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1 The expression of microRNAs and exposure to environmental contaminants related to human 

2 health: a review 

3 Abstract 

4 Environmental contaminants exposure may lead to detrimental changes to the microRNAs (miRNAs) 

5 expression resulting in several health effects. miRNAs, small non-coding RNAs that regulate gene 

6 expression, have multiple transcript targets and thereby regulate several signaling molecules. Even a 

7 minor alteration in the abundance of one miRNA can have deep effects on global gene expression. 

8 Altered patterns of miRNAs can be responsible for changes linked to various health outcomes, 

9 suggesting that specific miRNAs are activated in pathophysiological processes. In this review, we 

10 provide an overview of studies investigating the impact of air pollution, organic chemicals, and heavy 

11 metals on miRNA expression and the potential biologic effects on humans. 

12

13 Keywords: microRNAs, pathway, environmental pollutants, health

14

15 Abbreviations: AHRR, aryl-hydrocarbon receptor repressor; AHR, aryl-hydrocarbon receptor; As, 

16 arsenic; BCL2, B-cell lymphoma 2; BCL2L11, B-cell lymphoma 2 like 11; BCL6, B-cell lymphoma 

17 6; BPA, bisphenol A; CVD, cardiovascular diseases; CD40, cluster of differentiation 40; CCND1, 

18 Cyclin D1; CDKN1A, cyclin-dependent kinase inhibitor 1A; COL1A2, collagen type I alpha 2 chain; 

19 Cr, chromium; CSF1, colony stimulating factor 1; CTBP1, C-terminal binding protein 1; CXCL12, 

20 C-X-C motif chemokine ligand 12; CYP3A4, cytochrome P450 family 3 subfamily A member 4; 

21 CYP2E1, cytochrome P450 family 2 subfamily E member ; DAZAP1, deleted in azoospermia 

22 associated protein 1; DEP, diesel exhaust particles; EGFR, epidermal growth factor receptor; eNOS, 

23 endothelial nitric oxide synthase; ERB1, eukaryotic ribosome biogenesis protein; EVs, extracellular 

24 vesicles; FAK, focal adhesion kinase; FAS, fas cell surface death receptor; FOXO1, forkhead box 

25 O1; GSTP1, glutathione-S-transferase pi 1; HbA1c, glycated hemoglobin; Hg, mercury; HLA-A, 
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26 human leukocyte antigen A; HMGB1/AGER, high mobility group protein B box 1/advanced 

27 glycosylation end-product-specific receptor; ICAM-1, intercellular adhesion molecule 1; IFNAR2, 

28 interferon alpha receptor subunit 2; IL-6, interleukin-6; IRAK1, interleukin 1 receptor associated 

29 kinase 1; JAK/STAT, janus kinase/signal transducers and activators of transcription; LRRK2, 

30 leucine-rich repeat kinase 2; MAPK, mitogen-activated protein kinase; MEF2C, myocyte enhancer 

31 factor 2C; miRNAs, microRNAs; MVs, microvesicles; NCDs, noncommunicable diseases; NFAT, 

32 nuclear factor of activated T cells; NFkB, nuclear factor kappa B; NRF2, nuclear factor, erythroid-

33 derived 2; NFE2L2, nuclear factor, erythroid 2 like 2 NGF, nerve growth factor; NRG3, neuregulin 

34 3; O3, ozone; OP, organophosphorus pesticides; PAHs, polycyclic aromatic hydrocarbons; Pb, lead; 

35 PCBs, polychlorinated biphenyls; PDCD4, programmed cell death 4; PDGFB, platelet derived 

36 growth factor subunit beta; PDGFR, platelet derived growth factor receptor; PI3K/Akt, 

37 phosphoinositide-3-kinase/protein kinase B; PKA, protein kinase A; PM, particulate matter; PRKCQ, 

38 protein kinase C theta; PTEN, phosphatase and tensin homolog; PTGES3, prostaglandin E synthase 

39 3; SLAM-SAP, signaling lymphocytic activation molecule-associated protein; SORT1, sortilin 1; 

40 TGFβ, transforming growth factor-β; TFIIH, transcription factor II human; TLR, toll-like receptor; 

41 TNF, tumor necrosis factors; TRAF16, tumor necrosis factors-receptor associated factors 16; TRAP, 

42 traffic-related air pollution; TREM1, triggering receptor expressed on myeloid cells 1; TRIAP1, TP53 

43 regulated inhibitor of apoptosis 1; VCAM-1, vascular cell adhesion molecule 1; VEGFA, vascular 

44 endothelial growth factor A; XRCC2, X-ray repair cross complementing 2; YBX2, Y-box-binding 

45 protein 2;  ZEB1, zinc finger E-box-binding homeobox 1; ZEB2, zinc finger E-box-binding 

46 homeobox 2; 8-OH-dG, 8-hydroxy-guanine. 

47
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48 Introduction

49 Exposure to environmental contaminants, including air pollution, organic chemicals, and heavy 

50 metals, is a global public health problem associated with adverse health effects (Humphrey et al. 

51 2019). Some sub-cellular effects caused by environmental factors have been investigated both in vitro 

52 (Bonetta et al. 2019) and in vivo (Domingues et al. 2018; Panico et al. 2020). Recent evidence 

53 suggests that the exposure to toxic compounds influences microRNAs (miRNAs) expression, which 

54 contributes to disease development later in life (Miguel et al. 2018).

55 miRNAs are a class of short non-coding RNA with 18-25 nucleotides in length (Popovic et al. 2013)  

56 that play an active role in epigenetic regulation of gene expression, and are also involved in post-

57 transcriptional gene silencing. They have been detected not only intracellularly, but also in 

58 extracellular human body fluids, such as serum/plasma, saliva, urine, etc. (Gallo et al. 2012). Despite 

59 is the presence of high extracellular RNase activity, miRNAs are highly stable in extracellular area 

60 since packaged in apoptotic bodies, microvesicles (MVs), or high density lipoprotein particles 

61 (Turchinovich et al. 2012). Therefore, 

62 miRNAs regulate many aspects of biology, including developmental timings, cell differentiation, 

63 intercellular communication, embryogenesis, metabolism, organogenesis, and apoptosis 

64 (Turchinovich et al. 2016). Through multiple transcript targets, miRNAs regulate signaling molecules 

65 or pathways, and they can even be transcriptional targets, providing a mechanism for dysregulation 

66 of genes by activation of transcription factors (Hoesel & Schmid 2013). Even a minor alteration to 

67 the abundance of one miRNA can have deep effects on global gene expression (Humphrey et al. 

68 2019). 

69 Altered patterns of miRNAs can be responsible for changes linked to various health outcomes, 

70 suggesting that specific miRNAs are activated in pathophysiological processes (Ardekani & Naeini 

71 2010).

72 Recently, many investigations have examined the relationship between environmental factors and 

73 miRNAs expression, identifying several chemical contaminants that dysregulated this class of 
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74 molecules (Vrijens et al. 2015). As such, we need to understand the biological process underlying 

75 miRNA alteration in response to environmental contaminants in order to explore their potential as 

76 biomarkers in the management of noncommunicable diseases (NCDs) linked to environmental 

77 exposure. This narrative review provides an overview of studies in humans investigating the impact 

78 of environmental factors, that is air pollution, organic chemicals, and heavy metals, on miRNA 

79 expression, also considering the potential biological mechanism that may lead to pathological 

80 condition.  and the potential biologic effects on humans. 

81

82 miRNAs affected by air pollution 

83 Particulate Matter (PM). Particulate matter consists of a mixture of airborne particles originated 

84 from natural sources and anthropogenic activities. Data show that acute PM exposure leads to adverse 

85 health effects through oxidative stress generation and inflammation induction, with the highest 

86 impacts on cancer and cardiovascular diseases (CVD) (Martinelli et al. 2013).

87 Table 1 summarizes the studies on the expression of miRNAs in response to air pollution, also 

88 including sample types, study designs, and methodologies for miRNA detection and for analysis of 

89 their targets. miRNA nomenclature was reported adopting the most recent official version used in 

90 miRbase (Griffiths-Jones et al. 2008; Kozomara et al. 2019).

91 Insert Table 1 about here.

92 PM concentration has been linked to several clinical manifestations of CVD, which, in turn, lead to 

93 altered miRNAs expression (Vrijens et al. 2015). Louwies and colleagues conducted a study that 

94 investigated relationship between air pollutants and miRNAs expression in combination with 

95 microvascular responses to PM. They measured by real-time quantitative reverse-transcriptase 

96 polymerase chain reaction (qRT-PCR) the levels of three candidate miRNAs in the blood of 50 

97 healthy adults. Of the three miRNAs examined, only miR-21-5p and miR-222-3p were negatively 

98 associated with PM10. A retinal microvascular response to variation in PM could be explained by 

99 dysregulated miRNAs, miR-21-5p and miR-222-3p, in blood of healthy adults. Bioinformatic 
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100 analysis revealed gene targets of these miRNAs that were associated with These miRNAs are 

101 involved in inflammatory and oxidative stress pathways, that is phosphatase and tensin homolog 

102 (PTEN) signaling pathway and high-mobility group protein B (HMGB). They also assessed the width 

103 of retinal blood vessels by eye fundus photos. Thus, a retinal microvascular response to variation in 

104 PM could be explained by these dysregulated miRNAs, that have a role in these pathways (Louwies 

105 et al. 2016). Their effect on the high mobility group box 1 (HMGB1)/advanced glycosylation end-

106 product-specific receptor (AGER) signaling pathway leads to enhanced production of 

107 proinflammatory cytokines, adhesion molecules, and coagulation factors . Additionally, the down-

108 regulation of these miRNAs in the phosphatase and tensin homolog (PTEN) signaling pathway 

109 upregulates PTEN expression that in turn either inhibits the endothelial nitric oxide synthase (eNOS) 

110 pathway or increases intercellular adhesion molecule 1 (ICAM-1) expression resulting in retinal 

111 vessels narrowing, or both  (Louwies et al., 2016). 

112 The same miRNAs were significantly increased in blood of steel plant workers collected after three 

113 workdays exposed to high PM. For these specific miRNAs, miR-222 is associated with mitogen-

114 activated protein kinase (MAPK) signaling and nerve growth factor (NGF) signaling, while miR-21 

115 is associated with PTEN, MAPK, and phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt) 

116 signaling (Bollati et al. 2010). In other studies of PM exposure implicated in CVD, microvesicle-

117 associated miRNA expression (miR-128 and miR-302c) was overexpressed after three days of 

118 workplace PM exposure in healthy electric steel plant facility workers. In this case study, nuclear 

119 factor kappa B (NFkB), commonly associated with a prototypical pro-inflammatory signaling 

120 pathway, was found to be a central molecule in the networks of both miRNAs (Bollati et al. 2015). 

121 Air pollution could alter intercellular communication by extracellular vesicles (EVs), such as MVs, 

122 that can transfer miRNAs between tissues (Pavanello et al. 2016). Rodosthenous et al. investigated 

123 relationship between short-, intermediate-, and long-term exposures to PM and levels of EV-miRNAs 

124 in a cohort of healthy adults. The profile of 800 miRNAs was screened using Nanostring 

125 Technologies' nCounter assay that revealed an association between long-term ambient PM exposure 
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126 is also associated with increased disrupting background levels of somesixteen EV-extracellular 

127 vesicle (EV) miRNAs circulating in serum; in silico analysis showed that their which target genes 

128 (for example interleukin 6 - IL-6, C-X-C motif chemokine ligand 12 - CXCL12, vascular cell 

129 adhesion molecule 1 - VCAM-1, cluster of differentiation 40 - CD40, platelet derived growth factor 

130 subunit beta - PDGFB, etc.) are linked relevant to CVD-related pathways, such as oxidative stress, 

131 inflammatory response,ion and atherosclerosis, toll-like receptor (TLR) etc. (Rodosthenous et al. 

132 2016). Among these miRNAs, miR-146a-5p is an important regulator of pro-inflammatory cytokines 

133 such as interleukin-6 (IL-6) via the NFkB pathway; moreover, this miRNA targets tumor necrosis 

134 factors (TNF)-receptor associated factors 6 (TRAF6) and interleukin 1 receptor associated kinase 1 

135 (IRAK1), proteins that are part of the cluster of differentiation 40 (CD40) signaling pathway, which 

136 serves an important role in cellular communication during inflammatory responses ; miR-23a-3p 

137 interacts with C-X-C motif chemokine ligand 12 (CXCL12), which has been reported to regulate 

138 inflammation; miR-126a-3p is associated with vascular cell adhesion molecule 1 (VCAM-1) 

139 expressed by endothelial cells in response to inflammation and plays a critical role in recruiting 

140 leukocytes with implications for vascular inflammation and atherosclerosis ; miR-150-5p interacts 

141 with platelet derived growth factor subunit beta (PDGFB), a protein expressed by smooth muscle 

142 endothelial and epithelial cells that plays a central role in cell proliferation and has been implicated 

143 in inflammatory responses and atherosclerosis; let-7g and miR-130-3p target other cytokines, such 

144 as colony stimulating factor 1 (CSF1) and collagen type I alpha 2 chain (COL1A2), mediating 

145 communication between immune cells in the inflammatory process  (Rodosthenous et al. 2016).

146 Prenatal exposure to PM has been associated with fetal growth restriction, low birth weight, preterm 

147 birth (Gianicolo et al. 2012; Gianicolo et al. 2014), and cause adverse health outcomes in adulthood. 

148 Maternal exposure to air pollution has been suggested to adversely affect pregnancy by inducing 

149 oxidative stress and inflammation, which may result in impaired placental angiogenesis (van den 

150 Hooven et al. 2012). In utero, PM exposure during different periods of gestation affects miRNAs 

151 levels. In a recent study of Tsamou and colleagues, miRNA expression was analyzed by qRT-PCR 
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152 in 210 placental tissues from mother-newborn pairs. The results indicated that miR-21-5p, miR-146a-

153 5p, and miR-222-3p were inversely associated with PM exposures during the second trimester of 

154 pregnancy, while placental expression of miR-20a-5p and miR-21-5p was positively associated with 

155 first trimester exposure. In silico prediction tools showed that aA common putative target of these 

156 miRNAs is the tumor suppressor PTEN, involved in many key cellular processes by negatively 

157 regulating PI3K/Akt pathway related to cell survival, cell cycle, angiogenesis, and metabolism 

158 (Kitagishi & Matsuda 2013) that was validated measuring its expression by qRT-PCR in a subset of 

159 the same cohort. miR-21-5p, miR-20a-5p, and miR-222-3p were inversely correlated with PTEN, 

160 confirming the miRNA-PTEN co-expression in placental tissue (Tsamou et al. 2018).  

161 Metal rich-PM. PM also contains carcinogenic and toxic heavy metals, which can induce epigenetic 

162 modifications. Metals are one of the most important factors causing cardiovascular and respiratory 

163 diseases due to systemic activation of pro-inflammatory pathways occurring after exposure (Mercorio 

164 et al. 2017).

165 A cohort study conducted by Bollati et al. analyzed blood miRNA profile of steel plant workers; the 

166 samples were collected at the beginning and at the end of the working week. The analysis through 

167 qRT-PCR showed that miR-21-5p and miR-222-3p were significantly increased in leukocytes after 

168 three high metal-rich PM exposure workdays. Moreover, miR-21-5p level was positively correlated 

169 with 8-hydroxy-guanine (8-OH-dG), indicating a relationship with oxidative stress. Also 

170 bioinformatic analysis confirmed that these specific miRNAs are involved in pathways related to 

171 oxidative stress and inflammation, such as mitogen-activated protein kinase (MAPK) signaling, 

172 chemochine signaling pathway, transforming growth factor-β (TGFβ), TLR, and other signaling 

173 pathways related to general function (focal adhesion, apoptosis, etc.) (Bollati et al. 2010). Afterwards, 

174 another study done again by Bollati et al. investigated whether PM and metal-rich PM alter MVs 

175 signaling. The results showed that the expression of miR-128 and miR-302c was significantly 

176 overexpressed after three days of workplace PM exposure compared with the beginning of the 

177 working week. The authors suggested that these pollutants could affect MVs-associated miRNAs, 
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178 representing a novel mechanism of air pollution toxicity. Bioinformatic approaches revealed that 

179 nuclear factor kappa B (NFkB) was found to be a central molecule in the networks of both miRNAs, 

180 which also regulated gene expression linked with CVD (Bollati et al. 2015). Additionally, the effect 

181 of metal-rich PM was evaluated in a subset of the same study population identifying four PM-

182 sensitive miRNAs (miR-29a-3p, miR-146a-5p, miR-421, and let-7g-5p) 

183 The effect of metal-rich PM in foundry workers identified four PM-sensitive miRNAs (miR-29a, 

184 miR-146a, miR-421, and let-7g) that were differentially expressed in post-exposure compared with 

185 baseline samples and seem to be implicated in the inflammatory processes. A quantitative PCR was 

186 performed to examine mRNA expression of eighteen predicted target genes of the dysregulated 

187 miRNAs. Notably, miR-29a-3p negatively correlates directly interacts with PTEN mRNA, let-7g-5p 

188 interacts with NFkB and transforming growth factor-β (TGFβ), miR-146a-5p targets as many as eight 

189 mRNAs, from which a complex network of interactions originates that converge to ultimately 

190 influence TGFβ mRNA expression, miR-421 negatively correlates with interferon alpha receptor 

191 subunit 2 (IFNAR2) mRNA expression and positively with endothelial nitric oxide synthase (eNOS) 

192 and platelet derived growth factor receptor (PDGFR). All of these interactions promote a pro-

193 inflammatory response leading potentially to several diseases, including CVD and respiratory illness 

194 (Motta et al. 2013).

195 The environmental impact on spermatogenesis is also an important issue, influencing male 

196 reproductive health. Li et al. assessed expression of miRNAs  Iin spermatozoa of men living in areas 

197 polluted from electronic waste compared with men living in a non-polluted site. Microarray analysis 

198 identified 182 dysregulated miRNAs and only eleven of these were further validated by qRT-PCR. 

199 This analysis showed that miRNA level expression was differentially altered (miR-10b-5p, miR-33b-

200 5p, miR-106a-5p, miR-155-5p, miR-183-5p, miR-205-5p, miR-208a, miR-222-3p, miR-223-3p were 

201 up-regulated while miR-363-3p and let-7d-5p were down-regulated) in the polluted group than the 

202 control one from men living in a non-polluted site. Cluster aAnalyses  showed displayed that miR-

203 10b-5p and let-7d-5p were linked to spermatogenesis, leading to possible male reproductive disorder, 
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204 and that the most significant signal was for the Notch signaling pathway (Yan Li et al. 2012) which 

205 plays a major role in the regulation of embryonic development and promotes proliferative signaling 

206 during neurogenesis (Pierfelice et al. 2011). and that disruption of miR-10b and let-7d effect 

207 spermatogenesis, leading to possible male reproductive disorder (Yan Li et al. 2012).

208 Diesel exhaust particles (DEP). Long-term exposures to DEP, the main source of genotoxic 

209 substances in urban areas, can contribute to chronic outcomes, such as cardiovascular, metabolic, and 

210 respiratory diseases (Rider & Carlsten 2019).

211 Rider et al. analyzed the bronchial brushings miRNA expression levels of fifteen subjects with atopy 

212 carrying out a double-blinded crossover study. The objective of their study was to determine whether 

213 exposure to allergen, or DEP, or coexposures modulated miRNA profile that  was examined applying 

214 Nanostring Technologies' nCounter assay. They found a weak relationship between miRNAs and 

215 DEP exposure, but miR-183-5p, miR-324-5p, miR-132-3p, and miR-331-3p were significantly 

216 associated with allergen exposure. Bioinformatic analysis showed a negative correlation both for 

217 miR-132-3p with cyclin-dependent kinase inhibitor 1A (CDKN1A) and miR-183-5p with human 

218 leukocyte antigen A (HLA-A) (Rider et al. 2016).

219 After DEP exposure, miR-132-3p was up-regulated and miR-183-5p was down-regulated, inducing 

220 asthma and other respiratory diseases. miR-183-5p, which was significantly repressed following 

221 allergen exposure, targets forkhead box O1 (FOXO1), a transcription factor crucial in responding to 

222 oxidative stress. miR-132-3p works as a repressor of cyclin-dependent kinase inhibitor 1A 

223 (CDKN1A). It encodes its inhibitor (p21), which regulates cell proliferation by binding to cyclin- 

224 CDK complexes. In short, reduced CDKN1A expression could promote dysregulation of cell cycle 

225 control, increased epithelial cell apoptosis, and activity of pro-inflammatory pathways (Rider et al. 

226 2016). 

227 Adverse health effects associated with DEP exposure could be mediated in part by oxidative stress. 

228 Yamamoto and colleagues described an association between miR-144 and oxidative stress. The 

229 randomized crossover design of the study included thirteen When subjects with mild asthma were 
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230 exposed to DEP. miRNA profiling using Nanostring nCounter assay showed increased levels of 

231 miR-21-5p, miR-30e, miR-215, and miR-144 in their peripheral blood. The validation phase by qRT-

232 PCR confirmed a significant up-regulation of miR-144. To investigate the biological function of miR-

233 144, the authors conducted a PCR analysis that showed a negative association of nuclear factor, 

234 erythroid-derived 2 (NRF2) and its downstream antioxidant genes with miR-144. The latter was also 

235 positively correlated with 8-OH-dG (Yamamoto et al. 2013)., miR-144 was found upregulated in 

236 their peripheral blood  and thus, associated with oxidative stress. This miRNA targets nuclear factor, 

237 erythroid2 like 2 (NRF2FE2L2),  is a transcription factor regulating the cellular responses to oxidative 

238 stress (Sangokoya et al. 2010).In fact, NFE2L2 that regulates the expression of detoxifying enzymes, 

239 determining an adaptive response to oxidant pollutants exposure (Lodovici & Bigagli 2011) 

240 (Yamamoto et al. 2013). 

241 Traffic-related air pollution (TRAP). Road transport contributes considerably to air quality problems 

242 through vehicle emissions and leads to adverse cardiorespiratory effects including exacerbation of 

243 asthma, reduced lung function, myocardial infarction, cardiovascular mortality, and 

244 neurodegenerative diseases (Matz et al. 2019). 

245 Krauskopf et al. investigated the relationship between TRAP exposure and miRNAs expression in 24 

246 non-smoking participants using next-generation sequencing technology. In this an randomized 

247 experimental crossover study, twenty-four  comparison of subjects who walked for 2 hours along 

248 Oxford Street in London and then, in a separate session, for other 2 hours through traffic-free Hyde 

249 Park. The plasma miRNA profile of the two different sessions was comparedwith that of the same 

250 subjects who walked, in a separate session, for 2 hours through traffic-free Hyde Park, miRNA 

251 expression pattern showed  and decreased levels of miR-27a-5p, miR-133a-3p, miR-145-5p, miR-

252 193b-3p, miR-433-3p, miR-580-3p, miR-6716-3p, and increased levels of miR-1224-5p and miR-

253 3127-5p were observed for the TRAP exposure samples. Further bioinformatic analysis indicated 

254 showed that the potential targets of these miRNAs included were genes involved in CVD, respiratory 

255 diseases, cancer-related pathways (breast cancer, non-small cell lung cancer, etc.), and signaling 
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256 pathways such as the PI3K-Akt and p53 (Krauskopf et al. 2018). As an example, miR-145-5p inhibits 

257 growth and migration of breast cancer and it has also been identified to inhibit the proliferation of 

258 non-small cell lung cancer cells by targeting the oncogene c-Myc , while miR-1224- 5p, silences 

259 leucine-rich repeat kinase 2 (LRRK2), a crucial factor known to be down-regulated during 

260 pathogenesis of Parkinson's disease (J.-Q. Li et al. 2014)(Krauskopf et al. 2018).

261 Ozone (O3). Ozone is a secondary air pollutant associated with various adverse health effects, 

262 predominantly attributable to respiratory diseases (Zhang et al. 2019). 

263 Fry et al. analyzed tThe sputum of healthy non- asthmatic subjects collected before and after exposure 

264 to O3 for 2 hours was analyzed using a microarray approach. and Tthe results showed that O3 

265 significantly increased the levels of ten seven miRNAs (miR-25-3p, miR-132-3p, miR-143-3p, miR-

266 145-5p, miR-199a-3p, miR-199b-5p, miR-222-3p, miR-223-3p,and miR-434-5p, and miR-582-5p) 

267 that, according to computational prediction, are involved in inflammation process and immune-

268 related diseases. In inflammation response, miR-222 is known to be related to neutrophil 

269 hyperactivity and granulocyte development targeting myocyte enhancer factor 2C (MEF2C), a 

270 transcription factor that promotes myeloid progenitor proliferation, miR-143 plays a role in neutrophil 

271 influx , and miR-145-5p is linked to several physiological features of asthma. In immune response, 

272 miR-199b-5p directly regulates the nuclear factor of activated T cells (NFAT) pathway , miR-132-

273 3p effects interferon-stimulated gene expression , and miR-434-5p and miR-25-3p regulate immune 

274 cell differentiation Moreover, human monocyte-derived macrophages were used in an in vitro model, 

275 in order to validate the dysregulation of miR-145-5p and miR-199b-5p and their mRNA targets. 

276 Cyclin D1 (CCND1) and v-myc avian myelocytomatosis viral oncogene homolog (MYC) showed a 

277 significant decreased expression which demonstrate the induced effect of O3 on these two miRNAs 

278 and their targets (Fry et al. 2014).

279

280 miRNAs affected by organic chemicals 

Page 11 of 49

URL: http://mc.manuscriptcentral.com/cije  Email: ijehr-els@salford.ac.uk

International Journal of Environmental Health Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

12

281 Polycyclic Aromatic Hydrocarbons (PAHs). Exposure to PAHs, environmental pollutants formed 

282 during the incomplete combustion of organic materials, may generates various adverse health 

283 outcomes, such as respiratory diseases and some cancers (Kim et al. 2013). Moreover, PAHs could 

284 be an additional risk factor for impaired vascular health and atherogenic processes that gradually lead 

285 to CVD (Kim et al. 2013; Xu et al. 2013). Results from the human studies concerning miRNA 

286 alteration after organic chemical exposure are shown in Table 2. 

287 Insert Table 2 about here.

288 Ruiz-Vera and colleagues in their cross-sectional study assessed pPlasma levels of vascular-related 

289 miRNAs in women exposed to PAHs via biomass combustion smoke (using wood as a fuel source in 

290 their house). After qRT-PCR analysis, they found had higher levels of miR-126a-3p and miR-155-5p 

291 in this group compared to than women not exposed to PAHs. Bioinformatic analysis to predict the 

292 target genes and pathways of miR-126a-3p and miR-155-5p showed a possible relationship with 

293 cardiovascular events, notably in the progression of atherosclerosis; in fact the predicted target 

294 genes/pathways are linked to inflammation, vascular endothelial health, and other similar pathways 

295 (Ruiz-Vera et al. 2019). These miRNAs are important regulators in the progression of atherosclerosis. 

296 miR-126 is involved in angiogenesis via vascular endothelial growth factor (VEGF) pathway (Nicoli 

297 et al. 2010) and is associated with the vascular smooth muscle cell turnover related to atherosclerotic 

298 plaque thinning (Zhou et al. 2013). miR-155 is classified as a pro-inflammatory agent regulating 

299 inflammation-related genes and is related to macrophage foam cell formation in atherosclerotic 

300 lesions (Nazari-Jahantigh et al. 2015) (Ruiz-Vera et al. 2019).

301 Additionally, PAHs are metabolically activated to form stable PAH-DNA adducts and cause DNA 

302 oxidation. This event may lead to DNA damage, a common cause of cancer (Xue & Warshawsky 

303 2005). In this sense, in the study of Deng et al. exposure to relatively high concentrations of PAHs 

304 lead to altered miRNAs expressions in previously healthy coke oven workers relative to control 

305 groups. Specifically, As a result of PAHs exposure, only miR-150-5p was up-regulated, while the 

306 down-regulation of four miRNAs (miR-24-3p, miR-27a-3p, miR-142-5p, and miR-28-5p) were 
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307 down-regulated. These four miRNAs regulated genes that could protect against adverse effects of 

308 PAH exposure and the increased level of miR-150-5p is linked to a decreased immune response 

309 (Deng et al. 2014). miR-24-3p negatively regulates H2AX, which encodes a protein crucial for 

310 double- stranded break repair; thus, reduced expression of this gene might increase cellular sensitivity 

311 to DNA-damaging agents and genomic instability (Lal et al. 2009). miR-27a-3p can be down-

312 regulated by reactive oxygen species and may enhance transcription factor II human (TFIIH), which 

313 is involved in DNA repair processes. In this regard, exposure to PAHs results in an increased DNA 

314 repair capacity and decreased chromosome damage . miR-142-5p down-regulation can lead to up-

315 regulation of signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) and to 

316 increase T-cell function and IgG production; it may protect individuals against the deleterious effects 

317 of PAHs . The down-regulation of miR-28 may elevate the expression of NFE2L2 and may protect 

318 cells from DNA damage. As a result of PAH exposure, only miR-150-5p was up-regulated; it is a key 

319 regulator of c-Myb, an important gene for immune cell differentiation and activation. miR-150-5p 

320 deficiency can lead to an enhanced immune response; therefore, miR-150-5p up-regulation may 

321 decrease immune response to PAH exposure and make subjects more susceptible to their dangerous 

322 effects (Xiao et al. 2007)(Deng et al. 2014).  

323 Polychlorinated biphenyls (PCBs). Polychlorinated biphenyls PCBsare considered a class of toxic 

324 aromatic chemical compounds that bio-accumulate specially in the fatty tissue of humans and animals 

325 (Lignell et al. 2016). 

326 Several studies investigated the association between PCBs and miRNAs are linked to increased risk 

327 of multiple types of cancer, including non-Hodgkin lymphoma (Engel et al. 2007; Vrijheid et al. 

328 2016). 

329 Krauskopf et al. reported that PCBs exposure can lead to various type of cancer in humans. In their 

330 population-based study, PCBs serum levels and other persistent organic pollutants were assessed in 

331 healthy subjects and microarray analysis identified a total of 93 miRNAs were found significantly 

332 associated (53 positively and 40 negatively) with PCBs exposure. The miRNA profile integration 
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333 with transcriptome profile displayed an interaction with oncogenes such as MYC, CCND1, B-cell 

334 lymphoma 2 (BCL2) and vascular endothelial growth factor A (VEGFA). The predicted target genes 

335 were related to various types of human cancer and involved in signaling pathways like Wnt, 

336 apoptosis, and cell cycle regulation (Krauskopf et al. 2017). AmongThe most positively correlated 

337 miRNAs, namely  these, some miRNAs, such as miR-29a, miR-31-5p, miR-34a-5p, miR-152, and 

338 miR-193a-3p, were indicated as tumor suppressors miRNAs (Misso et al. 2014; Liang et al. 2015; 

339 Yan et al. 2015; Kim et al. 2015; Liu et al. 2016). for example, miR-29a represses a total of eight 

340 gene targets, including the lymphoma-related genes, CCND1 and BCL2 (Krauskopf et al. 2017). 

341 PCBs exposure may also be attributed to birth defects and embryonic development delays (Vrijheid 

342 et al. 2016). Healthy pregnant women living in an area polluted with PCBs who underwent 

343 therapeutic abortion due to fetal malformations had PCBs blood concentrations that correlated with 

344 miR-191-5p up-regulation compared with women living in a non-polluted area who had a healthy 

345 pregnancy. Furthermore, a PCR analysis showed Up-regulation of miR-191 leads to the down-

346 regulation of aryl-hydrocarbon receptor repressor (AHRR), C-terminal binding protein 1 (CTBP1) 

347 and Fas cell surface death receptor (FAS) in peripheral blood cells (Guida et al. 2013). miR-191-5p 

348 has as sequence complementary to the 3′-UTR region of these genes that are involved in pathways 

349 related to immune and inflammatory effects which can inducinge oxidative stress, immunotoxicity, 

350 and cancer (Pradhan et al. 2011; Tao et al. 2012; Yuan-fang Li et al. 2012). Thus, these changes along 

351 with the dangerous effects of PCBs in the CTBP1, FAS and AHRR protein expression can interfere 

352 with normal development and health conditions. In the study of Li and colleagues, in order to examine 

353 the association between miRNAs and some pollutants, healthy placental tissues were collected from 

354 a birth cohort. A positive association between PCBs and miR-1537 expression level was found in 

355 placental samples, suggesting that miRNA profiles may signal in utero exposure to environmental 

356 chemicals. The target of miR-1537 is N-Myc gene, which regulates cell growth, proliferation, and 

357 apoptosis. It encodes MYCN proto-oncogene protein, whose overexpression can lead to 

358 tumorigenesis(Li et al. 2015). 
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359 Phthalates and phenols. Phthalates and phenols are two classes of potential endocrine disrupting 

360 chemicals present in the environment, consumer products, and food, which are mainly associated 

361 with adverse female fertility outcomes (Vrijheid et al. 2016). In the study of Martinez et al. 

362 Eenvironmental exposure to phthalates and phenols with EV-miRNA profiles was evaluated in 

363 follicular fluid of 130 women who provided urine samples during ovarian stimulation. This cross-

364 sectional study showed an altered expression of eEight EV-miRNAs (miR-15b-5p, miR-19a-3p, miR-

365 24-3p, miR-125b-5p, let-7c, miR-106b-5p, miR-374a-5, and miR-375) were found associated  linked 

366 to with phenols and phthalate concentrations. Specifically, miR-15b-5p, miR-19a-3p, miR-24-3p, 

367 miR-125b-5p, and let-7c were up-regulated, while miR-106b-5p, miR-374a-5, and miR-375 were 

368 down-regulated. In silico analysis revealed that the potential target genes of mMost of these miRNAs 

369 might be involved in were associated with follicular development and oocyte maturation and function, 

370 highlighting the potential effect of phenols and phthalates exposure on female fertility. Some putative 

371 pathways regulated by these miRNAs are TGFβ, phosphoinositide-3-kinase/protein kinase B 

372 (PI3K/Akt), forkhead box O (FOXO), MAPK, p53, epidermal growth factor receptor (EGFR), and 

373 janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling pathways 

374 (Martinez et al. 2019). La Rocca et al. reported that the exposure to phthalates and phenols during 

375 pregnancy may influence several biological processes implicated in placental and fetal health. In their 

376 study, tThe associations between first-trimester urine concentrations of phenols and phthalates 

377 metabolites and expression of candidate miRNAs in placenta showed a down-regulation of miR-185 

378 in response to phthalates exposure and down- regulations of miR-15a-5p and miR-142-3p in response 

379 to phenols. These miRNAs, according to in silico analysis, are related with regulate protein 

380 serine/threonine kinase Akt activity, a major component of the apoptotic pathway, the insulin like 

381 growth factor receptor signaling pathway, metencephalon development, and embryonic epithelial 

382 tube formation This indicates that prenatal phthalate and phenol exposure may interfere with several 

383 biological processes that have been implicated in placental and fetal healt (LaRocca et al. 2016).
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384 Among phthalates and phenols, bisphenol A (BPA) was reported to affect neurological, 

385 cardiovascular, and metabolic diseases (such as diabetes), cancers, and have harmful consequences 

386 for the developing fetus (Ikezuki et al. 2002; Jedeon et al. 2013). A cohort of pregnant women 

387 exposed to BPA was enrolled in a case-control study carried out by De Felice et al., in order to 

388 investigate miRNA changes.In placentas from pregnant women exposed to BPA, Microarray analysis 

389 showed the altered profile of eighteen miRNAs; the verification of their dysregulated expression by 

390 qRT-PCR revealed a significant overexpression of miR-146a-5p was overexpressed compared to a 

391 control group. Functional significance of this miRNA was evaluated applying bioinformatic analysis 

392 and suggested that This miR-146a-5pNA is probably associated to neural disease genes (interleukin 

393 1 receptor associated kinase 1- IRAK1, sortilin 1- SORT1 etc.), endocrine system genes pathway 

394 (TP53 regulating kinase), cardiovascular disease genes (ABL2) and cancer-related pathways (EGFR, 

395 p53, toll-like receptor- TLR) (De Felice et al. 2015). 

396 Organophosphorus pesticides (OP). Organophosphorus pesticides are heavily used in agriculture, 

397 but chronic OP exposure is implicated in many adverse health outcomes, such as neurological and 

398 respiratory effects (Almeida et al. 2019). In a longitudinal study involving 27 farmworker and non-

399 farmworker adults, Weldon et al. examined the effect of pesticide exposure on uUrinary miRNAs 

400 expression. The samples were collected during two agricultural seasons (thinning and post-harvest).s 

401 linked to pesticide exposure from 27 parent/child, farmworker/non-farmworker pairs collected during 

402 two agricultural seasons (thinning and post-harvest) were assessed. They found s Significant 

403 differences in the miRNA profiles of six miRNAs (miR-28-5p, miR-133b, miR-223-3p, miR-517b-

404 3p, miR-518d-3p, miR-597) were found in between farmworker and non-farmworker adults, as well 

405 as between seasons. Six miRNAs (miR-28-5p, miR-133b, miR-223-3p, miR-517b-3p, miR-518d-3p, 

406 miR-597), some of which are involved in neurological functions including neurotransmitter activity 

407 and receptor binding, were positively associated withadults farmworkers status during the post-

408 harvest season, indicating that they may be novel biomarkers of pesticide exposure and early 

409 biological response. Bioinformatic analysis identified that miR-28-5p was has been associated with 
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410 acetylcholine binding, acetylcholinesterase, and cholinesterase activity and that miR-517b, miR-

411 518d-5p, and miR-597 were associated with target genes involved in neurological functions including 

412 neurotransmitter activity and receptor binding (Weldon et al. 2016). 

413 miR-223-3p modulates activities of cytochrome P450 family 3 subfamily A member 4 (CYP3A4) 

414 and cytochrome P450 family 2 subfamily E member 1 (CYP2E1) genes, which are responsible for 

415 the breakdown of many toxic environmental chemicals and carcinogens that enter the body, in 

416 addition to basic metabolic reactions such as fatty acid oxidations . miR-133b impairs the expression 

417 of glutathione-S- transferase pi 1 (GSTP1), an important factor for fulfilling protective and 

418 detoxifying functions in tumor cells  miR-517b, miR-518d-5p, and miR-597 are associated with target 

419 genes involved in neurological functions including neurotransmitter activity and receptor binding 

420 (Weldon et al. 2016).

421

422 miRNAs affected by heavy metals  

423 Arsenic (As). Human exposure to high As concentration, a toxic metalloid widely distributed in the 

424 environment, is related to many health disorders, mainly CVD and cancer (Vrijheid et al. 2016; 

425 Rehman et al. 2018). Many epidemiological studies have shown evidence that exposure to inorganic 

426 As could have harmful effects on the cardiovascular system of humans, such as ischemic heart failure, 

427 cardiac arrhythmias, and endothelial dysfunction (Stea et al. 2014). Results of the described studies 

428 are displayed in Table 3.

429 Insert Table 3 about here.

430 In a cross-sectional study by Pérez-Vázquez et al. Research has found a significant negative 

431 association between urinary As concentration and plasma miR-126-3p levels in Mexican children 

432 was found (Pérez-Vázquez et al. 2017). Other studies indicate that miR-126-3p is the most abundant 

433 miRNA in endothelial cells that contributes to regulate vascular integrity and developmental 

434 angiogenesis besides to be involved in many cardiovascular pathways; this makes miR-126-3p down-
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435 regulation an early biomarker of CVD diseases (Fish et al. 2008; Wei et al. 2013) (Pérez-Vázquez et 

436 al. 2017). 

437 Accumulated evidence suggests that the bladder epithelium may be one of the primary targets of As-

438 induced carcinogenesis. Michailidi et al. analyzed Uurine samples from subjects exposed to different 

439 level of As, showing miR-200c-3p and miR-205-5p inversely associated with As exposure compared 

440 to unexposed controls. Moreover, the authors validated the expression of these miRNAs in urine 

441 samples from patients with urothelial carcinoma in comparison with controls without cancer. The 

442 results displayed a low expression of miR-205-5p, suggesting its potential use as biomarker for 

443 bladder cancer (Michailidi et al. 2015). Both of these miR-200c-3p and miR-205-5pNAs have tumor 

444 suppressive functions. miR-200c-3p can reverse epithelial mesenchymal transition via regulation of 

445 zinc finger E-box-binding homeobox 1 (ZEB1) and ZEB2 (Wellner et al. 2009). Hence, these 

446 miRNAsBoth miR-200 and miR-205 may play a role in the tumor initiation and progression 

447 (Michailidi et al. 2015).

448 A case-control study conducted by Banerjee et al. investigated peripheral blood mononuclear cell 

449 (PBMC) miRNA profile of individuals chronically exposed to As through drinking water 

450 (experimental group) and in unexposed control. The experimental group was divided into subjects 

451 with As induced skin lesions and skin cancer and those without any skin lesions. The Llevels of miR-

452 21-5p, analyzed by qRT-PCR, were up-regulated in individuals with skin lesions exposed to As 

453 compared to the control group and were higher in those with skin lesion than the no-skin lesion 

454 subgroup.  through drinking water; itTo our knowledge, this was one of the few studies that 

455 experimentally analyzed, by Western blot analysis, miRNA targets (Banerjee et al. 2017). miR-21-

456 5p has been designated as a miRNA associated with carcinogenic outcomes (Sun et al. 2014) due to 

457 its direct genes targets, PTEN and programmed cell death 4 (PDCD4), that were found to be inversely 

458 correlated to miR-21-5p expression. Again, as expected, the expression of survival protein increased 

459 a neoplastic transformation inhibitor (Banerjee et al. 2017). All these results were also validated 

460 through an in vitro experiment that showed similar trends (Banerjee et al. 2017). 
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461 In another multi-stage study, Sun et al. assessed the levels of 754 miRNAs in the plasma of subjects 

462 exposed to As through coal-burning. The expression of 74 miRNAs was dysregulated by using 

463 microarray, and twelve were further analyzed by qRT-PCR. The levels of four miRNAs (miR-21-5p, 

464 miR-145, miR-155-5p and miR-191-5p) were higher in Differential expression of plasma miRNAs 

465 between people exposed to As through coal-burning and compared to a control group.  showed an 

466 up-regulation of four miRNAs (miR-21, miR-145, miR-155 and miR-191) which  Bioinformatic tools 

467 showed that these miRNAs inhibit the target genes of pathways linked to oxidative stress, DNA 

468 damage repair, and immune inflammation. miR-21-5p targets were MAPK, JAK/STAT, and 

469 chemokine pathways which may be involved in chronic arsenic poisoning. The signaling pathways 

470 related to miR-145 target genes were MAPK signaling, associated with oxidative stress, and the 

471 FOXO signaling pathway, involved in various types of diseases. miR-155-5p and mir-191-5p are 

472 involved in changes in the MAPK, PI3K/Akt, and tumor necrosis factors (TNF) pathways (Sun et al. 

473 2017). 

474 In utero exposures to As can harm the developing fetus, increase risk of spontaneous abortionsdisrupt 

475 host defenses, and lead to deleterious health outcomes (Farzan et al. 2013). Rager et al. conducted a 

476 study in which 40 cord blood samples were selected from mother-newbors pairs from a pregnancy 

477 cohort exposed to As. Cord blood samples from prenatal exposure to As Microarray analysis 

478 revealedsulted in an increased expression of twelve miRNAs (miR-16-5p, miR-17-5p, miR-20a-5p, 

479 miR-20b-5p, miR-26b-5p, miR-96-5p, miR-98-5p, miR-107, miR-126-3p, miR-195-5p, miR-454-3p, 

480 let-7a-5p) associated with As exposure. Then, qRT-PCR was performed, considering only those 

481 miRNAs highly involved in disease-associated signaling network, namely miR-107 and miR-26b-5p. 

482 The analysis conducted on a subcohort of ten subjects confirmed the microarray results. The twelve 

483 analyzed miRNAs, in line with bioinformatic analysis, were linked toinvolved in immune response 

484 signaling pathways, such as triggering receptor expressed on myeloid cells 1 (TREM1), TLR, 

485 interferon signaling, protein kinase C theta (PRKCQ) signaling in T lymphocytes and B cell receptor 

486 signaling (Rager et al. 2014). Some of these miRNAs also have As-related health outcomes including 
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487 cancer (let-7a-5p, miR-16-5p, and miR-20b-5p) (Lui et al. 2007; Cascio et al. 2010) and diabetes 

488 mellitus (miR-107, miR-126-3p) (Guay et al. 2011). (Rager et al. 2014).

489 Lead (Pb). Lead Pb is a cumulative toxic metal that affects multiple body systems and is associated 

490 with numerous toxic events, such as CVD and chronic kidney disease (Rehman et al. 2018). 

491 A cross-sectional study assessed tThe relation association between heavy metals, microalbuminuria 

492 (a marker of vascular and renal damage), and miRNAs was analyzed in adolescents, showing that 

493 urinary Pb and As levels were correlated with miR-21. No relationship between heavy metals and 

494 microalbuminuria was found, but urinary Pb and As levels were correlated with miR-21-5p that was 

495 also associated with microalbuminuria. It was postulated that this miRNA was protective against the 

496 development of albuminuria (a marker of vascular and renal damage) as it inhibited apoptosis of 

497 podocytes. But, The results showed that miR-21-5p might be involved in the pathogenetic 

498 mechanisms linking heavy metal exposure and albuminuria (Kong et al. 2012).

499 Exposure to Pb may also contribute to increased risk of spontaneous abortion and preterm delivery, 

500 disrupting processes involved in normal development (Silbergeld & Patrick 2005). 

501 Sanders et al. examined the association between metal levels and the expression of 74 miRNAs using 

502 Nanostring nCounterassay. In their cohort study, pregnant women were enrolled. Maternal Pb and 

503 mercury (Hg) exposure in the cervix during the second trimester of pregnancy have determined shown 

504 a decreased expression of miR-575 and miR-4286 in the cervix cells in relation to Pb levels of tibial 

505 bone, while seventeen miRNAs were found to be negatively associated with toenail Hg levels. 

506 Functional analysis revealed that Tthese miRNAs associated to Hg were implicated in reproductive 

507 system development and morphology, and Pb-associated gene targets were enriched for 

508 preeclampsia.organismal, cellular, and cardiovascular system development, as well as cell cycle, 

509 cancer, and gene expression. Notably, miR-125b, miR-205, and let-7 were involved in various human 

510 cancers and directly regulate some oncogenes, including PTEN, p53, and RAS. Other impacted  

511 Furthermore, these miRNAs have known impacts on a number of cell cycle and proliferation 

512 pathways that could affect parturition and the reproductive system in general. In particular, miR-4286 
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513 is predicted to target three genes involved in aryl-hydrocarbon receptor (AHR) signaling pathway 

514 (Sanders et al. 2015), which plays a critical role in the has a role in the processes of female 

515 reproductive system (Hernández-Ochoa et al. 2009)., including AHR repressor, prostaglandin E 

516 synthase 3 (PTGES3), and tumor protein p73 (Sanders et al. 2015). Again,  In the study of Li et al., 

517 already described above, some miRNAs were altered following Pb exposure in placenta samples. 

518 Down-regulation of  MiR-10a-5p, miR-146a-5p, miR-190b, miR-431-5p and, let-7f-5p were found 

519 to be down-regulated, while miR-651 was up-regulated, suggesting the potential role of miRNAs as 

520 markers of prenatal environmental exposures (Li et al. 2015). Literature analysis indicated that miR-

521 146a-5p which targets genes involving in TLR pathway (tumor necrosis factors-receptor associated 

522 factors 1- TRAF1 and IRAK1) genes that are involved in TLR pathway, that play a key role in the 

523 innate immune response indicates a host-cell-mediated immune activation in response to Pb (Saba et 

524 al. 2014). Down-regulation of let-7f plays a critical role in early development, primarily by driving 

525 cell differentiation.Dysregulation of miR-190b has been speculated to lead to several mental disorders 

526 due to its regulation of Neuregulin 3 (NRG3)-mediated inhibitory control processes of the amygdala 

527 (Pietrzykowski & Spijker 2014). 

528 Mercury (Hg). Environmental and occupational Hg exposure can occur due to mining and pollution 

529 and may cause serious health risks in the cardiovascular, nervous, and immune systems (Vrijheid et 

530 al. 2016; Rehman et al. 2018). 

531 The expression of miRNAs in plasma samples was evaluated in a case-control study carried out by 

532 Ding and colleagues involving workers occupationally exposed to Hg, divided into chronic Hg 

533 poisoning group, Hg absorbing group, and control group in a Hg thermometer plant. The authors used 

534 miRNA microarray to investigate the expression of 418 miRNAs in these groups and the results 

535 showed that four miRNAs (miR-16-5p, miR-30c-3p, miR-181a-5p and let-7e-5p) were down-

536 regulated and four miRNAs (miR-92a-3p, miR-122-5p, miR-451a and miR-486-5p) were up-

537 regulated in the Hg poisoning group compared to the other two. High levels of miR-92a-3p and miR-

538 486-5p in the mercury poisoned group were confirmed by qRT-PCR (Ding et al. 2016).Since Hg 
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539 exposure in female workers affected miR-92a-3p and miR-486-5p expression, these miRNAs could 

540 be used as biomarker for Hg exposure.  Literature analysis showed that Up-regulation of miR-92a is 

541 linked to endothelial dysfunction which causes the formation of atherosclerotic lesions targeting 

542 eukaryotic ribosome biogenesis protein (ERB1); up-regulation of miR-486 may beis linked to 

543 inflammatory diseases through the enhancement of NFkB activation associated with Hg poisoning 

544 (Song et al. 2013). (Ding et al. 2016). 

545 Several studies have found that high prenatal exposure to Hg for reproductive females has been 

546 related with increased preterm birth risk and other adverse birth outcomes (Silbergeld & Patrick 

547 2005). In the aforementioned study of Li et al., Sseventeen miRNAs were down-regulated in response 

548 to high levels of Hg in human placentas, including some let-7 family members which may indicate a 

549 state of disrupted placental development in response to chemical exposures (Li et al. 2015). 

550 Chromium (Cr). Chromiumr is naturally found in rocks and soil, it can be liquid, solid or gas and 

551 exists in various oxidation states. Epidemiological studies have suggested that Cr exposure may be 

552 linked with metabolic diseases and CVD (Rehman et al. 2018). 

553 Dioni et al. analyzed the leukocytes miRNA expression levels of ninety obese subjects. In the 

554 screening phase 43 miRNAs were negatively associated with Cr levels, and only ten miRNAs were 

555 chosen for the validation phase. Among these, Nnine miRNAs (miR-451a, miR-301, miR-15b, miR-

556 21-5p, miR-26a-5p, miR-362-3p, miR-182, miR-183-5p and miR-486-3p) confirmed the same trend 

557 of the first phase. Functional analysis identified the top canonical pathways for these miRNAs, 

558 namely molecular mechanisms of cancer, axonal guidance signaling, protein kinase A (PKA) 

559 signaling, role of nuclear factor of activated T cells (NFAT) in cardiac hypertrophy PTEN signaling. 

560 were down-regulated in association with Cr exposure including miR-451 and miR-486-3p In 

561 particular, miR-486-3p was positively associated with blood pressure and may be a factor risk in 

562 CVD due to its interaction with PTEN pathway, as also identified by bioinformatic analysis; on the 

563 contrary, miR-451a which wasere negatively linked to glycated hemoglobin (HbA1c) (Dioni et al. 

564 2017); therefore it and blood pressure, respectively. miR-451 could have a role in the diabetes 
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565 pathogenesis because the increases in HbA1c indicate a decreased control of blood glucose levels 

566 (Soliman et al. 2014).; it also regulates p38 MAP kinase signaling. miR-486-3p may be a factor in 

567 CVD risk due to its interaction with PTEN pathway (Dioni et al. 2017). 

568 A The study conducted by Li et al., on 117 workers in a chromate production plant in China, showed 

569 a significant inverse association of high Cr exposure with plasma miR-3940-5p level, which was also 

570 linked to micronuclei frequency (Li et al. 2014), a biomarker of DNA damage (Bonassi et al. 2005). 

571 In addition to bioinformatic analyses, an enzyme-linked immunosorbent assay was performed, in 

572 order to quantify the protein expression levels of miR-3049-5p-mediated genes. The results showed 

573 that miRNA-3940-5p regulates the X-ray repair cross complementing 2 (XRCC2) gene (Li et al. 

574 2014) which is has been implicated in DNA repair mechanisms (Serra et al. 2013). and may increase 

575 this activity when reaching a certain exposure of Cr.Hence, tThis result demonstrates that miR-3940-

576 5p can play a modulatory role in Cr-induced genetic damage (Li et al. 2014).

577 Other metals. The association between several metals and PAHs with miRNAs expression was 

578 analyzed in a case-control study involving 360 healthy male coke oven workers. The expression of 

579 many plasma miRNAs was found to be negatively associated with aluminum, antimony, Pb, and 

580 titanium, and positively associated with molybdenum and tin. This study demonstrated a relationship 

581 between some miRNAs and biomarkers for genetic damage and oxidative stress, such as micronuclei 

582 and 8-OH-dG 8- hydroxydeoxyguanosine(Deng et al. 2019). Among the analyzed miRNAs, some 

583 have important functions. In particular, lLet-7b-5p can regulate the expression levels of genes 

584 deputated to DNA-repair genes (Spolverini et al. 2017) and it is involved in p53-regulated pro-

585 apoptotic pathway and nucleotide excision repair pathway (Saleh et al. 2011; Encarnación et al. 

586 2016). miR-126-3p plays a role is implicated in cancer-related processes, such as inflammatory 

587 responses (Zampetaki & Mayr 2012). and cellular protection against reactive oxygen species 

588 imbalance. Improper expression of miR-16-5p can negatively affect DNA repair mechanism 

589 influencing by modulating the expression of DNA damage-related proteins (Patel et al. 2017). Finally, 

590 miR-320b is known to be down-regulated in human cancers; its target is TP53 regulated inhibitor of 
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591 apoptosis 1 (TRIAP1) through which may control apoptosis process and may exert its activity on 

592 apoptosis targeting TP53 regulated inhibitor of apoptosis 1 (TRIAP1) (Li et al. 2016). These findings 

593 may suggest a potential linkage mechanistic connection between the complex metal-PAH complex 

594 interactions and the early harmful effects on human health (Deng et al. 2019).

595    

596 Discussion Conclusions and future directions 

597 This review reports and aggregates the literature evidence on the effects of environmental chemical 

598 exposure to causinge miRNA dysregulation in humans and consequently the alteration of several 

599 biological pathways. This may provides possible explanations for links between exposure and disease 

600 pathogenesis. 

601 We observed a great heterogeneity in body samples, methodologies for analysis of miRNAs and their 

602 targets, and study designs, so that it is difficult to directly compare such different studies.

603 With regard to the sample type adopted for the miRNA analysis, we found that blood (and its 

604 components like serum, plasma, and PBMC) was the most used, maybe because of its numerous 

605 advantages. miRNAs are highly stable into the bloodstream where are released in a quantity that 

606 allows their collection for testing. They derive from target tissues (i.e., brain, kidney, lung) and may 

607 reflect their status; in fact, the miRNA expression pattern in tissue and blood is similar (Powrózek et 

608 al. 2020). In the blood, the different expression of miRNA in pathological condition may be used as 

609 a disease biomarker, since it helps to discriminate between patients and healthy subjects. This allows 

610 obtaining information on the health condition and the organ physiology, suggesting the high utility 

611 of blood, and especially of plasma, for diagnostic, predictive and prognostic purposes (Panagopoulos 

612 & Lambrou 2018; Iacob et al. 2020). However, among the different body fluids, the expression 

613 pattern of miRNAs may change. Moreover, the extraction methodology (for example the extraction 

614 of miRNAs incorporated in MVs may yeld different results) and the platform employed can enhance 

615 these differences, making difficult miRNAs comparison and functional analysis. 
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616 The different analytical methods used for identifying miRNAs may cause differences in their 

617 detection levels, indicating the need for a standardized approach to miRNA analytical processing. 

618 qRT-PCR was the most adopted instrument of analysis, as it is considered the “gold standard” because 

619 of its higher precision and sensitivity, rapidity and ease of use (Hunt et al. 2015); it is often used to 

620 validate results from the microarray platform. The latter is cheaper than qRT-PCR but has a low 

621 dynamic range in detection and a low specificity (Heller 2002). Another rarely adopted methodology 

622 is Nanostring Technologies' nCounter platform, a hybridization-based method that provides a simple 

623 solution for multiplexed detection of up to 800 miRNAs in a single reaction, but it is expensive 

624 (Mathew et al. 2020), as is next-generation sequencing that is capable of concurrently detecting new 

625 miRNAs (Hunt et al. 2015). As observed in the analyzed studies, since qRT-PCR can detect only 

626 annotated miRNAs, the sequencing approach should be more considered because it could allow the 

627 discovery of novel miRNAs to be used as biomarkers. 

628 For a biological interpretation of miRNA function, most studies performed bioinformatics analysis, 

629 and in some cases also a literature research. This analysis allowed selection of miRNAs with a 

630 putative biological function, paving the way for further experimental and clinical investigations that 

631 might confirm the consistency and, possibly, the reasons of the observed associations. In fact, only a 

632 few investigations (Guida et al. 2013; Motta et al. 2013; Yamamoto et al. 2013; Fry et al. 2014; Y. 

633 Li et al. 2014; Banerjee et al. 2017; Tsamou et al. 2018) included in vivo or in vitro experiments in 

634 order to better understand the molecular mechanisms triggered by miRNAs after environmental 

635 exposures. In such limited cases, it was possible to identify those genes and pathways regulated by 

636 specific miRNAs, which, in turn, may determine a pathological condition. 

637 With respect to the different study designs, we have found that some studies have a cross-sectional 

638 nature that does not allow identification of the causal association between environmental exposure 

639 and the alteration of the miRNA profile. 
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640 We explored the coherence of miRNA expression (up-regulation or down-regulation) in response to 

641 a certain pollutant or within the same category of pollutants (air pollution, organic chemicals, heavy 

642 metals). As for PM, the altered level of some miRNAs (miR-21-5p, miR-222-3p, let-7 family 

643 members) was observed in several studies but with a differential direction of expression (Bollati et 

644 al. 2010; Yan Li et al. 2012; Motta et al. 2013; Yamamoto et al. 2013; Louwies et al. 2016; 

645 Rodosthenous et al. 2016; Tsamou et al. 2018). On the contrary, if we look at the whole category (air 

646 pollution), two miRNAs, miR-223-3p and miR-132, were found up-regulated in response to most 

647 airborne pollutants (PM, O3, DEP) (Yan Li et al. 2012; Fry et al. 2014; Rodosthenous et al. 2016). In 

648 relation to the organic chemicals, the dysregulated expression of common miRNAs within the same 

649 pollutant was not found. On the contrary, referring to the whole category, we noticed an altered 

650 expression of miR-24 and miR-28 in response to most organic chemicals (PAHs, OP, phthalates and 

651 phenols), but with a different direction of expression (Deng et al. 2014; Weldon et al. 2016; Martinez 

652 et al. 2019). Concerning the heavy metals, miR-21-5p was observed to be up-regulated after As 

653 exposure in some studies (Banerjee et al. 2017; Sun et al. 2017), while miR-126 was common in two 

654 studies but with different regulations (Rager et al. 2014; Pérez-Vázquez et al. 2017). Considering the 

655 whole category, miR-21-5p was found up-regulated not only in response to As but also after exposure 

656 to Pb (Kong et al. 2012).

657 We have observed that miR-21-5p and let-7 family are those most involved in the response of 

658 environmental contaminations (PM, Cr, As, DEP, Pb, Hg, phthalates and phenols) and modulate 

659 oxidative stress, immune inflammation, tumor suppression, DNA damage repair, and apoptosis. 

660 Cardiovascular pathology, metabolic diseases, respiratory diseases, and child development are the 

661 most critical areas, due to the effects on the inflammation pathway; when inflammation becomes 

662 chronic, inflammatory factors can lead to cancer. We have also observed that studies investigating 

663 the same environmental factor identified distinct miRNAs. For metal rich-PM and As, miR-21-5p 

664 was up-regulated in some studies and down- regulated in others (Table 1). 
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665 Table 1

666 In addition to the reasons listed above, tTheis conflicting results heterogeneity may be partly 

667 explained by the different tissues and cell types used in the analysis, the different exposure durations 

668 between various studies, and the effects of age, gender, and healthy status of the participants. 

669 Insert Table 4 about here.

670 When compiling a summary to identify the most relevant miRNAs, our review showed that the most 

671 reported miRNAs, whose expression is associated to environmental contaminants, are miR-21-5p, 

672 miR-222-3p, miR-223-3p, and let-7 family members. Table 4 shows the biological effects and the 

673 health implications of these miRNAs. The predicted target genes are involved in pathways related to 

674 inflammation, oxidative stress, cell cycle regulation, apoptosis, and tumorigenesis. In particular, 

675 PTEN, MAPK, and NFkB are the pathways most involved. As for health implications, cardiovascular 

676 and respiratory diseases, and child development are the most critical areas, due to the effects on the 

677 inflammation pathway; when inflammation becomes chronic, inflammatory factors can lead to 

678 cancer. 

679 Hence, iIt will  could be useful necessary to deeply investigate the biological processes involving 

680 miR-21-5p, miR-222-3p, miR-223-3p, and let-7 family biological processes that may which lead to 

681 the development onset of several diseases, and this could help further analysis to establish  in order 

682 to identify new  potential therapeutic approaches in NCDs management. Nevertheless, these miRNAs 

683 showed to be sensitive to multiple pollutants and this condition somewhat reduces their specificity as 

684 exposure biomarker for a given toxic substance. For this reason, it would be needed to search for 

685 miRNAs that more specifically respond to a certain contaminant.

686 Conclusions

687 Our review identified numerous miRNAs dysregulated after environmental exposure, although there 

688 are few studies conducted in humans. In some cases, important advances have been made in relation 

689 to the associations between specific miRNAs and biological responses to environmental risk factors. 
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690 However, large-scale supplementary investigations are mandatory to identify the actual causative 

691 roles. In addition, in vitro or in vivo experiments could be integrated into the study design, in order 

692 to have more consistent results. Indeed, an integrated analysis, combining miRNA expression and 

693 mRNA expression of critical related genes, may be important to understanding the mechanisms under 

694 genetic damage.

695 Further efforts should be made to systematize the scientific evidence, both analyzing miRNAs that 

696 specifically intervene in a given disease in relation to a particular pollutant and identifying miRNAs 

697 that which may be used as possible exposure biomarkers. 

698

699

700
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design

miRNA target 
analysis

Signaling 
pathways or 
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15a-5p, 19b-3p, 
23a-3p, 93-5p, 
126-3p, 130-3p, 
142-3p, 146a-5p, 
150-5p, 191-5p, 
223-3p, let-7a-5p, 
let-7g-5p

Nanostring 
nCounterassay

↑ Serum Cohort Bioinformatics 
analysis 

Genes linked to 
CVD-related 
pathways

PM Rodosthenous et al. 
2016

20a-5p, 21-5p (1st 
trimester)

21-5p, 146a-5p, 
222-3p (2nd 
trimester)

qRT-PCR ↑

↓  

Placenta Cohort Bioinformatics 
analysis

qRT-PCR

PTEN

PTEN (miR-21, 
miR-20a, and miR-
222)

PM Tsamou et al. 2018

21-5p, 222-3p qRT-PCR ↑ Blood leukocytes Cohort Bioinformatics 
analysis 

MAPK, TGFβ, 
FAK, TLR 

Metal rich-PM Bollati et al. 2010

128, 302c qRT-PCR ↑ Plasma Cohort Bioinformatics 
analysis

NFKB Metal rich-PM Bollati et al. 2015

182 miRNAs 

29a
146a 
421

let-7g

Microarray

qRT-PCR

Dysregulated

↑

Blood Cohort 

qRT-PCR PTEN
TGFβ
IFNAR2, eNOS, 
PDGFR

NFKB, TGFβ

Metal rich-PM Motta et al. 2013

182 miRNAs

10b-5p

33b-5p, 106a-5p, 
155-5p, 183-5p, 
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222-3p, 223-3p

let-7d-5p
363-3p

Microarray

qRT-PCR

Dysregulated

↑

↓  

Spermatozoa Case-control 

Bioinformatics 
analysis

BCL2L11, 
DAZAP1, BCL6, 
Notch

Notch

YBX2
Notch

Metal rich-PM Li et al. 2012

132-3p

183-5p

Nanostring 
nCounterassay

↑

↓

Bronchial epithelial cells Randomized 
double-blinded 
crossover 

Bioinformatics 
analysis

CDKN1A

HLA-A

DEP Rider et al. 2016
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21-5p, 30e, 215, 
144

144

Nanostring 
nCounterassay

↑

↑

Peripheral Blood Randomized 
double-blinded 
crossover

PCR NRF2 DEP Yamamoto et al. 
2013

1224-5p, 3127-5p

27a-5p, 133a-3p, 
145-5p, 193b-3p, 
433-3p, 580-3p, 
6716-3p

Next-generation 
sequencing 

↑

↓

Plasma Randomized 
crossover 

Bioinformatics 
analysis 

PI3K-Akt, p53 TRAP Krauskopf et al. 
2018

25-3p, 132-3p, 
199a-3p, 222-3p, 
434-5p, 582-5p

143-3p, 223-3p

145-5p, 199b-5p

Microarray ↑ Induced sputum Experimental Bioinformatics 
analysis

N/P

in vitro model 

Inflammatory 
pathways

CCND1, MYC

O3 Fry et al. 2014

*Sample type is referred to miRNAs detection
↓ / ↑, difference in miRNAs expression, respectively up- and down-expressed;
N/P, not performed
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Table 2. Human studies on miRNAs dysregulation after organic chemicals exposure and their targets

miRNA Methodology miRNA 
expression

Sample type* Study design miRNA target 
analysis

Signaling 
pathways or 
target genes

Contaminant Reference

126a-3p, 155-5p qRT-PCR ↑ Plasma Cross-sectional Bioinformatics 
analysis 

Genes liked to 
cancer, 
inflammation, 
apoptosis, vascular 
endothelial health

PAHs Ruiz-Vera et al. 
2019

150-5p

142-5p
24-3p 
27a-3p
28-5p

qRT-PCR ↑

↓

Plasma Cross-sectional Bioinformatics 
analysis 

Genes linked to 
immune response

Genes linked to 
DNA damage

PAHs Deng et al. 2014

93 miRNAs Microarray 53 ↑
40 ↓

Serum Cohort Bioinformatics 
analysis

MYC, CCND1, 
BCL2, VEGFA

PCBs Krauskopf et al. 
2017

191-5p qRT-PCR ↑ Peripheral blood Case-control PCR                                                                                                                        AHRR, CTBP1, 
FAS

PCBs Guida et al. 2013

1537 Nanostring 
nCounterassay

↑ Placenta Cohort N/P PCBs Li et al. 2015

15b-5p, 19a-3p, 24-
3p, 125b-5p, let-7c

106b-5p, 374a-5p, 
375

Microarray ↑

↓

Follicular fluid Cross-sectional Bioinformatics 
analysis

TGFβ, PI3K/Akt, 
FOXO, MAPK, p53, 
EGFR, JAK/STAT

Phthalates and 
phenols

Martinez et al. 2019

185 (phthalates)
15a-5p, 142-3p 
(phenols)

qRT-PCR ↓ Placenta Cohort Bioinformatics 
analysis

Akt, insulin like 
growth factor 
receptor signaling, 
embryonic epithelial 
tube formation

Phthalates and 
phenols

La Rocca et al. 2016

18 miRNAs

146a-5p

Microarray 

qRT-PCR

Dysregulated

↑

Placenta Case-control 

Bioinformatics 
analysis

IRAK1, SORT1, 
TP53, ABL2, EGFR, 
p53, TLR

Phthalates and 
phenols

De Felice et al. 2015

28-5p, 

517b-3p, 518d-3p, 
597

133b, 223-3p,

qRT-PCR ↑ Urine Nested case-control Bioinformatics 
analysis 

acetylcholinesterase 
and cholinesterase 
activity

genes involved in 
neurological 
functions

N/S

OP Weldon et al. 2016

*Sample type is referred to miRNAs detection;
↓ / ↑, difference in miRNAs expression, respectively up- and down-expressed;
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N/P, not performed;
N/S, not specified
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Table 3. Human studies on miRNAs dysregulation after heavy metals exposure and their target

miRNA Methodology miRNA 
expression

Sample type* Study design miRNA target 
analysis

Signaling 
pathways or 
target genes

Contaminant Reference

126-3p q-RT-PCR ↓ Plasma Cross-sectional Literature analysis N/S As Pérez-Vázquez et al. 
2017

200c-3p, 205-5p q-RT-PCR ↓ Urine Case-control Literature analysis N/S As Michailidi et al. 
2015

21-5p q-RT-PCR ↑ PBMC Case-control Western blotting PTEN, PDC4 As Banerjee et al. 2017
74 miRNAs

21-5p

145
155-5p 
191-5p

Microarray

qRT-PCR

56 ↑
18 ↓

↑

Plasma Case-control 

Bioinformatics 
analysis

MAPK, JAK/STAT, 
chemokine pathway
MAPK, FOXO
MAPK
MAPK, PI3K-Akt, 
TNF

As Sun et al. 2017

16-5p, 17-5p, 20a-
5p, 20b-5p, 26b-5p, 
96-5p, 98-5p, 107, 
126-3p, 195-5p, 454-
3p, let-7a-5p

26b-5p, 107

Microarray

qRT-PCR

↑

↑

Cord blood Cohort Bioinformatics 
analysis

TREM1, TLR, 
PRKCQ

As Rager et al. 2014

21-5p qRT-PCR ↑ Urine Cross-sectional, Literature analysis N/S Pb Kong et al. 2012
575, 4286 Nanostring 

nCounter assay
↓ Cervix cells Cohort Bioinformatics 

analysis
Pathways linked to 
cell cycle and 
proliferation, like 
AHR

Pb Sanders et al. 2015

146a-5p 
190b
10a-5p, 431-5p, let-
7f-5p
651

Nanostring 
nCounter assay

↓

↑

Placenta Cohort Literature analysis N/S Pb Li et al. 2015

17 miRNAs ↓ N/S Hg
16-5p
30c-3p
181a-5p 
let-7e-5p

92a-3p
122-5p
451a

Microarray ↓

↑

Plasma Case-control Literature analysis N/S Hg Ding et al. 2016
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486-5p

92a-3p
486-5p

qRT-PCR ↑

15b, 21-5p, 26a-5p, 
362-3p, 182, 183-5p, 
451a,
486-3p

qRT-PCR ↓ Blood-leukocytes Cohort Bioinformatics 
analysis

PTEN, axonal 
guidance and PKA 
signaling

Cr Dioni et al. 2017

18 miRNAs

590-5p
3940-5p

Microarray 

qRT-PCR

13 ↓
3   ↑

↓

Plasma Case-control 

N/P
Enzyme- linked 
immunosorbent 
assay

XRCC2

Cr Li et al. 2014

71 miRNAs

16-5p, 24-3p, 27a-
3p, 28-5p, 126-3p, 
142-5p, 150-5p, 
320b, 451a, let-7b-
5p

16-5p, 320b

27a-3p

126-3p

16-5p, 24-3p, 27a-
3p, 28-5p, 126-3p, 
142-5p, 320b, let-7b-
5p

24-3p, 27a-3p, 28-
5p, 126-3p, 320b, 
let-7b-5p

Solexa sequencing

qRT-PCR

Dysregulated

↓

↓

↓

↑

↑

↓

Plasma Case-control 

Literature analysis N/S

(Other metals):

Antimony

Aluminum

Pb

Molybdenum

Tin

Titanium

Deng et al. 2019

*Sample type is referred to miRNAs detection;
↓ / ↑, difference in miRNAs expression, respectively up- and down-expressed;
N/S, not specified;
N/P, not performed
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Table 4. List of promising miRNAs involved in environmental exposure, biological function and health implication

miRNA Environmental 
exposure

Signaling pathway or 
target genes

Biological function Health implication Reference

21-5p PM, Metal rich-PM,  
As,  Cr

PTEN (inhibitor of PI3K-Akt)

MAPK

JAK/STAT

p53

TGFβ

Tumor suppressor, inflammation

Inflammation, oxidative stress, cell 
proliferation, differentiation, cell 
survival and apoptosis

Inflammation, oxidative stress, cell 
survival and proliferation

Cell proliferation and apoptosis

Embryonal development, cellular 
differentiation, inflammation, 
immune response

CVD, birth defects, cancer Bollati et al. 2010; Louwies et al. 
2016; Banerjee et al. 2017; Dioni et 
al, 2017;  Sun et al. 2017; Tsamou et 
al. 2018

222-3p PM, Metal rich-PM,
O3

PTEN (inhibitor of PI3K-Akt)

MAPK

NFkB 

Tumor suppressor, inflammation

Inflammation, oxidative stress, cell 
proliferation, differentiation, cell 
survival and apoptosis

Inflammation, immune response, 
cell proliferation, tumorigenesis

CVD, birth defects, reproductive 
disorders, respiratory diseases, 
cancer

Bollati et al. 2010; Li et al. 2012; Fry 
et al. 2014; Tsamou et al. 2018 

223-3p PM, Metal rich-PM,
O3

PTEN (inhibitor of PI3K-Akt)

NFkB, 

Tumor suppressor, inflammation

Inflammation, immune response, 
cell proliferation, tumorigenesis

CVD, male reproductive disorders, 
respiratory diseases, cancer

Li et al. 2012; Louwies et al. 2016; 
Rodosthenous et al. 2016 

Let-7 family PM, Metal rich-PM, 
Phthalates and 
phenols, Hg, Other 
metals

PTEN (inhibitor of PI3K-Akt)

MAPK

JAK/STAT

NFkB

p53

Tumor suppressor, inflammation

Inflammation, oxidative stress, cell 
proliferation, differentiation, cell 
survival and apoptosis

Inflammation, oxidative stress, cell 
survival and proliferation

Inflammation, immune response, 
cell proliferation, tumorigenesis
Cell proliferation and apoptosis

CVD, male reproductive disorders, 
adverse female fertility outcomes, 
respiratory diseases, cancer

Motta et al. 2013; Li et al. 2012; Ding 
et al. 2016; Rodosthenous et al. 2016; 
Deng et al. 2019; Martinez et al. 2019
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TGFβ Embryonal development, cellular 
differentiation, inflammation, 
immune function
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