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Abstract: 24 

As widespread environmental carcinogens causing esophageal carcinoma (EC), the 25 

effects of N-nitrosamines on human health hazards and accurate toxicity mechanisms 26 

have not been well-elucidated. In this study, we explored the tumorigenic mechanism 27 

of N-nitrosomethylbenzylamine (NMBA) exposure using both cell and rat models. It 28 

was found that NMBA (2 μM) exposure for 26 weeks induced malignant transformation 29 

of normal esophageal epithelial (Het-1A) cells. After then proteomics analysis showed 30 

that lipid metabolism disorder predominantly participated in the process of NMBA-31 

induced cell malignant transformation. Further the integrated proteomics and 32 

lipidomics analysis revealed that the enhancement of fatty acid metabolism promoted 33 

the EC tumorigenesis induced by NMBA through facilitating the fatty acid-associated 34 

PPARα signaling pathway. The animal studies also revealed that accelerated fatty acid 35 

decomposition in the progression of NMBA-induced EC models of rats was 36 

accompanied by the activation of the PPARα pathway. Overall, our findings depicted 37 

the key dynamic molecular alteration triggered by N-nitrosamines, and provided 38 

comprehensive biological perspectives into the carcinogenic risk assessment of N-39 

nitrosamines. 40 

Keywords: NMBA; esophageal carcinoma; fatty acid metabolism; PPARα pathway 41 
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 46 

1. Introduction 47 

As organic compounds with the chemical structure R₂N-N double bond O, N-48 

nitrosamine compounds formed by the reaction of nitrite preparations with secondary 49 

amines have been detected in drinking water, cosmetics, artificial foods and cigarette 50 

smoke. (Sambiagio et al., 2022; Tang et al., 2022; Trejo-Martin et al., 2022). As well-51 

known mutagen precursors, numerous N-nitrosamines were classified as carcinogenic 52 

mutagens and potent rodent carcinogens (Li and Hecht, 2022; Vogel and Norwig, 2022). 53 

N-nitrosodiethylamine (NDEA) and N-nitrosodimethylamine (NDMA) have been 54 

classified as possibly carcinogenic to humans by the IARC (Abdullah et al., 2022). 55 

Epidemiological evidences have demonstrated that the nitrates, nitrites and N-nitroso 56 

compounds exerted strong potential relationship with esophagus cancer, gastric cancer, 57 

colorectal cancer and other digestive carcinogenic risk (Boetzel et al., 2022; Li et al., 58 

2022b; Liu et al., 2022a). The presence of N-nitrosamines and their precursors in 59 

drinking water and food was critical to ensuring public health (Choi et al., 2022; Li et 60 

al., 2022). The World Health Organization (WHO) has set a guideline value of 100 ng/L 61 

for NDMA commonly detected in drinking water (Cai et al., 2023). In the United States, 62 

California has set a limit of 10 ng/L for NDMA, NDEA and N-nitrosopropylamine 63 

(NDPA) in drinking water. According to the Environmental Protection Agency (EPA), 64 

the levels of NMBA exposure in most areas of the United States were generally low, 65 

with concentrations of 0.1 μg/L or less. However, in certain areas, NMBA exposure 66 

levels could reach up to 1.5 μg/L (Ferrer et al., 2010). In China, approximately 29% of 67 
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tap water samples have detected the concentration of NDMA higher than 10 ng/L, and 68 

some tap water was even greater than 40 ng/L (Qiu et al., 2021). The EPA has set health 69 

reference levels for NMBA (30 ng/L), NDEA (0.4 ng/L), NDMA (0.6 ng/L) (EPA, 70 

2016). To date, the controlling the formation of N-nitrosamines and removing them to 71 

satisfactory levels were challenging. N-nitrosamine compounds may cause adverse 72 

health problems on account of the mutagenic, teratogenic and carcinogenic potential 73 

(Liao et al., 2022; Maqbool et al., 2021; Zhao et al., 2020).  74 

   Esophageal cancer (EC) is currently one of the pernicious tumors of the digestive 75 

system, with the mortality rate ranking sixth in the world and the incidence rate ranking 76 

fourth in China (Chen et al., 2016; Sung et al., 2021). The occurrence and development 77 

of EC were caused by the integration of factors such as heredity, environment, and 78 

lifestyle, among which environmental risk factors led to the key regulatory mechanisms 79 

and sensitive biomarkers for the progression of EC (Hagi et al., 2022; Luo et al., 2021; 80 

Xia et al., 2022). Studies have suggested that the people in high-risk areas of EC were 81 

exposed to higher levels of N-nitrosamines, and endogenous exposure to N-82 

nitrosamines was involved in the EC tumorigenesis in the high incidence areas of China 83 

(Zhao et al., 2019a; Zhao et al., 2020; Zhao et al., 2019b). The current researches mainly 84 

focused on the gene expression differences or genotoxic damage induced by N-85 

nitrosamines, there was lack of the studies on the dynamic molecular destabilization in 86 

the systematic and comprehensive explanation of the health hazards of EC caused by 87 

N-nitrosamines (Dong et al., 2022; Gao et al., 2022; Molina-Aguilar et al., 2022).  88 

  Multi-omics technology was helpful to ascertain metabolic changes in numerous 89 
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diseases induced by environmental exposure (Lee et al., 2021; Xu et al., 2020). The 90 

integration of multi-omics could effectively capture multi-faceted networks from genes 91 

to phenotypes, which may be available to provide direct evidence for describing the 92 

complex biochemistry of cells and elucidate a range of molecular toxicity mechanisms 93 

after exposure to environmental pollutants (Shen et al., 2022; Yan et al., 2022; Zhang 94 

et al., 2022a). The integration of metabolomic and lipidomic analysis unveiled that the 95 

dysfunction of unsaturated fatty acids metabolism pathway primarily participated in the 96 

malignant transformation of Het-1A cells induced by N-methyl-N'-nitro-N-97 

nitrosoguanidine (MNNG) (Zhang et al., 2022b). Multi-omics analysis showed a strong 98 

correlation between abnormal lipid metabolism and residual micropollutants 99 

(semivolatile organic compounds and N-nitrosamines) induced by long-term UV 100 

effluent exposure (Deng et al., 2022). Therefore, the overall multi-omics analysis was 101 

conducive to emphasize the dynamic molecular mechanism of esophageal carcinoma 102 

caused by N-nitrosamines exposure.  103 

  N-nitroso-N-methylbenzylamine (NMBA) was identified from food and human 104 

stomach contents collected from Linxian, an esophageal carcinoma high-incidence area 105 

in China (Cui et al., 2022). The average levels of volatile nitrosamines and NMBA in 106 

dietary samples detected in the high incidence of EC in China were 312.0 μg/kg, and 107 

the daily intake of N-nitrosamines was 286.5 μg/day (Lin et al., 1997; Lu et al., 1991). 108 

Oncogenic activation of NBMA was generally believed to occur through P450-109 

catalyzed hydroxylation of methylene groups in esophageal microsomes, and NMBA-110 

induced lesions at various pathological stages during the development of rat esophageal 111 
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cancer were histologically similar to human EC (Cui et al., 2020; Yang et al., 2012). 112 

Epidemiological studies in the areas with high incidence of esophageal cancer in China 113 

have reported that the environmental carcinogens NMBA and the deficiency of 114 

riboflavin (RBF) may be central risk factors for esophageal cancer (Pan et al., 2019). 115 

So far, there were few reports on the molecular mechanism of NMBA-induced 116 

esophageal carcinogenesis. In this study, we constructed the NMBA-induced cell 117 

malignant transformation model of Het-1A cells, subsequently, multi-omics analysis 118 

was firstly applied to illustrate the novel toxicological mechanism of malignantly 119 

transformed cells provoked by NMBA, which comprehensively investigated the 120 

regulation mechanism of lipid metabolism disturbance in the Het-1A cells malignant 121 

transformation induced by N-nitrosamines, and the results were further verified in the 122 

rat EC models induced by NMBA. In all, our study extensively mapped the regulatory 123 

network and mechanism of lipid metabolism disorder involved in the toxic effects of 124 

esophageal cancer caused by N-nitrosamines, which exerted great significance for 125 

discovering the early biomarkers and intervention targets of nitrosamines-induced EC 126 

tumorigenesis. 127 

 128 

2. Materials and methods 129 

2.1. Chemicals and reagents 130 

NMBA was provided by Nanjing University (Nanjing, China) and was found to be > 131 

95% purity by LC-MS/MS (Zhao, et al., 2022). The LC/MS-grade methyl tert-butyl 132 

ether (MTBE), methanol (MeOH), acetonitrile (ACN) and isopropanol (IPA) were 133 
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procured from Merk (Darmstadt, Germany). The free fatty acids (FFAs) mixture 134 

containing dodecanoic acid (FFA 12:0), myristic acid (FFA 14:0), palmitic acid (FFA 135 

16:0), palmitoleic acid (FFA 16:1), oleic acid (FFA 18:0), linoleic acid (FFA 18:1), y-136 

linoleic acid (FFA 18:3), arachidonic acid (FFA 20:4), eicosapentaenoic acid (FFA 20:5) 137 

and docosahexaenoic acid (FFA 22:6) were obtained from ANPEL Laboratory 138 

Technologies (Shanghai, China). The dimethyl sulfoxide (DMSO), palmitic acid-139 

d31(FFA 16:0-d31) and lipid internal standards (IS) 15:0–18:1(d7) PA, 15:0–18:1(d7) 140 

PE, 15:0–18:1(d7) PS, 15:0–18:1(d7) PG, 15:0–18:1(d7) PC, 15:0–18:1(d7) PI, 18:1(d7) 141 

LPC, 18:1(d7) LPE, 15:0–18:1(d7)-15:0 TG, 18:1(d7) Chol Ester, 18:1(d7) MG, 15:0–142 

18:1(d7) DG, 18:1(d9) SM were applied by Sigma-Aldrich (Bellefonte, PA, USA). The 143 

formic acid and ammonium formate were obtained from Merck (Darmstadt, Germany). 144 

The Millipore-Q pure system was used to produce ultra-pure water (Synergy UV, 145 

Bedford, MA).  146 

2.2. Cell culture and NMBA treatment 147 

The Het-1A cells and EC109 cells were provided by the Chinese Academy of Sciences 148 

Cell Bank (Shanghai, China). The Het-1A and EC109 cells were cultured in DMEM 149 

medium (Gibco, USA) and RPMI-1640 medium (Gibco, USA) complemented with 10% 150 

fetal bovine serum (FBS) and 1% antibiotics (penicillin- streptomycin, Gibco, USA) in 151 

an incubator at 37 ℃ with 5% CO2. The NMBA was dissolved in DMSO and obtained 152 

the stock solution at a concentration of 1 mol/L, which was afterwards diluted to 2 153 

μmol/L with DMEM culture medium. For the NMBA exposure, the Het-1A cells of 80% 154 

confluent were exposed to NMBA (2 μmol/L) or solvent control (DMSO) for 24 hours, 155 
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once per passage. The environmental exposure dose of NMBA was selected from our 156 

previous work (Zhang et al., 2022c), and the exposure concentration was close to the 157 

human urine exposure levels of N-nitrosamines (Ferrer et al., 2010; Hu et al., 2016; 158 

Zhao et al., 2020). As for the inhibitory effect assays, the P40 passage malignant 159 

transformed cells were pretreated with or without PPARα pathway inhibitor (GW6471, 160 

10 μM) for 48 h.  161 

2.3. Cell proliferation assay 162 

The cell viability was examined by the CCK8 (Cell Counting Kit-8) assay. The P0, P10, 163 

P20, P40 generation of malignant transformed cells and their solvent control were 164 

seeded into a 96-well plate at a density of 8000 cells/well, the CCK8 reagent was added 165 

into wells and incubated at 37 ℃ for 1 h. The OD values were detected at 450 nm 166 

wavelength with Multiskan SkyHigh (Thermo Fisher Scientific, USA).  167 

2.4. Transwell assay 168 

The 24-well Mill cell chamber (corning 3422) was applied to detect cell invasion and 169 

migration capacity. After the cells collected, the upper chambers were seeded 2×105 170 

cells with serum-free DMEM medium. The 15% FBS–DMEM medium was filled in 171 

the lower chamber and incubated for 24 h. The cells on the top membrane surface were 172 

wiped, then the chambers were fixed with 95% ethanol and stained with 0.1% crystal 173 

violet. Subsequently, the cells were counted under the light microscope (Zeiss, Karl, 174 

Germany). The migration assay was performed in a homogeneous method without the 175 

Matrigel coating.  176 

2.5. Reverse transcription‑quantitative (RT‑q) PCR 177 
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The total RNA of cells and tissues was extracted using the Trizol Reagent (Invitrogen, 178 

USA) in line with the manufacturer’s protocols. Reverse transcription of RNA was 179 

performed using the PrimeScript RT kit (Takara, Japan), and qPCR quantification was 180 

performed using TB Green Premix Ex Taq II (Takara, Japan). The relative mRNA levels 181 

were determined by the 2-ΔΔCt method and internal control was applied normalizing as 182 

β-actin. The gene primers were listed in Table S1. 183 

2.6. Western blot analysis 184 

The cells and tissues (50 mg) were isolated in ice-cold RIPA buffer (Beyotime, China). 185 

The proteins were separated using 10% SDS-PAGE and electroblotted onto a 186 

polyvinylidene fluoride (PVDF) membrane (Immobilon®-P) after quantitative 187 

determination of the protein concentration. The membranes were blocked in 5% non-188 

fat milk for 1 h, then incubated overnight at 4 ℃ with primary antibodies anti-PPARα 189 

(1:1000, Abcam), anti-CD36 (1:2000, Abcam), anti-CPT1 (1:2000, Abcam), anti-SCD 190 

(1:1000, Abclonal), anti-ACAA2 (1:1000, Abcam), anti-ACBP (1:1000, Abcam), anti-191 

E-cadherin (1:1000, Abcam), anti-N-cadherin (1:1000, Abcam), anti-α-SMA (1:2000, 192 

Abcam), anti-Snail (1:2000, Cell Signaling Technology), anti-Vimentin (1:2000, 193 

Abcam) and anti-β-actin (1:2000, Cell Signaling Technology). Subsequently, the 194 

secondary antibodies (anti-mouse/anti-rabbit) were applied incubating membranes at 195 

room temperature for 2 h and protein bands were detected with the Super Signal Kit 196 

(Thermo Fisher Scientific, USA). 197 

2.7. Proteomics analysis 198 

The cell samples were dissolved with 200 μL lysis buffer and boiled for further 199 
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ultrasonicated. Proteomic sequencing and analysis were conducted by Shanghai 200 

Bioprofile Technology (Shanghai, China). Undissolved cellular debris was removed at 201 

4 ℃, 16000 g for 15 min to obtain the supernatant for protein quantification (BCA 202 

Protein Assay Kit,Bio-Rad, USA). After protein digestion, 200 µL of buffer ammonium 203 

bicarbonate (100 mM) was added to the beads in the filter box, ammonium bicarbonate 204 

buffer with trypsin at the enzyme-to-protein ratio of 1:50 was appended into the sample 205 

and incubated at 37 ℃ for 20 h. The peptides were loaded onto a the C18-reversed 206 

phase column (15 cm long, 75 μm ID, 2 μm, Dr. Maisch GmbH, Ammerbuch, Germany) 207 

at a flow rate of 300 nL/min over 60 min. Mass spectrometry parameters and liquid 208 

linear gradient conditions were specified in Table S2. 209 

The MS data were analyzed for data explanation and protein annotation against the 210 

human database from Uniprot (https://www.uniprot.org). All peptides, proteins and 211 

peptide-spectrum matches were filtered with <1% false discovery rate. Hierarchical 212 

clustering at the protein or locus level integrated the expression data for analysis. To 213 

interpret the sequences, information was extracted from UniProtKB/Swiss-Prot, Kyoto 214 

Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis. The 215 

Fisher’s exact test was used to perform GO and KEGG enrichment analyses, and FDR 216 

correction for multiple testing was also conducted. The STRING database with the 217 

Cytoscape software was applied to establish protein–protein interaction (PPI) networks. 218 

2.8. Lipidomics analysis 219 

2.8.1. Lipid extraction and instrumental analysis 220 

The cell and serum samples were homogenized for lipid extraction according to our 221 
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previous work (Zhang et al., 2022b; Zhang et al., 2022c). Briefly, the samples were 222 

collected and washed with pre-cooled PBS, then added 400 μL methanol/H2O (3:1, v/v) 223 

for protein precipitation. 1 mL of MTBE was added into the mixture and vortex for 30 224 

min at room temperature, 200 uL of deionized water was added for liquid phase 225 

separation. The mixture was equilibrated on ice and the supernatant was obtained by 226 

centrifugation (14000 g, 15 min, 4 ℃). The organic supernatant was re-dissolved with 227 

200 μL ACN/IPA/H2O (65:30:5, v/v/v) including 5 μg/mL of IS mixture for instrument 228 

analysis. The quality control (QC) sample was generated by collecting 5 μL of each 229 

sample. As for LC-MS analysis, the lipid profile analysis was performed using a SCIEX 230 

Triple TOF 5600 system (SCIEX, USA) with a Waters ACQUITY UPLC BEH C18 231 

column (1.7 μm particles, 2.1 mm × 50 mm, Waters, Milford, MA). The detailed liquid 232 

linear gradient conditions and MS parameters were listed in Table S3.  233 

2.8.2. Targeted free fatty acids analysis 234 

The free fatty acids extraction was conducted using the above lipid separation methods. 235 

After re-dissolving with 200 μL ACN/IPA (7:3, v/v), the IS FFA 16:0-d31 (2 μg/mL) 236 

was added into each sample for analysis. The multiple reaction monitoring (MRM) 237 

analysis was applied to perform LC-MS data acquisition with m/z mass range 100–500, 238 

the liquid gradient conditions were consistent with the above lipid profiling methods.  239 

2.8.3. Data processing and analysis 240 

The XCMS online platform was utilized to process the LC-MS/MS raw data acquisition. 241 

After peak detection, retention time correction, the metabolite features with missing 242 

values in more than 20% of the samples were excluded and QC standard deviations 243 
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(RSD) more than 30% were removed out. The data were imported into the SIMCA-P 244 

(Umetrics, Sweden) software, then the metabolic differences between different groups 245 

were assessed by Principal Component Analysis (PCA) and Orthogonal partial least 246 

squares discriminant analysis (OPLS-DA) models. The following data screening 247 

criteria were used to select variant metabolites: VIP value >1.5 and the alterations in 248 

the features of different groups were statistically significant (p < 0.05). The [M + H] + 249 

and [M – H] - ion adducts were positive and negative acquisition ions, respectively. The 250 

peak intensities were normalized by IS and compared to the identified altered 251 

metabolites. The differential metabolites were putatively annotated matching the 252 

HMDB database and lipidmaps database based on the m/z mass value with tolerance 253 

set as 5 ppm and MS2 spectra. The variant metabolic pathways were enriched with 254 

MetaboAnalyst online (http://www.metaboanalyst.ca/) based on KEGG pathway.  255 

2.9. Multi-omics integrated analysis 256 

The integrated proteomics and lipidomics analysis were utilized to calculate the 257 

correlation coefficients between the substantially variant metabolites and the related-258 

differential proteins with spearman correlation analysis. The results were further 259 

analyzed using R 4.0.1 and Cytoscape tools, including matrix heatmap analysis, 260 

hierarchical clustering analysis and correlation network analysis, to explore the 261 

interaction relationship between proteinases and lipid metabolites from multiple 262 

perspectives. 263 

2.10. Animal model of NMBA exposure 264 

The NMBA-induced esophageal carcinoma rat model was established by our study 265 
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group (Zhao et al., 2022). In short, the male F344 rats were intraperitoneally injected 266 

into the model group (NMBA, 0.4 mg/kg) and the control group (saline containing 0.05% 267 

DMSO) for 3 months. The dosage of rat exposure was selected from the environmental 268 

N-nitrosamine internal exposure levels (Zhang et al., 2020; Zhao et al., 2020; Zhao et 269 

al., 2022). Esophageal lesions at diverse stages were collected for histological 270 

examination and quantitative analysis according to the previous studies (Zhang et al., 271 

2022c). The rat serum was centrifuged at 8000 rpm for 5 min at 4 ℃, then collected 272 

and stored at -80 ℃. The Animal Care and Use Committee of Southeast University 273 

approved the animal protocols following the ARRIVE guideline.  274 

2.11. Statistical analysis  275 

The data statistical analysis was performed using the SPSS version 24.0 and GraphPad 276 

Prism 8.1 software. The Shapiro-Wilk test was used to detect the normality of data 277 

distribution of each group. The significant difference between two groups was 278 

implemented using the student’s t test. One-way analysis of variance (ANOVA) 279 

followed by Dunnett’s post hoc test was conducted to perform the statistical differences 280 

among different groups. The Benjamini-Hochberg false discovery rate (FDR)-adjusted 281 

p value < 0.05 was considered as the threshold of statistical significance. All data were 282 

displayed as mean ± standard deviation (SD).  283 

 284 

3. Results 285 

3.1. NMBA exposure induced Het-1A cells malignant transformation and 286 

tumorigenesis 287 
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To explore the tumorigenic effect of NMBA exposure and the underlying molecular 288 

mechanism, we conducted chronic cell malignant transformation assay by continuously 289 

exposing Het-1A cells to environmental exposure levels of NMBA (2 μM) for 26 weeks. 290 

As the number of infected generations increased, the cell morphology of the NMBA-291 

exposed group changed from a small, round pavement-like and appositional growth 292 

state to an increased volume, pseudopod and irregularly drawn loose state (P40 293 

generation cells) (Fig. S1A). The CCK8 results revealed that the NMBA-exposed cells 294 

showed elevated trend accompanied by the increasing infected passages, and the 295 

proliferation activity of P40 generation (Pmag) cells was elevated dramatically 296 

compared with the control group (Fig. 1A). Also, the western blot analysis of Epithelial-297 

Mesenchymal Transition (EMT) signaling pathway proteins reflecting the degree of cell 298 

malignant transformation showed that the expression levels of N-cadherin, Snail, α-299 

SMA and Vimentin were up-modulated with the increasing passages; the level of E-300 

cadherin showed downregulated tendency. Especially, the protein levels in EC109 cells 301 

(positive control) were consistent with the trend of the expression in Pmag cells (Fig. 302 

1B). Furthermore, the invasive and migratory capacity of cells were markedly elevated 303 

following the chronic NMBA stimulation (Fig. S1B-C). The colony formation assay 304 

revealed that the capacity of colony formation was remarkably reinforced along with 305 

the increasing generations (Fig. 1C, Fig. S1D). To further examine the effect of 306 

malignant transformed cells on tumor growth in vivo, The Pmag cells, positive control 307 

(EC109 cells) and the solvent control cells were injected into BALB/c nude mice. The 308 

results revealed that the control cells did not produce any xenograft tumors in nude 309 
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mice (0 tumor from 6 to injected mice), whereas the mice injected with Pmag cells and 310 

EC109 cells appeared bigger tumors (Fig. 1D). In addition, the H&E staining and 311 

immunohistochemistry for Ki-67 results revealed that tumor tissues in the NMBA 312 

exposure and EC109 groups manifested as similar tumor cell properties (Fig. 1E).   313 

 314 

Fig. 1. NMBA exposure induced malignant transformation of Het-1A cells. (A). 315 

Proliferative capacity of cells at different stages of malignant transformation. (B). The 316 

protein levels of EMT signaling pathway in different generation cells. (C) The soft agar 317 

colony formation of different generation cells (bar= 50 μm). (D). NMBA-exposure-318 

transformed cells and positive control cells showed stronger tumorigenicity in nude 319 

mice. (E). The H&E staining and Ki67 immunohistochemistry of xenografts (bar= 50 320 
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μm). The data were expressed as mean ± SD. *p < 0.05, **p < 0.01. 321 

 322 

 323 

3.2. Proteomic changes in different stages of malignant transformation cells induced by 324 

NMBA 325 

In the present study, to explore the mechanisms between diverse passages (P10, P20, 326 

P30, P40) of malignant transformed cells and control cell group (P0), a 4D-label free 327 

quantitative proteomics approach was carried out to identify proteomic biomarkers. The 328 

scoring plots of PCA modes exhibited apparent separation between the various stages 329 

of NMBA-exposed malignant transformed cells (P10, P20, P30 and P40) and the 330 

control group (Pcon) (Fig. 2A). In the current experimental conditions, a total of 5894 331 

proteins were identified. The results of subcellular localization showed that the majority 332 

of proteins were mainly distributed in cytoplasm (36.1%), membrane (22.74%) and 333 

extracellular region (10.81%) (Fig. 2B), which suggested a strong relationship between 334 

regulatory lipid metabolites and differential proteins (Lyon et al., 2021; Yang et al., 335 

2021). The KEGG-enrichment analysis revealed that the screened protein biomarkers 336 

were also enriched in Ribosome and Ribosome biogenesis in eukaryotes (Fig. 2C). 337 

Among these proteins, the expression levels of 199, 282, 389 and 384 proteins were 338 

markedly changed under P10, P20, P30 and P40 passage NMBA-exposed cells and 339 

displayed as volcano plots (Fig. 2D). Intriguingly, the Venn analysis uncovered that 29 340 

significantly differential proteins aggravated the metabolic disorders on the lipid 341 

proteases and mainly enriched in lipid fatty acid metabolism (Fig. 2E, Table S4). 342 

Furthermore, we enriched the perturbed lipoprotein-regulated metabolic pathways 343 
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based on the KEGG pathway, and these differential metabolic pathways were primarily 344 

distributed in PPAR signaling pathway, sphingolipid metabolism, fatty acid degradation, 345 

biosynthesis of unsaturated fatty acids metabolism, inositol phosphate metabolism, 346 

alpha-linolenic acid metabolism, glycerolipid metabolism and arachidonic acid 347 

metabolism (Fig. 2F), implying that dysregulation of lipid fatty acid metabolism 348 

participated in NMBA-induced protein profile differences in the progression of Het-1A 349 

cells malignant transformation.  350 

 351 

Fig. 2 Proteomics analysis of cells treated with NMBA. (A). The score plots of PCA 352 

model. (B, C). Subcellular localization and KEGG-enrichment analysis. (D). The 353 

volcano plots of NMBA-exposed cells compared to the control group. (E). The Venn 354 

analysis of differential proteins in cells. (F). The lists of differential lipid-protein 355 

pathways. 356 

 357 

Jo
urn

al 
Pre-

pro
of



18 
 

 358 

 359 

 360 

3.3. The cells lipidomic profiling analysis 361 

Following the results of proteomic analysis, the cell lipidomic profiles were 362 

systematically detected in order to further delineate the dysfunction of lipid metabolism 363 

during the Het-1A cells malignant transformation induced by NMBA. The scoring plots 364 

of PCA and OPLS-DA models for both positive and negative modes showed 365 

pronounced separation between diverse passages of NMBA-exposed groups and 366 

control group, suggesting the clustering of different cell groups and demonstrating good 367 

model fit and predictive performance (Fig. 3A, B and Fig. S2A, B). Furthermore, the 368 

validation of the models was evaluated with 200-time permutation tests and the results 369 

indicated good predictability (Q2 < 0, Fig. S2C, D). A total of 140 and 142 lipids with 370 

VIP value > 1.5 were putatively retained in positive and negative ion modes. After one-371 

way ANOVA test for univariate data analysis was employed to identify the most 372 

remarkably variant lipids, the 55 differential lipid markers were annotated and listed in 373 

Table S5. The abnormal lipid metabolites were primarily consisted with free fatty acids 374 

(FFA), phosphatidylcholines (PC), phosphatidic acids (PA), phosphatidylserines (PS), 375 

phosphatidylethanolamines (PE), phosphatidylglycerols (PG), sphingomyelins (SM), 376 

lyso-phosphatidylethanolamines (LPE) and cholesterols (CE). Pathway enrichment 377 

analysis using MetaboAnalyst (5.1) showed that perturbed lipid biomarkers were 378 

mainly enriched in biosynthesis of unsaturated fatty acids metabolism, 379 

glycerophospholipid metabolism, linoleic acid metabolism and arachidonic acid 380 
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metabolism (Fig. 3C). Hierarchical clustering analysis was performed to detect the 381 

relative expression levels of differential lipid markers, the heatmap analysis showed 382 

that the most lipid metabolites revealed attenuated trend along with the increasing 383 

passages of malignant transformed cells induced by NMBA (Fig. 3D), In particular, the 384 

most significant differences in free fatty acids (FFA) uncovered the acceleration of fatty 385 

acid catabolism during the cell malignant transformation, further demonstrating the 386 

involvement of fatty acid metabolism disorders in the process of NMBA exposure-387 

induced Het-1A cells malignant transformation. 388 

 389 

Fig. 3. The lipidomic profiles of malignant transformed cells. (A, B). The score plots 390 

of positive OPLS-DA model (R2Y = 0.945, Q2 = 0.746) and negative OPLS-DA model 391 

(R2Y = 0.973, Q2 = 0.744) in cells. (C). The metabolic pathways of differential lipids. 392 
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(D). Hierarchical clustering analysis of altered lipid markers. 393 

 394 

3.4. Integrated analysis of cell proteomics and lipidomics 395 

In order to interpret the role of key differential proteins in the regulation of altered lipid 396 

homeostasis, the integrative analyses of proteomics and lipidomics on NMBA-treated 397 

Het-1A cells were applied to evaluate the association. The results of correlation 398 

coefficient matrix heatmap analysis showed that the majority of lipid metabolites were 399 

negatively correlated with the perturbed proteins (Fig. 4A). To visualize the similarities 400 

and differences in the expression patterns of markedly differential proteins and aberrant 401 

metabolites, the Spearman correlation hierarchical clustering analysis was performed 402 

and presented in the form of correlation hierarchical clustering heatmap, the results 403 

revealed that P16671 (CD36)，O00767 (SCD) and P50416 (CPT1) were negatively and 404 

Q01469 (FABP5), P42765 (ACAA2), Q9NYP7 (ELOVL5), O43772 (SLC25A20), 405 

P33121 (ACSL1) and Q8NEB9 (PIK3C3) positively associated with most lipid 406 

metabolites, especially FFAs (Fig. 4B). The expression of omics clustering heatmap 407 

analysis showed increased trend in critical differential protein expression and revealed 408 

declined tendency in lipid free fatty acids between the increasing passages of NMBA-409 

exposed malignant transformed cells (P10, P20, P30 and P40) and the control group 410 

(Fig. 4C). Moreover, the correlation analysis network exhibited the close regulation 411 

effects between CD36, SCD, CPT1, ACBP, ACAA2 and differential free fatty acids 412 

(Fig. 4D). Interestingly, the above regulatory proteins were all enriched in the 413 

peroxisome proliferator-activated receptor alpha (PPARα) signaling pathway, 414 

suggesting critical regulatory roles for the proteases of the PPARα signaling pathway 415 

Jo
urn

al 
Pre-

pro
of



21 
 

in the disruption of fatty acid metabolism during NMBA-induced malignant 416 

transformation of Het-1A cells. 417 

 418 

Fig. 4. Integrated analysis of cell proteomics and lipidomics. (A). The cell correlation 419 

coefficient matrix heatmap analysis. (B). Spearman correlation hierarchical clustering 420 

analysis. (C). The expression of omics clustering heatmap analysis. (D). The correlation 421 

analysis network.  422 

 423 

3.5 Promotion of fatty acid metabolism involved in the process of cell malignant 424 

transformation caused by NMBA 425 
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In the PPAR signaling pathway, PPARα facilitated cellular uptake, esterification and 426 

transport of fatty acids and regulated lipoprotein genes to stimulate lipid utilization by 427 

promoting mitochondrial function and fatty acid desaturation signaling pathways. 428 

(Frampton et al., 2020; Montaigne et al., 2021; Wojtowicz et al., 2020). Firstly, we 429 

detected the intensities of critical lipid-regulated enzymes, and the levels of SCD, CPT1, 430 

ACBP, CD36 showed elevated trend and ACAA2 revealed descending tendency (Fig. 431 

5A). The pivotal gene expression results of PPARα signaling pathway closely related 432 

to fatty acid metabolism showed that SCD, PPARα, CD36 and CPT1 were dramatically 433 

upregulated in the Pmag cells compared to the control group and ACAA2 expression 434 

revealed decreased tendency (Fig. 5B). Also, the western blot analysis exhibited 435 

consistent mRNA expression trends of SCD, CPT1, CD36, ACBP, PPARα and ACAA2 436 

levels (Fig. 5C). In addition, the MRM targeted analysis was carried out to quantify the 437 

concentrations of key differential FFAs (Table S6 and S7). The quantitative analysis 438 

revealed that the concentrations of FFA 12:0, FFA 14:0, FFA 16:1, FFA18:0, FFA 18:1, 439 

FFA 18:3, FFA 20:4, FFA 20:5 and FFA 22:6 showed descended tendency accompanied 440 

by the increasing generations of Het-1A cells caused by NMBA (Fig.5D). In brief, the 441 

activated PPARα signaling pathway exerted important regulatory effects on the fatty 442 

acid metabolism in the malignant transformed cells caused by NMBA, and the specific 443 

regulatory mechanisms need to be further explored.  444 
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 445 

Fig. 5. Enhancement of fatty acid metabolism participated in the process of cell 446 

malignant transformation caused by NMBA. (A). The intensities of key lipid-regulated 447 

proteases. (B, C). The pivotal gene and protein expression levels of PPARα signaling 448 

pathway closely related to fatty acid metabolism in the progression of cell malignant 449 

transformation. (D). The FFA concentrations of quantitative MRM targeted analysis. 450 

Data were expressed as mean ± SD. **p < 0.01, *p < 0.05. 451 

 452 

3.6. NMBA stimulated esophageal carcinoma tumorigenesis via facilitating PPARα 453 

signaling pathway  454 

Accumulating evidence showed that the accelerated oxidation and breakdown of long-455 

chain unsaturated fatty acids were closely associated with the development and 456 

progression of carcinomas (Batchuluun et al., 2022; Stine et al., 2022). As the essential 457 

role of key genes of PPARα signaling pathway in regulating fatty acid metabolism, we 458 
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further investigated the regulation effects of PPARα signaling pathway on the malignant 459 

transformation phenotype of NMBA-induced Het-1A cells. The pretreatment with 460 

critical PPARα pathway inhibitor GW6471 diminished the mRNA and protein levels of 461 

SCD, CD36, ACBP, CPT1 and PPARα and elevated the levels of ACAA2 in Pmag cells 462 

compared with the control group (Fig. 6A, B). Meanwhile, the protein levels of EMT-463 

signaling malignant progression (E-cadherin, N-cadherin, α-SMA, Snail and Vimentin) 464 

were inhibited (Fig. 6C). Compared with the control group, the treating with GW6471 465 

suppressed the invasion and migration capacities of Pcon and Pmag cells (Fig. 6D). In 466 

addition, the concentrations of key FFAs were strikingly elevated in Pmag cells after 467 

pretreated with GW6471, which reversed the changes in these FFAs induced by NMBA 468 

(Fig. 6E). Taking together, NMBA exposure induced the tumorigenesis and progression 469 

of esophageal cancer through promoting PPARα signaling pathway. 470 
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 471 

Fig. 6. PPARα signaling pathway-mediated fatty acid metabolism promoted NMBA-472 

induced EC tumorigenesis. (A, B). The mRNA and protein levels of the PPARα 473 

signaling pathway (SCD, CD36, CPT1, ACBP, ACAA2, PPARα) were detected by RT–474 

qPCR and western blot analysis after pretreatment with GW6471. (C). The expression 475 

levels of EMT pathway proteins (E-cadherin, N-cadherin, α-SMA, Snail and Vimentin). 476 

(D). The invasion and migration abilities of Pcon and Pmag cells after inhibition of 477 

PPARα expression (bar= 50 μm). (E). The concentrations of key FFAs in Pcon and 478 

Pmag cells treating with GW6471. Data were expressed as mean ± SD. **p < 0.01, *p 479 

< 0.05. 480 

 481 
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3.7. NMBA exposure induced EC tumorigenesis associated with the promotion of fatty 482 

acid metabolism in vivo 483 

To validate the results confirmed in vitro, we utilized the control group (C), basal cell 484 

hyperplasia stage (L), epithelial dysplasia stage (M) and carcinoma in situ (H) for the 485 

progression of NMBA-induced esophageal carcinoma in rats. The mRNAs and protein 486 

expression levels of key PPARα pathway regulators related to fatty acid metabolism in 487 

esophageal tissues were examined. The results showed that the expression levels of 488 

SCD, CD36, PPARα, CPT1, ACBP were remarkably elevated in the H group compared 489 

to the C group and ACAA2 revealed declined trend (Fig. 7A, B). Furthermore, the 490 

targeted lipidomics analysis showed that the concentrations of FFAs in rat serum 491 

samples revealed consistent expression trend in the vitro results, the most FFAs were 492 

dramatically decreased in the H group compared with the C group (Fig. 7C). In all, 493 

these results further demonstrated that fatty acid metabolism drove the NMBA-induced 494 

EC tumorigenesis via regulating PPARα signaling pathway.  495 Jo
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 496 

Fig. 7. Environmentally relevant levels of NMBA promoted fatty acid metabolism in 497 

vivo. (A, B). The mRNAs and protein expression levels of key regulators in the fatty 498 

acid metabolism in the process of NMBA-induced rats esophageal cancer model. (C). 499 

The changes in key FFA concentrations of rat serum samples. Data were expressed as 500 

mean ± SD. **p < 0.01, *p < 0.05. 501 

 502 

4. Discussion 503 

The common environmental carcinogens N-nitrosamines were ubiquitously recognized 504 

as important risk factors for EC (Zhao, C. et al., 2019a; Zhao et al., 2020). Carcinogenic 505 

N-nitrosamines were catalyzed by cytochrome P450 enzymes to decompose into 506 
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aldehydes and hydroxyazo compounds, which caused alkylation damage to DNA and 507 

could lead to tumor growth, invasion and metastasis in the esophagus (Li et al., 2022d; 508 

Soroush et al., 2022; Zhao et al., 2022). Nevertheless, the molecular mechanisms in the 509 

development of N-nitrosamines-induced esophageal carcinogenesis remain largely 510 

uncertain. Herein, high-throughput multi-omics-based technology revealed that 511 

dysregulation of fatty acid metabolism was involved in NMBA-induced Het-1A cells 512 

malignant transformation, while the enhancement of fatty acid metabolism mediated by 513 

SCD, CD36, CPT1, and PPARα, key lipid regulators of the PPARα pathway, was 514 

closely related to the promotion of NMBA-induced EC phenotype in vitro and vivo 515 

studies.  516 

In accordance with the preceding studies, the relative environmental high 517 

concentrations of NMBA were set in vitro assays to simulate chronic environmental 518 

exposure (Zhang et al., 2022c; Zhao et al., 2020). We observed typical features of the 519 

cellular malignant transformation phenotypes at the exposure dose of 2 μM, and 520 

NMBA-induced the susceptibility of tumor and tumor-associated protein formation in 521 

Het-1A cells was accompanied by an intensification in the degree of malignant 522 

transformation. Moreover, to simulate the natural environmental exposure conditions, 523 

the rat esophageal cancer model was induced by NMBA exposure. The exposure 524 

concentration of NMBA was determined to be 0.4 mg/kg in line with the environmental 525 

N-nitrosamine exposure levels (Brown, 2022; Cotruvo, 2017; Zhao et al., 2020), and 526 

the molecular mechanism of N-nitrosamines carcinogenesis effect was further explored 527 

in vivo and vitro models.  528 
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In the current study, the proteomics analysis unveiled lipid metabolism perturbations 529 

predominantly participated in the process of NMBA-induced malignant transformation 530 

of Het-1A cells. Abundant studies have proven that lipid metabolism destabilization 531 

and lipid reprogramming induced by environmental pollutants occurred frequently in 532 

carcinomas (Menendez-Pedriza et al., 2022; Wigner et al., 2021), and the cancerous 533 

tissues exhibited extensive lipid alteration that led to unrelenting proliferation. 534 

Abnormal lipid metabolism profiles were considered to be a hallmark feature of 535 

plentiful malignancies (Du et al., 2022; Garofano et al., 2021). Further cell lipidomics 536 

analysis showed that fatty acid metabolism and glycerophospholipid metabolism 537 

contributed to the predominant dysregulation of lipid profiles. Studies have 538 

documented that NMBA could increase lipid peroxidation and free radical production, 539 

and the free radicals attacked unsaturated fatty acids in membrane lipids to increase 540 

malondialdehyde (MDA) levels (Srinivas et al., 2019). Sphingolipid metabolism-541 

mediated NMBA-induced carcinogenesis in rat esophagus facilitated tumor 542 

microenvironment through suppression of immunity functions (Zhao et al., 2022). As 543 

indispensable molecules in lipid biosynthesis, FFAs provided substrates for energy-544 

producing metabolism, and the uptake and clearance of extracellular FFAs also 545 

proposed crucial compensatory mechanisms for lipid requirements under metabolic 546 

stress conditions in cancer cells (Chen et al., 2022; Hou et al., 2022). The critical 547 

regulatory implications of fatty acid metabolic alteration in the malignant 548 

transformation of cells induced by NMBA need further exploration. 549 

The integration of proteomics and metabolomics detection of immediate metabolites of 550 
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protein-coding genes in cells may provide direct evidence to depict complex metabolic 551 

changes in cells after exposure to environmental pollutants (Beale et al., 2022; Yang et 552 

al., 2022a). In the present study, multi-omics analysis of malignant transformed cells 553 

showed remarkably differential lipoprotein enrichment in PPARα signaling pathway 554 

and fatty acid metabolism pathways, which uncovered the involvement of fatty acid 555 

synthesis (SCD), fatty acid transport (CD36, ACBP) and fatty acid β-oxidative 556 

catabolism (CPT1, ACAA2) critical enzymes in the regulation of lipid metabolic 557 

profiles during the malignant transformation of NMBA-exposed cells. The 558 

consumption of most differential FFA concentrations exhibited accelerated fatty acid 559 

metabolism degradation and oxidation during the cells malignant transformation caused 560 

by NMBA exposure, accompanying that the expression levels of the critical regulatory 561 

enzymes modulating fatty acid metabolism showed upregulation tendency. Exposure to 562 

trace heavy metals and antibiotics intervened depletion of long-chain unsaturated fatty 563 

acids in zebrafish embryos and caused significant disturbances in immune and tumor-564 

related pathways, indicating a potential risk of tumorigenesis in zebrafish larvae (Jia et 565 

al., 2022). Benzo[a]pyrene-induced alteration in fatty acid metabolism, phospholipid 566 

metabolism, and sphingolipid metabolism in lung cancer cells were highly affiliated 567 

with the invasion and migration of H460 cells (Ye et al., 2021). In brief, the trend of 568 

accelerated fatty acid catabolism testified the enhancement of fatty acid metabolism 569 

during malignant transformation of NMBA-exposed Het-1A cells, suggesting a close 570 

relationship between fatty acid metabolism and esophageal malignant tumorigenesis 571 

caused by NMBA.  572 

Jo
urn

al 
Pre-

pro
of



31 
 

Furthermore, PPARα signaling pathway exerted an increasingly vital function in the 573 

regulation of lipid metabolism. The majorities of related genes were involved in the 574 

PPARα/CPT1 signaling pathway for fatty acid catabolism, synthesis or transport due to 575 

their functional peroxisome response elements (PPREs) (Sheng et al., 2019; Ye et al., 576 

2021). In our results, the activated PPARα signaling pathway accompanied by high 577 

expression of SCD, ACBP, CD36 and CPT1, key regulators of fatty acid metabolism, 578 

promoted the NMBA-induced malignant transformation phenotypes in Het-1A cells 579 

which facilitated esophageal cancer tumorigenesis via promoting the progression of 580 

EMT signaling pathway, migration and invasion ability of cells. The SCD inhibitors 581 

played a dominant function in primary tumors of cells involved in palmitate-dependent 582 

desaturation of alternative pathways (CIS-6-C16:1) that supported membrane synthesis 583 

during proliferation and SCD inhibitors could impede the proliferation and invasion of 584 

cancer cells in oral cancer (Liu et al., 2022b). CD36 regulated the oxidative 585 

decomposition of palmitic acid to facilitate the growth of oral squamous cell carcinoma, 586 

and enhanced lipid droplet formation, tumor progression and metastasis (Tao et al., 587 

2022; Bao et al., 2022). Fatty acid oxidation (FAO) was essential for cancer cell survival 588 

in various cancers, and CPT1-mediated enhancement in FAO has been noted in 589 

numerous malignancies accompanied by the decomposition of acetyl coA (Liu and Liu, 590 

2022; Sun et al., 2022). Conversely, the blockade of fatty acid oxidation inhibited tumor 591 

growth and CPT1 expression levels in several tumor models (Li et al., 2022a; Ruidas 592 

et al., 2022). Exposure to the environmental endocrine disruptor bisphenol A (BPA) 593 

during gestation interfered with the expression of the liver fatty acid oxidation-related 594 

Jo
urn

al 
Pre-

pro
of



32 
 

PPARα and CPT1 and the fatty acid synthesis gene stearoyl coenzyme (SCD) in male 595 

offspring (Yang et al., 2022b). Induction of epithelial-mesenchymal transition (EMT) 596 

by transforming growth factor β1 (TGF-β1) participated in the metastatic process of 597 

breast cancer and caused elevated expression of key fatty acid β-oxidases (CPT1 and 598 

CD36) (Liu et al., 2020; Zhao et al., 2021). Consequently, we also investigated the 599 

effect of key PPARα pathway inhibitor on NMBA-induced cellular malignant 600 

transformation phenotype and free fatty acid levels. The EMT signaling molecules 601 

could effectively promote tumor invasion and metastasis, accompanied by the 602 

acquisition of an aggressive phenotype when epithelial cells lost their cell-cell adhesion. 603 

At the molecular level, the promotion of EMT progression involves increased protein 604 

expression levels of Snail, Vimentin, a-SMA and N-cadherin, and decreased level of E-605 

cadherin (Pan et al., 2023; Su et al., 2022). Up to now, there was increasing evidence 606 

that N-nitrosamines were vital EMT inducers in lung and bladder cancers, and N-607 

nitrosamines were involved in the bioenergetic reprogramming of cancer cells in 608 

concert with alterations in other cancer features such as altered genome and epigenome, 609 

dysregulation of cell proliferation and increased migration (Sarlak et al., 2020). Taking 610 

together, fatty acid metabolism perturbation contributed to NMBA induced esophageal 611 

carcinoma tumorigenesis via regulating PPARα signaling pathway.  612 

Disturbances in lipid metabolism induced by environmental pollutants could induce 613 

tumorigenesis in the development of cancer, and reprogramming of lipid metabolism 614 

played a pivotal role by interfering with energy production, membrane formation and 615 

signal transduction in cancer (Bai et al., 2022; Miao et al., 2022). In this study, we 616 
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ascertained the specific regulatory mechanisms of impairments of fatty acid metabolism 617 

during NMBA exposure-induced EC tumorigenesis. Nevertheless, the relationship 618 

between NMBA-induced esophageal malignancy phenotype and specific free fatty acid 619 

regulatory mechanisms deserved further comprehensive investigation. Meanwhile, the 620 

cell/animal model results should be further validated in the human beings due to the 621 

species differences between animals and humans. 622 

5. Conclusion 623 

In summary, the integrated multi-omics analysis revealed the dysregulation lipid 624 

metabolism in NMBA exposure triggered esophageal carcinoma tumorigenesis in vitro 625 

and vivo. The enhancement of fatty acid metabolism promoted NMBA-induced cell 626 

invasion, migratory capacity and EMT progression in the cellular malignant 627 

transformation process via regulating the PPARα signaling pathway. To the best of our 628 

knowledge, the collective findings propose crucial implications for unraveling the 629 

dynamic molecular disorders in NMBA-induced esophageal cancer tumorigenesis and 630 

comprehensive elucidation of the adverse health risks of N-nitrosamines.  631 
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Highlights 

. NMBA exposure caused Het-1A cells malignant transformation and tumorigenesis 

. Lipid metabolism disorder involved in the process of malignant cells induced by 

NMBA. 

. Promotion of fatty acid metabolism contributed to the process of NMBA triggered EC.  

. NMBA stimulated EC tumorigenesis via PPARα signaling pathway in vitro and vivo. 
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