agency for 

Research on Cancer; MAC, maximum allowable concentration; MDA , 

malondialdehyde; MN, micronucleus; NAC, N-acetyl-cysteine; NAms, 

Nitrosamines;NDBA, N-nitrosodibutylamine; NDEA, N-nitrosodiethylamine; 

NDMA, N-nitrosodimethylamine; NDPA, N-nitrosodipropylamine; NDPhA, 

N-nitrosodiphenylamine; NEMA, N-nitrosomethylethylamine; NMOR, 

N-nitrosomorpholine; NPBs, nucleoplasmic bridges; NPIP, N-nitrosopiperidine; 

NPYR, N-nitrosopyrrolidine; NBUDs, Nuclear Buddings; NRF2: nuclear factor 

erythroid-derived factor 2–related factor 2; NQO1: NAD(P)H-quinone 

oxidoreductase 1; OECD, Organization for Economic Co-operation and 

Development; QA/QC, quality assurance/quality control; ROS, reactive oxygen 

species; SCGE, single cell gel electrophoresis; SOD, superoxide dismutase; 

THMs, trihalomethanes; WTP, water treatment plant.  

 

 

 

ABSTRACT: (200 words) 

Nitrosamine by-products in drinking water are designated as probable human 

carcinogens by the IARC, but the health effects of simultaneous exposure to multiple 

nitrosamines in drinking water remain unknown. Genotoxicity assays were used to 

assess the effects of both individual and mixed nitrosamines in finished drinking 

water produced by a large water treatment plant in Shanghai, China. Cytotoxicity and 

genotoxicity were measured at 1, 10-, 100- and 1000-fold actual concentrations by the 

Ames test, Comet assay, γ-H2AX assay, and the cytokinesis-block micronuclei assay; 
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oxidative stress and the Nrf2 pathway were also assessed. Nitrosamines detected in 

drinking water included NDMA (36.45 ng/L), NDPA (44.68 ng/L), and NEMA (37.27 

ng/L). Treatment with a mixture of the three nitrosamines at 1000-fold actual 

drinking-water concentration induced a doubling of revertants in Salmonella 

typhimurium strain TA100, DNA and chromosome damage in HepG2 cells, while 

1~1000-fold concentrations of compounds applied singly lacked these effects. 

Treatment with 100- and 1000-fold concentrations increased ROS, GSH, and MDA 

and decreased SOD activity. Thus, nitrosamine mixtures showed greater genotoxic 

potential than that of the individual compounds. N-Acetylcysteine protected against 

the nitrosamine-induced chromosome damage, and Nrf2 pathway activation suggested 

that oxidative stress played pivotal roles in the genotoxic property of the nitrosamine 

mixtures.  

 

Key words: Nitrosamines; disinfection by-products; mixed exposure; genotoxicity;  

 

1. Introduction  

Drinking water disinfection has drastically reduced the occurrence, infection 

rates, and spread of human deaths caused by pathogenic microorganisms [1]. 

However, accompanying the disinfection process is the formation of unintentional 

disinfection by-products (DBPs) with potential carcinogenicity [1-4]. Nitrosamines 

(NAms), nitriles and hydrazine are emerging nitrogenous disinfection by-products 

(N-DBPs), mainly formed during chloramination of drinking water [5, 6]. NAms are 

of concern owing to their multiple potential adverse effects, including hepatotoxicity 
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[7], neurotoxicity [8], immunotoxicity [9], and genotoxicity [10]. NAms can induce 

tumorigenesis by altering epigenetic or genomic stability [11], interfering with DNA 

repair [12], activating receptor-mediated signaling pathways [13], causing 

immunosuppression [14], and by affecting cell proliferation [15]. Nine species of 

NAms have been confirmed in finished drinking water, including 

N-nitrosodimethylamine (NDMA), N-nitrosodibutylamine (NDBA), 

N-nitrosodiethylamine (NDEA), N-nitrosomethylethylamine (NEMA), 

N-nitrosodipropylamine (NDPA), N-nitrosodiphenylamine (NDPhA), 

N-nitrosomorpholine (NMOR), N-nitrosopiperidine (NPIP), and N-nitrosopyrrolidine 

(NPYR) [16-18].  

The composition and levels of NAms in drinking water depend on the 

characteristics of source water, the water-treatment process, and the type of 

disinfectants [19, 20]. High levels of NH3-N in source water increased the formation 

of chloramines when a chloride-contained disinfector was employed in disinfection 

[21]. Chloramines promote the formation of unregulated DBPs [22] including 

N-DBPs, notably NAms [23, 24]. The concentrations of NAms in drinking water are 

low and range from no detection to numbers of ng/L; however, NAms have higher 

genotoxic potential than the group of regulated DBPs [25]. The International Agency 

for Research on Cancer (IARC) has listed NDMA and NDEA as probable human 

carcinogens (Group 2A), NDPhA as a Group 3 agent, and six other NAms as possible 

carcinogens (Group 2B) [26]. Given the adverse effects and potential health effects of 

NAms, California in the United States and Quebec in Canada have set limits for 
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NDMA in drinking water to protect public health; their maximum allowable 

concentration (MAC) levels are generally set at a low ng/L levels (for a risk of 10
−5

); 

for example, a MAC of 10 ng/L for NDMA, NDEA, and NDPA in California [27] and 

a MAC of 9 ng/L for NDMA in Ontario, Canada [28]. Current allowable 

concentrations for NAms in drinking water are based on single compounds, but 

human beings are simultaneously exposed to several NAms via drinking water. 

However, the potential adverse effects induced by mixtures of NAms in drinking 

water remain unknown. 

Genotoxicity is a priority concern in the assessment of health and safety risks of 

contaminated drinking water [29, 30]. A variety of assays, such as the Ames test 

[31-33], single-cell gel electrophoresis (SCGE) assay [30, 34, 35], chromosomal 

aberration test [36], cytokinesis-block micronuclei test (CBMN) [34], and DNA 

adduct test [37], have been developed to evaluate the genotoxic potential of chemicals 

based on different endpoints. While these tests have been employed to establish the 

genotoxic effects of single NAms, studies have focused on single compounds at 

concentrations much higher than those found in drinking water. Few studies have 

assessed the genotoxic potential and carcinogenic risk associated with mixtures of 

NAms at the actual concentrations found in drinking water. Therefore, it has been 

difficult to objectively recognize, understand, and evaluate the potential health risks 

of nitrosamine mixtures in drinking water, the subject of the present study.  

In view of the importance of the genotoxicity induced by low dose mixed 

exposure to NAms to potential health risks in the population, we assessed the 
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genotoxic potential of single and mixed nitrosamines using the Ames test, Comet 

Assay, γ-H2AX assay, and CBMN assay at levels equivalent to 1, 10, 100, and 

1000-fold those present in the drinking water samples. The Hazard Quotient (HQ) and 

Hazard Index (HI) for each NAms were calculated based on U.S. EPA methods. Our 

results demonstrated that exposure to mixed NAms increased genotoxic risk relative 

to individual NAms. Oxidative stress was increased, while the nuclear factor 

erythroid-derived factor 2–related factor 2 (NRF2) pathway activated by NAms, and 

their genotoxic properties could be antagonized by antioxidants, indicating that 

oxidative stress and NRF2 activation play crucial roles in the genotoxic effects of 

NAms. 

 

2. MATERIALS AND METHODS  

2.1 Reagents  

Nitrosamine standards, dimethylsulfoxide (DMSO ≥ 99.7%), cytochalasin-B (≥ 

98%), ethidium bromide, 2′,7′-dichlorofluorescin diacetate (DCFH-DA ≥ 97%), and 

N-acetyl-cysteine (NAC ≥ 99 %) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Dulbecco's modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and 

trypsin-EDTA were obtained from Invitrogen (Carlsbad, CA). The kits for 

cytotoxicity assay, malondialdehyde (MDA, M496) and superoxide dismutase (SOD, 

S311) were from Dojindo (Kumamoto, Japan). The γ-H2AX phosphorylation assay 

kit was obtained from Upstate (Lake Placid, NY). The kits for detecting reactive 
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oxygen species (ROS, S0033M) and glutathione (GSH, S0052) were purchased from 

Beyotime biotechnology (Shanghai, China);  

2.2 Stains and cells  

Salmonella typhimurium strains TA98 and TA100 were originally obtained from 

the Ames Laboratory (Ames, IA); they were employed to detect frame-shift mutations 

and base-pair substitutions, respectively. Human hepatocyte HepG2 cells (ATCC: 

HB-8065) were cultured in Dulbecco's Modified Eagle's Medium (DMEM, ATCC) 

containing 10% FBS and 100 U/mL penicillin and streptomycin at 37℃ in a 

humidified 5% CO2 atmosphere; this has been used as a cell model to detect 

genotoxic effects with multiple effect endopints [38, 39].  

 

2.3 Sampling, pretreatment and detection  

Source and finished drinking water samples were collected in February 2016 

from the water-quality monitoring points of the PSY Water Treatment Plant (WTP) of 

Shanghai （Figure S1). Samples were collected over three consecutive days, with 

three replicates for each sample. Water sample collection and quality control were in 

accordance with the National Examination Methods for Drinking-water Collection 

and Preservation of Water Samples (GB/T5750.2-2006) [40]. One-liter water samples 

were collected in brown glass bottles, placed in coolers with icepacks, and transported 

to the laboratory within 4 hours of collection. Samples were immediately extracted by 

passing the water over activated charcoal at 5 mL/min followed by a 20 mL acetone: 
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n-hexane (v/v, 1:1) rinse and activation by methanol. Samples were eluted with 10 mL 

of acetonitrile, methanol and acetone one after another. The eluate was allowed to 

evaporate, and the residue was re-dissolved in 10 mL methanol. The solution was 

concentrated to 1 mL by nitrogen evaporation and examined by GC/MS after adding 1 

μL internal standard naphthalene-d8 (5×10
3
 μg/L). The detection method was 

performed as described previously [41,42]. Our analytical methods included strict 

quality assurance/quality control (QA/QC), including determination of recovery, 

relative standard deviation, method detection limit, and linear range [41]. 

2.4 Biological assay 

2.4.1 Cytotoxicity assay 

Cytotoxicity was measured using a CCK-8 assay kit (Kumamoto, Japan) [43, 44]. 

We used 1, 10-, 100-, and 1000- fold measured concentrations to determine whether 

the concentrations of detected samples could produce toxic effects in HepG2 cells, 

both as single nitrosamines and as various mixtures. The specific assay steps are 

shown in the Supplementary information (SI) “Cytotoxicity assay” section.  

 

2.4.2 Ames test and Comet Assay 

NAms, 1～1000-fold concentrations and single nitrosamines found in the real 

world, and their mixtures, were used to detect mutagenesis and DNA damage. 

Meanwhile, the Ames test was employed to detect mutagenesis induced by NAms as 
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previously described [45] (see SI “Ames test”). Each assay group was performed in 

triplicate plates with positive and negative controls. The comet assay was conducted 

to evaluate DNA damage as previously described [44] (see SI “Comet Assay” 

section).
 
 

 

2.4.3 γ-H2AX assay and CBMN assay 

The γ-H2AX assay was performed according to the manual protocol [46]. After 

treatment for 24 hours, cells were harvested and fixed for 20 mins in a 4% 

paraformaldehyde solution. Fixed cells were permeabilized and labeled with specific 

γ-H2AX phosphorylation antibodies at 4℃ for 20 mins, before detection with a FACS 

Aria flow cytometer (BD Biosciences, San Jose, CA). 

The CBMN assay, described previously (see SI “CBMN assay” section) [47] 

followed the method used by the Organization for Economic Co-operation and 

Development (OECD-T487) [48]. 
 

2.4.4 Determination of intracellular ROS and GSH/SOD/MDA  

After treatment for 30 mins, HepG2 cells were harvested and labeled with 

DCFH-DA (10 μM) in darkness for another 30 mins. The fluorescence intensity for 

each group was measured with a flow cytometer, which was used to determine the 

level of intracellular reactive oxygen species (ROS) [44, 49].  

Cells were harvested after treatment for 24 hours. The GSH level, SOD activity 

Jo
ur

na
l P

re
-p

ro
of

javascript:void(0);
javascript:void(0);
javascript:void(0);


11 

 

and MDA level were measured by assay kits according to the manufacturer′s 

instructions. Levels of GSH and MDA were normalized by protein content, while the 

SOD activity was expressed as percentage enzyme inhibition. 

 

2.4.5 NRF2 protein expression level assay  

Western blots described previously (see SI “Western blot analysis” section) were 

employed to detect the expression level of NRF2 protein in HepG2 cells [50, 51]. 

 

2.5 Human exposure risks assessment 

Owing to a low skin permeability coefficient and volatility [52], humans are 

mainly exposed to NAms orally and via inhalation while bathing. However, our 

previous investigation has shown that the cancer risk through respiration only 

accounts for 1.17% of the oral exposure [53]. Therefore, in this study we only 

assessed risk associated with oral exposure to NAms.  

Chronic daily intake (CDI) for exposure to NDMA, NDPA, and NEMA was 

calculated by using equation (1). 

        
               

     
       (1) 

    
    

      
                 (2) 

Where Cw is the concentrations of nitrosamines in finished drinking water; IR is 

the ingestion rate; EF is the exposure frequency 365 days year
-1

; ED is the exposure 
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duration (70 years); BW is the body weight (kg) and AT the average time (day). For 

non-carcinogenic effects, AT = ED× 365 days year
−1

. RfD is the reference dose 

[54-56], UFs the uncertainty factors, and MF the modification factor. The value of 

input parameters used for CDIoral calculation is given in Table S4. 

The cumulative cancer risk for mixed nitrosamine exposure was calculated using 

simple summation [57]. Below 10
-6

 is an acceptable risk and above 10
-4

 is an 

unacceptable risk [58]. A risk value of 10
-6

 means that one in every million people 

would be expected to develop cancer [59]. In general, a risk value >10
-6

 means that 

there will be a certain higher risk of cancer [60]. The carcinogenic risk (CR) and risk 

index (RI) associated with intake were calculated by equations (3) and (4).  

                                (3) 

                 ∑                       (4) 

The liver is the target organ of NDMA, NDPA, and NEMA [61], so the 

non-carcinogenic risk of a single substance was calculated by the HQ according to 

Formula (5) [57]. The non-carcinogenic risks of three mixed nitrosamines were 

calculated by the HI according to Formula (6). In general, HI < 1 is low 

non-carcinogenic risk, and HI ≥ 1 is high non-carcinogenic risk [62]. 

   
   

   
                   (5) 

   ∑                
             (6) 
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2.6 Statistical analysis  

All data are presented as mean ± standard deviation (SD) and analyzed by SPSS 

20.0 with P < 0.05 as the measure of statistical significance. Results of the Ames test 

were examined by regression analysis. Data from the Comet Assay were analyzed by 

the Kruskal-Wallis test followed by Wilcoxon pairwise comparisons. All other assay 

results were analyzed by ANOVA tests followed by the Bonferroni test.  

 

3.RESULTS 

3.1 Exposure of nitrosamines in source and finished drinking water  

Three of nine identified nitrosamines in drinking water, namely NDMA, NDPA, 

and NEMA, were found in all source and finished drinking water samples of the 

Shanghai WTP; this indicated that the nitrosamine pattern was stable, and that both 

the source water and the water treatment process itself contributed to the final 

amounts of NAms in finished drinking water. Generally, levels of nitrosamines in 

Shanghai’s source water and drinking water were in the tens of ng/L range. 

Meanwhile, median concentrations for NDMA, NDPA, and NEMA in source water 

were 9.11 ng/L, 47.0 ng/L, and 54.52 ng/L, respectively. The median concentration 

for NDMA (36.45 ng/L) in finished drinking water was significantly increased 

(P<0.05), while the NEMA (37.27 ng/L) concentration was significantly reduced 

(P<0.05), and the concentration of NDPA (44.68 ng/L) in finished drinking water 

remained unchanged. (Table 1). Compared with NDPA and NEMA, the concentration 
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of NDMA in finished drinking water was higher than that in source water, indicating 

that NDMA was formed in the treatment processes and the amount of added NDMA 

was higher than the amount of removal. The production and removal of NDPA and 

NEMA were not signifanctly changed at each stage of different treatment processes 

(Figure S1,  data not shown), indicating that NDPA and NEMA were mainly present 

in the source water.  

----------Table 1 inserted here ---------- 

 

3.2 Cytotoxicity of single nitrosamines and their mixture on HepG2 cells 

Cytotoxicity testing is used not only to understand the toxic potency but also to 

provide the basis for the dose design of toxic effect analysis. To confirm the optimal 

adminsistred concentration to meet genotoxicity test requirements on cell viability, we 

employed a pilot study to determine cell viability after exposure to nitroamines. The 

viability was less than 75% when cells were treated with the mixture at 10000-fold 

actual levels. Moreover, the viability of HepG2 cells decreased in a 

concentration-dependent manner after treatment with NDMA, NDPA, NEMA or with 

aggregated mixtures of 1 to 10000-fold of measured drinking water levels (Figure S2). 

At the 1000-fold level, the cell viability of all groups was higher than 75%; that is the 

general principle for the occurrence of genotoxic effects [63, 64]. Treatment with a 

mixture of NDMA, NDPA, and NEMA led to lower viability than that associated with 

any of the three individual compounds, although the three-compound mixture was 

only slightly more toxic than either of the single compounds. As a result, we chose 

1～1000-fold as the concentration range for the genotoxicity tests [65, 66].  

 

3.3 Treatment with mixtures of NAms increased mutagenic potency of S. 
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typhimurium TA 100 

S. typhimurium is widely used to screen for mutagenicity and to identify the 

mutagenic potential of chemicals. S. typhimurium TA98 and TA100 are extremely 

sensitive to mutagenic substances [67], and these were employed to test frame-shift 

and base-pair substitution, respectively. In this study the mutagenicity of either single 

nitrosamines or their mixtures were evaluated by the Ames test with TA 98 and TA 

100. The concentration-response curves (Figure S3, Figure 1A and 1B) for the two 

strains with/without activation showed that the mixture at 1000-fold (NDMA 500 nM, 

NDPA 340 nM, and NEMA 420 nM) administered to TA100 with S9 induced 2.39 

times increase over the number of spontaneous revertants calculated from the curve 

(251 revertants per plate). The order of TA100 mutagenic potency with S9 activation 

was NDPA>NDMA>NEMA (Table S1). 

----------Figure 1 inserted here ---------- 

 

3.4 Treatment with a mixture of NAms induced DNA double-strand breaks and 

chromosomal damage 

In the Comet assay, there was no significant DNA damage for the HepG2 cells 

when treated with either low levels of single nitrosamines (1～1000-fold) or mixtures 

thereof (1～100-fold). Nuclear DNA did show significant migration (P<0.05) for the 

3-compound mixture (1000-fold), indicating that high-concentration mixed treatment 

with nitrosamines enhanced DNA damage in HepG2 cells (Figure 1C).  
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We further verified DNA double-strand breaks by the γ-H2AX assay. Consistent 

with results of the Comet assay, there was no significant DNA damage of HepG2 

cells treated with single nitrosamines at 1～1000-fold actual concentration in drinking 

water and the lower levels of nitrosamine mixtures (1～100-fold). However, when 

HepG2 cells were treated with the mixture at 1000-fold, the phosphorylation level of 

histone γ-H2AX increased significantly (P<0.05), indicating DNA double-strand 

breaks (Figure 1D). 

We used the CBMN test to assess chromosome damage of HepG2 cells induced 

by NDMA, NDPA, NEMA and their mixtures, to confirm their DNA- damaging 

effects. The assay showed the rates of micronuclei (MNi), nuclear buddings (NBUDs, 

except NDPA), and nucleolus precursor bodies (NPBs) had no significant change in 

HepG2 cells treated with low concentrations of single nitrosamines (1～1000-fold) or 

mixtures thereof (1～100-fold). However, their rates increased significantly when 

HepG2 cells were treated with the mixture at 1000-fold. Thus, treatment with 

nitrosamine mixtures exacerbated the genotoxicity of these compounds (Table 2).  

----------Table 2 inserted here ---------- 

 

3.5 Treatment with mixtures of NAms mixture produced more ROS 

We measured ROS generation in HepG2 cells, a potential biomarker of 

nitrosamine genotoxicity. Intracellular ROS levels showed a concentration-dependent 

increase for HepG2 cells when treated with single and mixed nitrosamines. For single 

Jo
ur

na
l P

re
-p

ro
of



17 

 

exposures (1～1000-fold), only NDPA scored a significant increase in ROS level, 

while fluorescence intensity increased significantly when HepG2 cells were treated 

with mixtures of NDMA, NDPA, NEMA at either 100- or 1000-fold (Figure 2A). 

----------Figure 2 inserted here ---------- 

 

3.6 Treatment with mixtures of NAms changed the GSH/SOD/MDA levels of 

HepG2 cells  

Except for NDPA, there were no significant changes in GSH or SOD levels in 

HepG2 cells treated with low doses of nitrosamines either as single compounds (1～

1000-fold, or as mixtures (1～10-fold). However, treatment with the nitrosamine 

mixture at 100- and 1000-fold led to significant increases (P<0.05) in the GSH level 

and SOD activity of HepG2 cells (Figure 2B and 2C). MDA levels showed a 

concentration-dependent increase. With single compounds, only NDPA induced 

significant increases of MDA, while the MDA level increased when HepG2 cells 

were treated with 100- and 1000-fold mixtures of NAms (Figure 2D). 

3.7 Treatment with mixtures of NAms activated the NRF2 Pathway  

We detected nuclear factor erythroid-2–related factor 2 (NRF2) pathway 

activation induced by mixtures of NAms to confirm oxidative stress and adaptive 

reaction of HepG2 cells and its mediating protection against NAms. Therefore, the 

transcription factor NRF2 regulating the expression of phase-II detoxifying enzymes, 

including glutamate-cysteine ligase catalytic (GCLC), NAD(P)H quinone 
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oxidoreductase 1 (NQO1), and heme oxygenase-1 (HO-1), were detected by Western 

blots (Figure 3). NRF2 expression was increased significantly at 1000-fold the 

mixture of NDMA, NDPA, NEMA in actual concentrations, indicating that the NRF2 

pathway was activated. The expression of HO-1 and GCLM increased significantly 

when HepG2 cells were treated with a mixture of NDMA, NDPA, NEMA at either 

10- ,100, or 1000-fold concentrations (Figure 3). 

----------Figure 3 inserted here ---------- 

 

3.8 Genotoxicity of nitrosamines with antioxidant treatment 

To further explore and confirm the role of oxidative stress associated with the 

genotoxic property of nitrosamines, we treated HepG2 cells with the antioxidant 

N-acetylcysteine (NAC). The rates of MNi, NBUD, and NPB formation in the CBMN 

assay decreased in both single- and mixed-exposure groups compared with groups 

without NAC (Figure 4). The rate of MNi decreased 28%～67% for NEMA, while 

the rate of NBUDs decreased as much as 57% (without /with NAC). With NDPA, 

there were no changes for rates of MNi and NBUDs. The rates of NPBs decreased 

65%, 69%, 48%, and 52% for NDMA, NDPA, NEMA and their 1:1:1 mixtures 

respectively. 

 

3.9 Risk assessment on NAms based on concentrations in the real world 

3.9.1 Carcinogenic risk of NAms 
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NAms have been shown to be both mutagenic and carcinogenic chemicals [68]. 

Thus, the CR values of three NAms NDMA, NDPA, and NEMA were calculated 

separately and were 10-fold higher than the safe limits as shown in the Table 3. The 

IR values of 9.5 × 10
-5

 for NDMA, NDPA, and NEMA were higher than 10
-6

 (safe 

limits), and their contributions to the carcinogenic risk were 65.05%, 10.97% and 

24.06%, respectively, indicating that carcinogenic risk induced by NAms found in 

drinking water of Shanghai exceeded levels acceptable to the U.S. EPA. Our results 

indicate that the DPBs of NAms in Shanghai drinking water pose a strong 

carcinogenic risk, and NDMA poses the greatest carcinogenic risk.  

 

3.9.2 Non-carcinogenic risk of NAms 

To evaluate non-carcinogenic risk of NDMA, NDPA, and NEMA, the HQs of 

NDMA, NDPA and NEMA were calculated by the U.S. EPA recommended method 

[69]. HQs for NDMA, NDPA and NEMA based on exposure levels found in finished 

drinking water were 0.006, 5.524 × 10
− 5

 and 1.496 × 10
 − 3

, respectively, which was 

far less than 1, indicating that the non-carcinogenic risk of the three NAms in drinking 

water was low. NDMA is the highest toxic potential among the three detected NAms 

in drinking water. The HQ of NDMA is two orders of magnitude higher than that of 

NDPA and NEMA. The HI for the mixture of three NAms in drinking water was 

0.00765 based on evaluation of the simple additive model [62]. 

----------Table 3 inserted here ---------- 
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4. DISCUSSION 

Three nitrosamines were found in Shanghai drinking water and their 

concentrations were in the tens of ng/L. The drinking water concentration of NDMA 

(37.6 ng/L) was of the same order as those detected in the U.S.A (15.2 ng/L) [70], 

Canada (14 ng/L) [71], and Scotland, U.K. (26.2 ng/L) [72], but the average 

concentration was slightly higher than in those countries. Importantly, genotoxic 

responses were observed in several assays at concentrations only several hundred-fold 

above the observed levels (Figure 1-5), indicating that health risks of NAms exposure 

via drinking cannot be neglected. Oxidative stress and NRF2 activation played crucial 

roles in the genotoxicity induced by mixed exposure to three nitrogenous DBPs found 

in drinking water.  

An important challenge is to understand which nitrosamines are formed during 

different water-treatment process [73] and to devise treatment technologies that 

decrease the formation of those nitrosamines with higher genotoxic potential [74]. 

Previous pioneering investigation demonstrated that NAms, such as NDMA. were 

primarily found in systems using chloramine disinfection [70]; concentrations of 

chloramines were higher in water treatment processes with long contact times [70] 

and increased with the distance of distribution system from the water treatment plant 

[75], indicating that the formation of NAms also occurred in the pipe network [76]. 

However, no country addresses drinking water standards for all known nitrosamines, 
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and there are no national guideline health values with total-amount limits such as for 

trihalomethanes (THMs). The present findings suggest an urgent need for greater 

attention to the three pollutants found in Shanghai drinking water because of the 

combined genotoxic potential demonstrated here.  

Nitrosamines are of concern for their potential human carcinogenicity. A 

possible role for nitrosamines in human neurodevelopmental and degenerative brain 

disease has also been addressed [77, 78]. Toxicology studies usually focus on single 

compounds administered in doses that far exceed real-life human exposures. The 

predicted effects and risk assessment of mixed exposures (based on principal 

components analysis) may overlook chemicals with potent adverse effects, even at 

low doses. Thus, we designed studies according to the actual components and 

concentrations of nitrosamines found in finished drinking water. We evaluated the 

genotoxicity of single compounds and of three-compound mixtures at relevant, 

real-world concentrations. We found that treatment of nitrosamine mixtures induced 

genotoxic effects on HepG2 cells even though the same concentrations of individual 

nitrosamines had no detectable adverse effects. Treatment of HepG2 cells with mixed 

nitrosamines at 100- and 1000-fold actual concentration increased ROS and MDA and 

decreased GSH and SOD. NRF2, and its regulated phase-II detoxifying enzymes such 

as GCLM and HO-I were activated by mixed exposure to NAms, suggesting that the 

mixture of three NAms found in drinking water is a strong oxidative stressor. The 

NRF2/KEAP1 pathway is an important cellular defense mechanism against oxidative 

stress. Furthermore, the antioxidant NAC reduced the prevalence of 
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nitrosamine-induced MNi, NBUDs, and NPB. Taken together, these results 

demonstrate that oxidative stress contributes markedly to the genotoxic activity of 

mixed NAms.  

4.1 Composition and concentration of nitrosamines in drinking water 

Because of high levels of NH3-N (1.49 mg/L) and organic pollutants in source 

water [38], WTPs in Shanghai commonly use chloramination disinfection to deplete 

source ammonia and decrease formation of other regulated DBPs, e.g., 

trihalomethanes (THMs) and haloacetic acids (HAAs). The concentration of NDMA 

in finished drinking water increased after disinfection, while no change was seen for 

NDPA and NEMA. Regardless of input-water source, residents using 

chloramine-disinfected water are daily exposed to various nitrosamines in their 

drinking water and in water used for cooking and showering/bathing. While the 

concentration of NDMA, NDPA, and NEMA in Shanghai drinking water was found 

to be low (tens of ng/L), but with high detecting frequency, their respective levels are 

each higher than average drinking-water levels in the USA [59]. NDMA average 

concentrations, for instance, were three-fold higher than limits set in California, USA 

and Ontario, Canada [27]. Although only three nitrosamines were found in Shanghai 

drinking water, and their concentrations were in the tens of ng/L, this study 

demonstrates that genotoxic responses are observed in several assays at 

concentrations only several hundred-fold above the observed levels (Figure 1-3). 

Because mixed chemicals may exert synergistic or potentiated toxicity (or the inverse), 
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rather than the simple mean additive effect of individual compounds [44], we decided 

to examine the effects of exposure to various mixtures of NAms. In general, our 

investigations revealed that the genotoxicity of NAms mixtures exceeded the sum of 

means for individual compound genotoxicity. 

 

4.2 Genotoxicity of nitrosamines 

Cytotoxicity can serve as a confounding variable when examining specific toxic 

effects. To avoid false positive responses from cytotoxicity, cellular viability in the in 

vitro Comet assay should exceed 75% [79]. Cell viability for HepG2 was >75% after 

treatment with NDMA, NDPA, and NEMA, even at 1000-fold of actual levels 

(320~450 ng/L) in drinking water. Once the cytotoxicity profile was established, we 

chose 1000-fold as the highest concentration in subsequent toxic assays. Actually, one 

thousand is also the value commonly used as the uncertainty factor in risk assessment, 

which comprehensively considers the difference of species (10) and interspecies (10), 

and the suitability of methods (10). As expected, the cell viability of the mixture at 

1000-fold (65%) was lower than that after treatment with single compounds.   

Genotoxicity tests are an important part of chemical hazard assessment [80]. The 

International Council for Harmonisation promotes a genotoxicity test suite comprising 

both in vitro and in vivo assays [81]. We used the Ames test, Comet assay, γ-H2AX 

assay, and CBMN assay as an in vitro battery to comprehensively evaluate the 

genotoxicity of the subject nitrosamines and their mixtures. However, traditional toxic 
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effects tests of nitrosamines are usually performed using millimolar concentrations; 

for example, 20 mM for NDMA [82] in the Ames test and 2.39 mM [30] in the Comet 

assay. These concentrations are respectively 40 and 4.7 million-fold of the actual 

concentration measured in our drinking water samples. By contrast, the present study 

results demonstrate significant changes in the Ames test, Comet assay, the γ-H2AX, 

and CBMN assays when strains or cells are treated with 1000-fold of the actual 

concentration NAms in drinking water. As expected, the three-compound mixture at 

1000-fold each showed greater genotoxicity than that for their individual constituents.  

NDMA, NDPA, and NEMA increased the TA100 revertant in the presence of S9, 

suggesting they are indirect mutagens (i.e., require metabolism) giving rise to 

base-pair substitutions [83]. The S9-mix at 1000-fold doubled the frequency of the 

TA100 revertant. To further evaluate the DNA damage induced by nitrosamines, we 

conducted electrophoresis in alkaline conditions on DNA fragments induced by 

nitrosamines and determined DNA single- and double-strand breaks with the Comet 

assay. We then determined DNA double-strand breaks by γ-H2AX assay, which 

assessed the phosphorylation level of histone γ-H2AX at DNA break sites [84].
 
In the 

two assays, DNA damage on HepG2 cells was respectively 1.19 times 

(Mixture/NEMA) and 1.21 times (Mixture/NEMA) greater for mixed nitrosamine 

treatment relative to that for the single compounds; this suggests the former increased 

DNA damage to a small degree. PI3K is pivotal in the formation of γ-H2AX and 

participates in many signal pathways, such as DNA-damage repair, cell-cycle arrest, 
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and cell apoptosis [85, 86]. Panax notoginseng saponins [87], hypoxia [88] and 

apigenin [89] induced DNA-damage repair, cell-cycle arrest and cell apoptosis, 

respectively, through the PI3K pathway. It will thus be important, in a future study, to 

determine whether nitrosamines induce cytotoxicity and genotoxicity through 

alterations of the PI3K signal pathway.  

Micronuclei are biomarkers of chromosome breakage and provide a measure of 

both the extent and possible mechanism of genotoxicity [90]. The mixture of NDMA, 

NDPA and NEMA (1000-fold) increased the formation of NPBs, suggesting that 

DNA misrepair, DNA recombination, and the fusion of telomere ends may be affected 

by these NAms. Since NBUD is a biomarker of elimination of amplified DNA and/or 

DNA-repair complexes [91], the change of rate of NBUDs for the mixture suggests 

DNA-damage repair occurred. Results from the Comet assay, γ-H2AX assay, and 

CBMN assay suggested that mixed exposure to NDMA, NDPA, and NEMA 

increased the HepG2 cells genotoxicity. However, the increases were relatively small 

– less than expected for additive effects of the compounds.  

 

4.3 Oxidative stress of nitrosamines 

Oxidative stress is a basic physiological response to chemicals and other cellular 

challenges. Cell damage and oxidative stress induced by free radicals play critical 

roles in chemical genotoxicity . With respect to our test compounds, NDMA caused 

oxidative stress [61,91,92]. In vivo studies have shown that NDMA, NDPA, and 
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NEMA induce oxidative stress [93-95], but these were only positive at millimolar (up 

to 10 mM) concentrations, 20 million-fold higher than their real-world concentrations 

in drinking water. We found that 100- and 1000-fold real-world concentrations of the 

nitrosamine mixture, and 1000-fold for NDPA, increased ROS and MDA while 

decreasing GSH and SOD activity in HepG2 cells. These results indicated that 

oxidative stress might contribute to the genotoxicity of these three NAms. To test this 

idea, we detected the expression of NRF2 and its regulated phase-II antioxidant 

enzymes that protect cells from stressor damage [96]. Both NRF2 and detoxicated 

enzymes activated were observed in NAms-treated HepG cells. Antioxidant enzymes 

GCLM and HO-1, even at 10-fold of actual concentration, were activated by the 

mixture of NAms, suggesting that the mixture of components of NAms is 

characterized by strong oxidative stressors. To further confirm the role of oxidative 

stress in genotoxicity, we treated HepG2 cells with the antioxidant NAC, which 

reduced the NAms-induced formation of MNi, NBUDs, and NPBs. These results 

suggest that oxidative stress in the treated cells played a role in nitrosamine-induced 

genotoxic damage. Overall, the above results show that the DBPs in the finished 

drinking water produced by the conventional treatment process of Shanghai PSY 

Water Treatment Plant have the potential for harmful human health effects that cannot 

be ignored. 

 

4.4 Risk Assessment based on actual exposure 
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Risk assessments are crucial in setting standard or health guideline values. 

Usually, 100-1000 act as uncertainty factors for calculated RfD and CDI [97-99]. 

Therefore, we used 10, 100 and 1000-fold of actual concentrations of NAms to test 

the mixture of toxic effects, considering the effects of the concentration of the test 

substances, exposure time, exposure frequency, and the physicochemical properties of 

the NAms. The carcinogenic risks of the three types of NAms (NDMA, NDPA and 

NEMA) are 6.197×10
-5

, 1.042×10
-5

 and 2.292×10
-5

, respectively, and the 

carcinogenic risk of mixed exposure is 9.531×10
-5

, which exceeds the acceptable level 

recommended by the U.S. EPA, suggesting that potential adverse effects from NAms 

found in drinking water of Shanghai deserve much more attention. The most 

commonly used method for mixture exposure risk assessment is the HI approach 

which, in short, is based on the sum of the HQs of substances affecting the same 

target organ or system [100]. NDMA was the major risk component for both 

carcinogenic and non-carcinogenic risks, suggesting that NDMA is the priority for 

control of nitrogen disinfection byproducts in drinking water. 

Non-carcinogenic risk induced by three nitrosamines is far less than 1, indicating 

that there is no significant non-carcinogenic risk for NAms. However, biological 

effects assays have shown that the multiple genotoxic effect endpoints were 

significantly changed when HepG2 cells were treated with the three nitrosamines at 

1000-fold realistic concentrations. Thus, when contaminant concentrations were very 

low and HQ and HI were used to assess risks, the potential hazardous and toxic 

effects might be underestimated. When the concentration of the main risk component 
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(NMDA) in current NAms in Shanghai drinking water is compared to that in 

high-income countries, the non-carcinogenic risks were 2.3, 7.6, 30.5, 8.7, and 

3.5-fold higher than those in the United States, Canada, Japan, and Spain, respectively 

(Table S4). Taken together with toxic effects, nitrosamine disinfection by-products 

found in drinking water pose a potential health risk to the public.  

5. Conclusion 

We identified three nitrosamines in finished drinking water from a major water 

treatment plant in Shanghai, China; their average concentrations were higher than 

those found in previous studies from China and other countries [101]. Cytotoxicity 

and genotoxicity induced by a mixture of the three nitrosamines were significantly 

greater than that for nitrosamines individually, suggesting that mixed exposure 

increased genotoxic potential, even at low concentrations. Treatment resulted in 

changes in biomarkers of toxicity: ROS and MDA increased, SOD and GSH activity 

decreased, and the NRF2 pathway showed activation. The antioxidant NAC alleviated 

the rates of formation of MNis, NBUDs, and NPBs, indicating that oxidative stress 

and the NRF2 pathway played pivotal roles in the genotoxicity induced by NAms. 

Since humans are chronically exposed to NAms from daily use of drinking water, 

among other sources, there are potential adverse effects and risks associated with 

continuous low-level exposure to NAms from the conventional water-treatment 

process. A deep-water treatment process is urgently needed to address this problem. 

Reducing the concentration of NAms especially NMDA will promote drinking water 

Jo
ur

na
l P

re
-p

ro
of



29 

 

safety and enhance public safety. To ensure public health, the control or even 

elimination of NAms DBPs in drinking water is urgently needed.   

 

SUPPLEMENTARY MATERIAL 

The content of supplementary materials includes methods in detail that were 

involved in the detection of nitrosamines (NAms), the Ames test, Comet assay, γ-H2AX 

assay, cytokinesis-block micronuclei assay, Western Blots, and the parameters of risk 

assessment.  
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Figure Legends 

 

 

Figure 1. Genotoxicity of HepG2 cells induced by single nitrosamines and their 

mixtures. Mutagenicity concentration−response curves for single and mixed 

nitrosamines with S. typhimurium TA100 (A and B). DNA damage was determined by 

Comet assay (C) and γ-H2AX assay (D). Data are presented as Mean ± SE, n = 3. “*” 

P < 0.05 vs. control. 
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Figure 2. Oxidative stress on HepG2 cells induced by single nitrosamines and 

their mixtures. In situ labeling of ROS (A) was measured when cells were exposed to 

nitrosamines for 0.5 hours, while GSH (B), SOD (C) and MDA (D) were determined 

after a treatment of 24 hrs. Levels of GSH and MDA were normalized by protein, and 

SOD activity was expressed by inhibition rate. Data are presented as Mean ± SE, n = 

3.  “*” P <0.05 vs control. 
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Figure 3. The rates of MNi, NBUD and NPB formation in the CBMN assay with 

antioxidant treatment. Rate of MNi, NBUDs and NPBs in nitrosamine groups and 

nitrosamines + NAC (5 mM) groups were compared when cells were treated with 

nitrosamines for 24 hours. (A) NDMA, (B) NDPA, (C) NEMA and (D) Mixture. Data 

are presented as Mean ± SE, n = 3.  “*” P <0.05 vs control. 
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Figure 4. The expression of NRF2 and related proteins in HepG2 cells after 

mixed exposure to nitrosamines. The effect of exposure to nitrosamines at different 

multiples of actual exposure concentrations for 24 hours on NRF2 pathway related 

proteins in HepG2 cells. （n=3）“*” P <0.05 vs control. 

 

 

Table 1 The Concentrations of nitrosamines in source and finished drinking water of 

Shanghai, China (n=27) 

 

Source water (ng/L)  Finished drinking water (ng/L) 

NDMA NDPA NEMA NDMA NDPA NEMA 

Mean 9.11 47.00 54.52 32.87 45.73 21.25 

SD 3.52 14.07 3.24 19.00 10.96 15.59 

Max 11.44 64.46 56.81 49.93 57.17 32.27 

Med 10.54 44.12 56.81 36.45 44.68 32.27 

Min 3.91 35.31 52.23 12.34 35.33 10.21 
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Note：NDBA, NDEA, NDPhA, NMOR, NPIP, and NPYP were not detectable in water samples. 

 

Table 2 Impact of three nitrosamines single and mixed exposures on MNi formation and on 

the rates of various nuclear aberrations in HepG2 cells 

Treatment Total numbers in 1000 binucleated cells（%） 

CBPI
△

 (Folds of levels in drinking 

water) 

MNi NBUDs NPBs 

Control  41.87±3.17 14.13±2.66 4.23±0.06 1.53±0.32 

NDMA 1 33.23±6.12 10.77±1.99 3.50±2.07 1.46±0.53 

 10 43.67±3.39 13.52±2.55 5.30±0.82 1.63±0.21 

 100 48.47±8.35 20.90±0.96 6.03±1.01 1.54±0.43 

 1000 54.33±1.68 21.13±3.88 6.47±1.25 1.67±0.61 

NDPA 1 37.77±6.55 12.30±1.87 5.00±1.14 1.47±0.56 

 10 44.40±6.88 15.57±1.22 5.07±1.18 1.76±0.81 

 100 49.53±4.65 16.37±2.58 5.97±0.32 1.72±0.46 

 1000 54.83±4.00 23.13±3.97* 7.27±1.12 1.81±0.56 

NEMA 1 37.00±2.11 11.60±0.85 3.53±0.70 1.62±0.37 

 10 37.80±2.10 13.70±1.97 3.93±0.40 1.61±0.61 

 100 38.50±5.77 16.13±1.97 4.63±0.57 1.82±0.68 

 1000 43.50±3.15 19.97±1.55 5.90±0.70 1.76±0.23 

Mixture 1 37.70±5.60 15.80±0.01 6.23±0.60 1.57±0.34 

 10 43.63±1.21 19.63±2.91 6.57±1.02 1.84±0.65 

Jo
ur

na
l P

re
-p

ro
of



43 

 

 100 54.97±3.57 22.00±4.49 6.70±0.90 1.49±0.39 

 1000 63.27±11.69* 24.60±3.21* 9.03±1.68* 1.59±0.59 

Continued      

Mitomycin C 1 μM 69.90±2.26* 27.73±4.76* 8.13±1.05* 1.74±0.62 

△ Cytokinesis-Block Proliferation index (CBPI): the proportion of second-division cells in the 

treated population relative to the untreated control; CBPI= ((No. mononucleate cells) + (2 × No. 

binucleate cells) + (3 × No. multinucleate cells))/ (Total number of cells),* P < 0.05 vs control. 

 

Table 3 Chronic daily intake, cancer risk, and hazard quotient for adults exposed to 

nitrosamines 

Nitrosamines CDI (mg kg
-1

 d
-1

) CR HQ 

NDMA 1.215 10
-6 

6.197 10
-5

 0.0061 

NDPA 1.489 10
-6

 1.042 10
-5

 5.324 10
-5

 

NEMA 1.242 10
-6 

2.292 10
-5

 1.496 10
-3
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Graphical abstract 

 

 

Highlights  

 Nitrosamines (NAms) like NDMA, NDPA & NEMA, were found in finished drinking 

water. 

 Mixed vs single NAms increased genotoxic potential, even at low concentrations. 

 Oxidative stress and NRF2 pathway activation played key roles in genotoxic effects.   

 NDMA, the priority NAms compound, was the main risk component for carcinogenesis. 
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