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Abstract

:

Formaldehyde (FA) is a general living and occupational pollutant, classified as carcinogenic for humans. Although genotoxicity is recognized as a FA mechanism of action, a potential contribution of epigenetic effects cannot be excluded. Therefore, aim of this review is to comprehensively assess possible epigenetic alterations induced by FA exposure in humans, animals, and cellular models. A systematic review of Pubmed, Scopus, and Isi Web of Science databases was performed. DNA global methylation changes were demonstrated in workers exposed to FA, and also in human bronchial cells. Histone alterations, i.e., the reduction in acetylation of histone lysine residues, in human lung cells were induced by FA. Moreover, a dysregulation of microRNA expression in human lung adenocarcinoma cells as well as in the nose, olfactory bulb and white blood cells of rodents and nonhuman primates was reported. Although preliminary, these findings suggest the role of epigenetic modifications as possible FA mechanisms of action that need deeper qualitative and quantitative investigation. This may allow to define the role of such alterations as indicators of early biological effect and the opportunity to include such information in future risk assessment and management strategies for public and occupationally FA-exposed populations.
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1. Introduction


Formaldehyde (FA) is a volatile, colorless, flammable, and highly reactive aldehyde, employed in the production of industrial and consumer products. It is present in both indoor and outdoor environments [1,2]. Indoor FA sources include building materials, such as furniture, particle board, certain insulation materials, paints, varnishes, and textiles [3,4]. Direct emissions from combustion processes occurring in motor vehicles, power plants, incinerators, refineries characterize a major anthropogenic source of FA in outdoor environments [5]. Certain workplaces, such as industries involved in resin, plastics, wood, insulation, paper, textile, and chemical productions, as well as medical institutions using disinfectants and embalming chemicals experience the highest levels of the substance [3]. Formaldehyde is also a by-product of cigarette smoke [3,6]. Additionally, it is found as a natural product in most living systems [7,8].



Formaldehyde inhalation has been associated with sensory irritation of the eyes, and respiratory tract, childhood and adult asthma as well as to alterations in pulmonary function as reported in clinical studies and epidemiological surveys in occupational and residential environments [9]. The International Agency for Research on Cancer has classified FA as carcinogenic to humans (Group 1) because of its ability to cause cancer of the nasopharynx and leukemia and the detected positive association with sino-nasal cancer [3]. Great efforts have been focused on understanding the mode of action for FA carcinogenesis. Currently available data strongly indicate that genotoxicity plays an important role in the carcinogenicity of FA in humans. Numerous experiments have demonstrated that FA exposure can induce mutations in a variety of test systems ranging from bacteria to laboratory animals [10,11]. Moreover, micronucleus formation has been repeatedly reported to occur in cells of the nasal and oral mucosa of FA-exposed humans [3,12,13]. Formaldehyde is a highly reactive compound. It can covalently bind to DNA and proteins inducing adducts formation and cross-linking [8]. FA reacts with lysine residues to produce N(6)-formyl-lysine adducts with proteins in vitro and in vivo [14,15], and FA protein adducts have been described for albumin [16], insulin [17], and hemoglobin [18,19]. Such alterations may function as sensitive and specific exposure biomarkers (dose metric) and potential effect indicators, as they are involved in mutations and subsequent cancer development [20].



However, exposure to genotoxic carcinogens, in addition to their genetic effects, might involve a variety of non-genotoxic changes in cells [21]. In this perspective, it cannot be excluded that epigenetic mechanisms may contribute to the FA toxicity [22]. Epigenetics is defined as the study of heritable phenotypes that do not alter the DNA sequence, able to control development, tissue differentiation, and cellular responsiveness [23,24]. DNA methylation, post-translational histone modifications, and changes in microRNA expression are the most used mechanisms able to initiate and sustain epigenetic information. These effects may all contribute to regulate gene expression profiles, affecting chromatin structure, chromosome integrity, gene transcription, and genomic imprinting therefore possibly contributing to the risk of disease development [25]. An altered epigenetic status may cause genomic instability and loss of controlled growth signals, as typically observed in cancer cells [26]. Epigenetic alterations, rather than specific genetic mutations per se are reported for the clonal expansion of altered preneoplastic foci and tumor development [27]. Therefore, it seems important to verify if epigenetic modifications may function as early cellular events in response to genotoxic carcinogens with well-known modes of action.



Considering the ubiquitous nature of FA pollutant and the great number of job categories potentially exposed in workplaces, the aim of our review is to provide a comprehensive overview on possible epigenetic changes induced by FA exposure in humans, animals, and cellular models and to address the potential health impact derived from such effects. This may allow to deeply understand the molecular mechanisms underlying FA-induced toxicity and carcinogenicity and to define novel, early biological alterations that may function as possible future biomarkers of effect or susceptibility in exposed subjects. Overall, this review may provide deep insight into the relationship between genome, FA chemical exposure, and disease risk and may be helpful to point out biological mechanisms that should be carefully considered in future public and occupational risk assessment and management approaches.




2. Materials and Methods


According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement (PRISMA) criteria [11], a systematic literature search was performed on PubMed, Scopus, and ISI Web of Science databases. The search aimed to identify studies focusing on epigenetic effects induced by formaldehyde exposure published until the 1st of November 2019 (Figure 1). The terms “formaldehyde,” “exposure,” “epigenetic,” combined with the Boolean operator “AND,” were employed to assess the exposure context and the outcome of the investigation. All titles and abstracts retrieved were independently examined by two of the authors who selected articles that met the inclusion criteria. Peer-reviewed research articles, i.e., cross-sectional, cohort, case-control studies, published in English and exploring epigenetic alterations determined by FA exposure in humans have been included together with studies performed on animal and cellular models. Exclusion criteria regarded articles published in languages other than English, papers exploring epigenetic effects of endogenous FA, studies carried out on experimental models different from cells, animals and human subjects, review and conference papers, as well as publications not addressing the possible relationship between FA exposure and epigenetic effects. Our preliminary search retrieved 13, 25, and 15 references through PubMed, Scopus, and ISI Web of Science databases, respectively, for a total of 53 articles. After duplicate removal, 29 articles remained. Among those, the studies that did not meet the inclusion criteria were excluded and specifically, 17 were removed because they were considered out of the topic from title and abstract analysis, 5 were excluded as review articles, and 1 as performed in experimental settings different from those considered suitable for inclusion. Indeed, 6 publications could be identified in this preliminary phase. Therefore, an extended search, including the following terms: “formaldehyde exposure,” individually combined with “DNA methylation,” “histone,” and “microRNA,” was performed and could retrieve the above mentioned papers. Four further eligible articles could be included through the assessment of the reference list accompanying published articles and implement the pool of relevant publications found via the electronic search. All full texts of the articles considered valuable for the aim of our review have been obtained and a critical evaluation was performed. Overall, our search retrieved a total of 10 publications for review.




3. Formaldehyde-Induced Epigenetic Effects


Formaldehyde-induced epigenetic changes, such as DNA methylation [21,28,29], histone modifications [30,31,32], as well as alterations in non-coding microRNAs (MiRNAs) [33,34,35,36] have been investigated both in occupational and experimental settings (Table 1). The following paragraphs will attempt to summarize such effects with the aim to point out currently available data and critical issues that require further epidemiological research in order to also conceive epigenetic contribution to risk assessment and management strategies.



3.1. DNA Methylation


DNA methylation is a major epigenetic modification in mammals [29,37]. It involves the addition of a methyl group to the cytosine nucleotide at CpG sites via the donation from S-adenosylmethionine, catalyzed by DNA methyltransferases (DNMTs) [37]. DNA methylation can affect the chromatin structure, and therefore, control the selective transcription or silencing of tissue-specific genes potentially involved in disease pathogenesis [29]. The possible effects of occupational exposure to FA on global DNA methylation were investigated in a population of Brazilian beauty salon workers [28]. These were exposed during hair treatments employing creams illegally added with FA as a straightening agent. Environmental monitoring allowed to rank workers into three increasing groups (A, B, C) of exposure according to the FA environmental workplace levels: <0.01 ppm; 0.03 ppm < FA < 0.06 ppm; and 0.08 ppm < FA < 0.24 ppm. Interestingly, significantly higher levels of global DNA methylation were detected in the whole blood samples from the two groups with the highest environmental exposures in comparison to the group with the lowest one, but not between each other. A weak, but significant correlation was also found between global DNA methylation and FA in personal exposure sampling. Furthermore, methylation changes were positively associated with the number of straightening procedures carried out per month. In this latter regard, to better define the possible dose-response relationships, the hairdressers from the two groups with the highest levels of exposure were further divided depending on whether they were directly involved in hair straightening procedures or not. A significant increase in FA personal exposure levels (median values: 0.19 ppm vs. 0.041 ppm), and percentages of global DNA methylation (4.63% vs. 4.29%) was determined in the directly exposed group compared to the other one. This may suggest that the proximity these workers experienced to the source of contamination may play a significant role in affecting exposure levels and biological responses [12,38]. Interestingly, these epigenetic changes were detected at exposure levels lower than occupational limits proposed by different agencies in Brazil [39], by the USA Occupational Safety and Health Administration [40], and by the European Chemical Agency [41] supporting their role as early biological effect indicators in response to chemical insults. Unfortunately, no other data are currently available on occupational or general living FA exposure and DNA methylation changes for comparison and therefore, caution is necessary for a correct interpretation of the results and the extrapolation of biological monitoring conclusions.



An in vitro study reported a time-dependent decrease in global DNA methylation following chronic (24 weeks), low-dose FA exposure of 16 human bronchial epithelial (16HBE) cells compared to controls [29]. The expression of DNA methyltransferases (DNMTs), as the enzymes responsible for maintaining the methylation status in the genome, was tested both at mRNA and protein level to define the initial mechanisms of global genomic hypomethylation induced by FA. Also, the expression of the methyl-CpG-binding protein DNA-binding domain protein 2 (MBD2), responsible for binding methylated DNA to suppress transcription from a methylated gene was investigated. A significant reduction in the expression of DNMT3a and DNMT3b was detected with the increasing exposure time to FA, while that of DNMT1 and MBD2 time-dependently increased. The loss of global DNA methylation, an epigenetic alteration associated with genomic instability, after long term exposure to a low-dose, may be one of the possible underlying carcinogenic mechanisms of FA. Moreover, it cannot be excluded that the different DNMT expression responses may be related to their diverse role in DNA methylation. In fact, DNMT3a and DNMT3b are primarily involved in establishing a new methylation pattern to unmodified DNA, while the DNMT1 functions during DNA replication to copy methylation pattern from the parental DNA strand to the newly synthesized daughter strand [42]. This may suggest the existence of specific FA-induced enzymatic responses which, in turn, may lead to i.e., genomic instability, aberrant expression of genes, as well as carcinogenesis, although their exact mechanisms require further research.



Another study carried out on human lymphobastoid TK6 cells failed to confirm previous data, reporting no significant global DNA methylation changes following acute exposure to increasing FA concentrations [21]. However, the different experimental settings employed in such studies may be responsible for the diverse obtained findings and further investigations are warranted to confirm such epigenetic effects and define the FA impact on DNA methylation.




3.2. Histone Modifications


Histone modifications occur post-transcriptionally and can affect the accessibility of DNA to transcription factors or DNA damaging agents, thus influencing DNA transcription, damage, and repair [43]. There are several types of histone modifications, including methylation, acetylation, phosphorylation, and ubiquitination of specific amino acid residues on the histone tails [44]. These molecular changes have recently attracted attention because they have been linked to many diseases including cancer [45]. In regard to histone modifications, no human or animal data are currently available and only few in vitro studies investigated these epigenetic effects [30,31,32]. Yoshida et al. [30] examined histone modifications in human lung adenocarcinoma epithelial A549 cells following an acute (10–600 min) treatment with FA with a focus on histone 3 (H3). Treated cells showed greater levels of phosphorylated histone H3 at serine 10 (H3S10), and serine 28 (H3S28) residues compared with unexposed controls. Conversely, FA induced a reduction of the acetylation of histone H3 at lysine 9 (H3K9) and 14 (H3K14), and at the N-terminal site (H3 global) maybe in relation to the reaction that FA itself could have with lysine residues limiting acetylation. This mode of action was confirmed by the lack of acetylation reduction observed when histone was pre-acetylated before FA treatment, thus supporting the idea that FA could not react with acetylated lysine histone residues. Concerning the biological consequences of these epigenetic changes, the phosphorylation of H3S10 was enhanced at the promoter regions of the proto-oncogenes FOS and JUN. Both genes were dose-dependently induced by FA treatment suggesting a possible relationship between FA-induced tumor promotion activity and phosphorylation of H3S10. The biological responses induced by the alterations in histone acetylation remain to be understood. In line with these results, also the exposure of human pulmonary epithelial A549 cells, and normal human lung fibroblasts MRC-5 and WI-38 to cigarette side-stream smoke, containing FA, induced a significant phosphorylation of histone 3 at the serine 10 and 28 residues (H3S10, H3S28) [32]. As previously reported, such phosphorylation was increased in the promoter sites of the proto-oncogenes FOS and JUN, indicating a role of the cigarette smoke in tumor promotion. Since the phosphorylation of H3S10 was decreased in the aldehyde-removed cigarette side-stream smoke and was significantly induced by treatment with FA, aldehydes have been suspected to have partially contributed to this phenomenon.



Chen et al. [31] demonstrated FA’s (0.5 mM) ability to form adducts on lysine residues of histone proteins in human bronchial epithelial BEAS-2B cells. The formation of such FA-histone adducts prevented the acetylation of the same site by histone acetyltransferase as demonstrated by the dramatic decrease of the lysine acetylation of the cytosolic fraction of histones H3 and H4, specifically at H3K9, H3K14, and H4K12 residues. A comparable reduction in the acetylation of H4K12 residues was demonstrated with a lower concentration of FA (100 µM) on the same cell line, but also on human osteosarcoma UTA6 and nasal epithelial RPMI2650 cells, although with different time periods of manifestation in the diverse cell lines. Such changes may affect chromatin accessibility to subsequent gene transcription. In fact, following FA exposure, the transport of histone H3 into chromatin is compromised affecting chromatin conformation and inducing transcriptional dysregulation. This was confirmed by the hundreds of genes whose expression was reported to be affected by 100-µM exposure for 48 h in BEAS-2B cells. Among those, some tumor suppressors, i.e., CDKN1A and SERPINB5, and oncogenes, i.e., FOS and JUN, which were identified as potentially involved in head and neck cancer and/or in hematological neoplasias. Moreover, FA-induced inhibition of chromatin assembly may facilitate anchorage-independent growth of cells. Therefore, the ability of FA to compromise chromatin assembly through inhibition of lysine acetylation on newly synthesized histones represents a possible novel mechanism underlying FA-induced carcinogenesis.



The ability of FA to react with histone lysine residues reported by Yoshida et al. [30] and Chen et al. [31] are in line with previous results obtained by Lu et al. [45] in a simplified in vitro model employing H4 isolated from calf thymus tissues and human recombinant H4 purified after expression in E. Coli. The authors, in fact, demonstrated that the FA-induced lysine adducts on histone may impair post-transcriptional histone acetylation and deacetylation balance. This could affect the recruitment of specific proteins highly associated with the post-transcriptional pattern, and trigger a series of abnormal cascade effects responsible for alterations in normal cell growth.




3.3. MicroRNAs


MicroRNAs are small non-coding RNAs, of about 22 nucleotides, that regulate gene expression at the post-transcriptional level. The importance to investigate potential effects of FA on miRNAs relies on their ability to regulate gene expression through the binding of mRNA, causing rapid decay of the message, translational repression of the mRNA signals, and inducing cleavage of newly translated polypeptides [46]. Concerning in vivo responses induced by FA inhalation, the same group of researchers demonstrated a significant dysregulation in miRNA expression in the nose, olfactory bulb and white blood cells (WBCs) of rodents [35,36], as well as in the nasal epithelium cells of non-human primates [34]. Interestingly, Rager et al. [35] applied a multitiered approach to define possible genome-wide miRNA responses to FA, as well as time and tissue-related alterations in transcriptional profiles. MiRNA expression, in fact, was investigated within the nasal respiratory epithelium, circulating WBCs, and bone marrow (BM) and were affected in rats treated with FA via inhalation for 7 and 28 days [35]. The nose was the site with the greatest change in miRNA expression levels, followed by the WBCs, while no changes were evident in the BM samples. When alterations were analyzed according to the different 7 and 28 day exposures, FA-induced miRNA changes in nose showed high stability and no significant quantitative and qualitative differences over time. Such alterations failed to persist after a recovery period (7 days) following the 28-day treatment. Comparing the FA-responsive miRNAs across the different tissues revealed largely distinct miRNA responses, as only 10 alterations overlapped between nose and WBC samples and most with different directions of expression. Overall, these findings suggest that cells in direct contact with FA exposure are more responsive at the miRNA level than cells distant from exposure contact sites. Moreover, 7 of the 34 miRNAs with sustained decreased nose expression over time, i.e., let-7a, let-7c, let-7f, miR-10b, miR-126, miR-21, and miR-23a, have been previously shown to have decreased expression in cultured lung cells exposed to 1 ppm FA [33]. To integrate miRNA responses with transcriptional changes, mRNA profiles were assessed in the nose and WBCs. FA-responsive miRNAs were able to regulate a series of mRNAs, ranging from the 7% to 35% of those FA-related, determining an increase in immune system/inflammation signaling in both nose and WBCs.



Considering the miRNA alterations reported in nasal epithelium of treated rats, and the potential regulating role of miRNAs in the neurogenesis of the olfactory bulb, Li et al. [36] investigated expression changes within olfactory bulb in mice after FA acute to subacute inhalation. Eighteen miRNAs were upregulated and seven were down-regulated after an acute (6-h) exposure to FA via inhalation. In the olfactory bulb of mice exposed to FA, the alterations in miRNA expression was more profound after 1 day of exposure for 6 h relative to 7 days of 6 h/day of exposure, as this last condition only altered the expression of nine miRNAs. The differentially expressed miRNA, i.e., mir-141-5p, mir-200a-5p, mir-199b-5p, are believed to be involved in axon guidance and MAPK signaling, which are associated with inter-neuronal maturation in the bulb, essential to assure a normal olfactory function [47,48]. Additionally, also other pathways related to the immune system, such as toll-like receptor signaling and communication between innate and adaptive immune cells, molecular mechanisms of cancer, as well as cell cycle regulation have been also associated to the miRNA alterations detected after both 1- and 7-days of exposure.



Potential changes in miRNA expression profiles have been also investigated in the nasal epithelial cells from the maxilla-turbinate region of Cynomolgus macaques, as the area with the maximum adsorption of FA, collected from animals treated via inhalation [34]. Microarray analysis identified three miRNAs with significantly decreased expression levels upon exposure to 2 ppm FA and 13 miRNAs with affected expression when exposure was to 6 ppm (four significantly increased and nine significantly decreased). Interestingly, two of the 13 FA-responsive miRNAs were among those reported as affected in vitro by FA, namely miR-26b and miR-140-5p [33]. The two most increased (miR-125b and miR-152) and decreased (miR-145 and miR-142-3p) miRNAs in response to 6 ppm FA were primarily correlated with pathways involved in sphingolipid metabolism, apoptosis, and ILK signaling. Concerning sphingolipids, recent work has demonstrated that their metabolites are involved in the regulatory signaling of various biological processes, including apoptosis, cell cycle arrest, inflammation, necrosis, and senescence [49]. The epigenetic FA-mediated control on apoptotic mechanisms that may be associated with cellular transformation and cancer development could be demonstrated by the decreased expression of four apoptosis-related mRNAs predicted to be regulated by miR-125b. ILK signaling is involved in a variety of processes within epithelial cells, including cell survival, cell proliferation, and cell adhesion to the extracellular matrix [50]. Additionally, many other FA-responsive miRNAs have known relationship with cancers, and particularly were differentially expressed in human nasopharyngeal carcinomas. These effects demonstrate the FA ability to significantly disrupt miRNA expression profiles within the nasal epithelium that may influence cellular disease state.



The expression levels of miRNAs have been demonstrated to be dysregulated by FA exposure in vitro [33]. In particular, when A549 type II lung human carcinoma epithelial cells were acutely treated with gaseous FA, using a direct air-liquid interface that physically mimics the human respiratory tract, microarray analysis demonstrated that 89 miRNAs were significantly down-regulated compared to untreated controls, while no significant increased expression could be detected. Functional and molecular network analysis of the predicted miRNA transcript targets revealed that FA exposure altered the signaling pathways associated with cellular growth/development and proliferation. Moreover, as a confirmation that FA treatment could activate inflammatory response, IL-8 pathway was demonstrated to be increased by FA-miRNA-induced alterations, with increased protein expression levels compared to controls.





4. Discussion


The general living and occupational ubiquitous nature of exposure to FA requires a deep understanding of the molecular mechanisms potentially underlying its induced toxicity and carcinogenicity. In this regard, although the limited number of studies and the lack of robust epidemiological data on occupational exposed populations still prevent the extrapolation of definite conclusions, preliminary evidences are emerging concerning the possibility that epigenetic changes may condition biological response to FA.



Workers exposed to FA demonstrated a global increase in DNA methylation in whole blood samples, positively related to FA workplace levels, to the number of procedures involving such chemical exposure, as well as to have been directly employed in such specific job tasks [28]. Conflicting evidence in DNA methylation emerged when these human findings were compared with previously published in vitro results. In fact, these reported a significant decrease in global methylation in bronchial epithelial cells chronically treated with FA, or the absence of significant DNA methylation changes in acutely exposed human lymphoblastoid cells [29,32]. This may be due to the different biological matrices investigated, i.e., the whole blood in humans [28] vs. bronchial and lymphoblastoid cells in the experimental in vitro settings [29,32], which may be biased by cell-specific methylation patterns. Variable experimental designs, i.e., concerning doses and time periods of FA exposure, as well as the diverse analytical techniques adopted, i.e., high-performance liquid chromatography-diode array detector equipment [28], high-performance capillary electrophoresis assay [29], and tandem mass spectrometry [32], may all be responsible for quite different results. In this scenario, to define the role of DNA methylation changes as possible FA biomarkers of early effect, future in-field and epidemiological investigations seem absolutely necessary.



However, although in vitro experimental settings may provide a limited representativeness of real human exposure contexts, such investigations may contribute to identify target genes whose expression changes may be involved in FA-induced methylation effects and toxic manifestations. This idea is supported by the specific patterns of DNMT1, DNMT3a, DNMT3b expression responses found in human bronchial epithelial cells that may suggest specific FA-induced alterations, in turn reflecting the methylation levels determined in the samples [42]. Such data, once confirmed in epidemiological investigations, may provide further support to the role of such specific patterns of changes as possible FA biomarkers of early effect to be considered in suitable risk assessment processes.



Scientific evidence has been emerging concerning the role of histone post-translational modifications in a multitude of DNA related processes, such as DNA damage repair, DNA replication, and transcription of tumor-related genes [51,52]. In particular, the dysregulation of histone H3 phosphorylation, reported following FA exposure, may perturb cellular pathways involved in human cancer development [30,32]. In fact, it is known that in interphase cells, such phosphorylation phenomena are involved in the chromatin remodeling of the promoter regions of specific loci, i.e., FOS and JUN, implicated in tumorigenic processes, while in mitotic cells, they are responsible for the maintaining of chromosome stability and their accurate segregation [53]. Histone H3 phosphorylation was reported in aflatoxin B1-transformed hepatocytes, benzo(a)pyrene- and coke oven emissions-transformed human bronchial epithelial cells in which such modification performed a mediation role in cellular carcinogenic transformation [51]. The phosphorylation of H3S10 has been reported also to be induced by several environmental factors, such as arsenite [54], nickel [55], and UVB [56,57].



Histone modification changes induced by FA exposure, included also the formation of FA-lysine histone adducts and the consequent reduction in lysine acetylation. In general, acetylation neutralizes the positive charge of lysine residues, resulting in a weaker histone-DNA interaction, in a subsequent relaxation of the chromatin, and transcriptional activation [58]. In this context, FA may impact post-transcriptional modifications disturbing the recruitment of regulatory complexes and evolving into an aberrant chromatin assembly that may facilitate anchorage-independent growth of cells. These data suggest that compromising chromatin assembly, through inhibition of lysine acetylation, may dysregulate cancer-related gene expression, as a possible new mechanism underlying FA-induced carcinogenesis [31]. The identification of FA reactive sites on histones is an initial step in understanding additional mechanisms of FA toxicity and carcinogenicity [59]. However, many issues remain to be clarified concerning the structure and fate of FA lysine adducts, the biological impact of such modifications on lysine residues, which are the exact sites for the formation of adducts, and their exact modes of action as well as how these changes may be recovered. Overall, to fully understand these aspects may be important to define the role of such alterations as possible biomarkers of early effect or susceptibility to the adverse FA impact.



MicroRNA alterations have been detected in both in vitro [33] and in vivo models [34,35,36]. From a biological monitoring perspective, some conclusions, emerged from the study by Rager et al. [35], need to be carefully considered. In different, simultaneously analyzed tissues, in fact, the authors determined the greatest and more time-stable miRNA alterations (from 7 to 28 days of treatment) in the “most directly exposed” nose epithelium compared to the “less directly exposed” WBCs. Moreover, miRNA changes showed a tissue-specific expression as only a minimal part of the alterations overlapped between these two different target sites. This underlines the importance to preliminary evaluate the relevance of individual biological matrices in the assessment of epigenetic biomarkers in relation to the routes of exposure as well as to the biological cascade intended to be investigated. Most of the miRNAs affected in nose epithelium and WBCs, in fact, were related to the expression of genes involved in nasopharyngeal carcinomas as well as in inflammatory/immune responses. Comparably, miRNA alterations detected in nose-epithelium of nonhuman primates were predicted to affect the balance between cell death and survival-affecting apoptosis, cell cycle progression, inflammation, therefore being potentially implicated in cellular transformation and cancer development [34,36].



Then, an altered expression of miRNAs may not only be useful as a biomarker, but also as an active component or tumor development. Evidence has been pointed out concerning the miRNA alterations in all types of human cancer, both induced by genotoxic carcinogens, i.e., polycyclic aromatic hydrocarbon, aflatoxin B1, n-nitroso compounds, as well as by not genotoxic carcinogens, i.e., arsenic [27]. However, the specific role of miRNA deregulation in the etiology of cancers remain to be elucidated. To establish a link between miRNAs and carcinogenesis, some essential issues need to be addressed, such as if the altered expression of miRNA occurs at the early stages of carcinogenesis in the target organ and if such early changes are also evident in full-fledged tumors; if a mechanistic link exists between aberrant miRNA expression and cancer development; and whether altered miRNA expression is sufficient to initiate neoplastic cell transformation and cancer development.



Interestingly, it was estimated that between 7% and 35% of the FA-responsive transcripts were regulated by FA-associated miRNAs. These data, on the one side, suggest that the miRNAs may be operating through mechanisms other than mRNA degradation [46,60], but also that, on the other side, other transcriptional regulators, such as DNA methylation and histone modifications [61], may play a role in FA-induced genomic responses. It may be argued that, DNMTs may cooperate with histone modifying enzymes to repress specific gene region expression, conversely, histone modifications may impact DNA methylation patterns, and also a bidirectional influence between miRNA and DNA methylation can exist [42]. Therefore, to assess the relevance of epigenetic effects in biological monitoring will require further research comprehensive of a deep analysis of all the three principal mechanisms and their possible interplay.



Finally, some limitations emerged from our revision that should be pointed out in order to plan future methodologically adequate investigations able to provide more informative data. The availability of only one study on occupationally FA-exposed subjects, underlines the relevance to plan in-field, and epidemiological investigations to define the role of epigenetic changes as possible biomarkers of early FA effects on humans. Although in vitro and in vivo studies, may be important to extrapolate preliminary information, caution should be applied to adequately interpret results obtained with high-doses of exposure (i.e., up to 6 ppm FA in vivo, almost greater than concentrations found in workplace settings) [3,12] and for periods of treatment not resembling those experienced by occupationally FA-involved populations (i.e., maximum 28 days in vivo) [34,35,36]. Future investigations should confirm epigenetic effects following experimental conditions better resembling those realistically occurring in workplace settings, generally characterized by low-dose, long-term exposures. This seems even more important considering that some changes in DNA methylation have been determined in subjects exposed at levels lower than those commonly adopted as occupational exposure limits. Longitudinal studies are also strongly pursued. Diverse miRNA modifications, in fact, were evident after shorter acute or subacute exposures compared to longer ones, suggesting that variable duration of treatment may differently affect target biological responses and therefore biological monitoring findings [35,36]. A deeper research, aimed to overcome such knowledge gaps, may be useful to understand the relevance of epigenetic early biological alterations in risk assessment and management remodeling in public and occupational exposure settings which may include also the re-assessment of currently available occupational exposure limits to better protect the health of involved workers.




5. Conclusions


Epigenetics may provide a useful tool to understand the molecular mechanisms underlying FA toxicological profile and to point out the relationship between FA chemical exposure, genome/epigenome changes, and disease risk. Although preliminary evidence demonstrated DNA methylation, histone and miRNA changes may be induced by FA exposure in workers, as well as in in vivo and in vitro experimental settings; the limited number of available studies prevent definite conclusions. Therefore, in vivo and in vitro studies, performed under conditions better resembling those experienced in occupational and general living environments, may provide data on qualitative and quantitative epigenetic changes as well as proper biological matrices to be analyzed and time-dependent trends to be verified in human biological monitoring investigations. This kind of research may further contribute to the understanding of new mechanisms underlying FA-induced toxicity, and particularly, carcinogenicity. Finally, in-field and epidemiological investigations should be pursued to confirm such experimental results and define their possible role as FA early biological effect indicators. More definite, future knowledge on this topic may allow to include epigenetic information in suitable risk assessment and management processes to assure a better protection of the health of public and occupationally FA-exposed populations.
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Figure 1. Flow diagram of literature search. 
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Table 1. Studies addressing epigenetic formaldehyde (FA) effects in humans, animals, and cellular models.
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EXPERIMENTAL SETTING

	
EPIGENETIC OUTCOMES

	
EXPERIMENTAL DESIGN

	
MAIN RESULTS

	
REFERENCES






	
HUMAN INVESTIGATION




	
Brazilian hairdressers, hairdresser assistants,

receptionists, manicurists, and managers (n. 41F; 8M)

Mean age ± SD: 31.04 ± 10.46 years

Years working in beauty salons (median: 6 years)

No unexposed controls were enrolled.

	
DNA Methylation

	
Airborne FA concentrations were measured through personal (samplers fitted in volunteers breathing zone) and area passive samplers (8-h work shift).

Global DNA methylation was assessed in whole blood samples were collected after 8-h of work.

Biological monitoring of formic acid was performed on urine samples collected at the beginning of the work shift and again 8 h after the first sampling.

	

	✓

	
Median personal FA environmental exposure (ppm): group A (n. 8): 0.013; group B (n. 15): 0.035; group C (n. 26): 0.07.




	✓

	
Median biological monitoring levels of formic acid before exposure (mg/L): group A: 25.99; group B: 24.80; group C: 19.93. Median biological monitoring levels of formic acid after exposure (mg/L): group A: 21.49; group B: 20.70; group C: 22.44.




	✓

	
Higher median levels of global DNA methylation were determined in groups B (4.55%) and C (4.29%) compared to group A (3.12%).




	✓

	
Statistically significant positive correlation was found between global DNA methylation and FA in the personal passive samplers (rs: 0.307, p: 0.032).




	✓

	
No significant increase in biological monitoring findings could be observed between the 3 groups.







	
Barbosa et al. [28]




	
IN VIVO EXPERIMENTS




	
Male Fischer rats

	
MicroRNAs

	
Nose-only exposure to 2 ppm formaldehyde for 6 h/day; Four groups of exposure were considered: 7, 28, 28 days plus a 7-day recovery period, unexposed controls.

Multiple samples were collected from the nasal epithelium, circulating mononuclear WBCs, and BM cells.

Microarray analysis employed to assess 695 rat known miRNAs.

	

	✓

	
FA exposure affected the expression levels of 108 miRNAs in nose samples, specifically, 84, 59, and 0 miRNAs altered in the 7, 2, and 28-day plus 7 day-recovery groups, respectively.




	✓

	
In the WBCs, FA exposure altered the expression of 40 miRNAs: 31, 8, and 3 miRNAs at the 3 different time points, respectively. In BM, no changes in miRNAs were identified.




	✓

	
Transcriptomics based analysis demonstrated that FA exposure induced differential expression of 830 and 42 genes in the nose and in 96 and 130 genes in WBC, in the 7 and 28 day group, respectively.




	✓

	
Thirty-five of the 864 total FA responsive transcript are immune cell specific. Seven transcripts showed formaldehyde-induced expression in both exposure groups, namely Cd34, Clec7a, Fcgr2b, Lpl, Lsp1, Mustn1, and Osmr.







	
Rager et al. [34]




	
ICR male mice

	
MicroRNAs

	
Mice treated with 3 ppm FA for 6 h for either 1 or 7 consecutive days via inhalation; controls maintained in the same conditions except for FA.

Olfactory bulb homogenized and RNA isolated for microarray analysis.

Expression levels of miRNAs tested using quantitative RT-PCR.

	

	✓

	
Microarray analysis: 18 and 7 miRNAs were up- and downregulated, respectively, after exposure to 3 ppm for 6 h. greatest increase reported for miR-199b-5p and miR-144-5p. Exposure for 7 days only altered the expression of nine miRNAs: eight increased and one decreased.




	✓

	
miRNAs (mir-144-5p, miR-199b-5p, miR-200a-5p and miR-146b-5p) increased most after 6 h/1-day and 6 h/7 days of FA exposures confirmed by RT-PCR.




	✓

	
A total of 295 genes predicted to be regulated by miR-199b-5p, 247 by miR-200a-5p and 139 by miR-146b-5p. pathways with the highest scores were the integrin signaling pathway and the axonal guidance signaling pathway.







	
Li et al. [35]




	
Male cynomolgus macaques (Macaca fascicularis, n. 8)

	
MicroRNAs

	
Animals exposed via inhalation to 0, 2, or 6 ppm FA for 6 hr/day for two consecutive days.

Small RNAs extracted from nasal samples, collected within 3 h from the last exposure, assessed for genome-wide miRNA expression levels.

Transcriptional targets of FA-affected miRNAs analyzed. Expression levels of miRNAs tested using quantitative RT-PCR.

	

	✓

	
FA exposure significantly decreased the expression levels of 3 miRNA following 2 ppm and disrupted the expression of 13 miRNAs following 6 ppm.




	✓

	
Three miRNAs that were significantly decreased in response to 2 ppm FA (i.e., miR-142-3p, miR-145, and miR-203) were also significantly decreased in response to 6 ppm FA.




	✓

	
Pathways of highest significance correlated with increased expression of miR-125b was the apoptosis signaling (expression levels of apoptotic related genes, i.e., BAK1, CASP2, MAP2K7, MCL1 were significantly reduced)







	
Rager et al. [36]




	
IN VITRO EXPERIMENTS




	
Human bronchial epithelial (16HBE) cells

	
DNA methylation

	
Cell cultures treated with 10 mM FA for 24 h for 24 weeks. Control cells treated with serum-free MEM.

BTC, a malignant transformed 16HBE cell line was used as a positive control.

Genomic DNA methylation measured by: anti-5-methyl-C immuno- histochemistry assay, flow cytometric assay and HPCE assay.

	

	✓

	
Genome of treated cells undergo a gradually global hypomethylation with increasing exposure time to FA:



- Anti-5-methyl-C immunohistochemistry assay: mean density of fluorescence was reduced to 32.1 following 24 weeks of treatment, for control group the density was 61.3, after 6 weeks 54.4, after 12 weeks 43.5 and for BTC groups 43.5;



- Flow cytometric assay: fluorescence intensity of 16HBE cells was reduced to 36.1 at 24 weeks of treatment, while was 76.5 for control, 62.4 after 6 weeks, 45.2 after 12 weeks and 34.9 for BTC;



- HPCE assay: an average proportion of methylated mC/(C + mC) was 4.72% in control, 3.76% in 6 week, 3.22% in 12 week and 2.35% in 24 week groups, while 2.1% in BTC group.




	✓

	
The mRNA expression level for DNMT3a and DNMT3b significantly and gradually decreased, while that of DNMT1 and MBD2 significantly increased gradually with increasing exposure time to FA.







	
Liu et al. [29]




	
Human lymphoblastoid cells (TK6)

	
DNA methylation

	
Cells were exposed to 3 concentrations of FA (95% cellular viability- high dose; 1/10 of high dose: medium dose; 1/100 of high dose: low dose) for 24 h with or without a mix of S9 metabolic mix required for biotransformation of procarcinogens into active carcinogens.

Global DNA methylation was obtained quantifying (5Me)dC and dC using ultrapressure liquid chromatography for separation and tandem mass spectrometry for quantification.

	

	✓

	
No significant DNA methylation changes were detected in response to FA exposure to diverse concentrations.




	✓

	
Global mean ± SD percentages of DNA methylation were: 4.09 ± 0.23; 5.21 ± 0.57 and 4.61 ± 0.23 in low, medium and high dose, respectively, in absence of S9 metabolic mix




	✓

	
Global mean ± SD percentages of DNA methylation were: 4.61 ± 0.44; 4.55 ± 0.43 and 4.23 and in low, medium and high dose, respectively, in the presence of S9 metabolic mix.







	
Tabish et al. [21]




	
Human lung adenocarcinoma epithelial (A549) cells

	
Histone Modifications

	
Cell cultures treated with 0–1 mM FA for 10–600 min

Western blotting employed to determine histone modifications.

	

	✓

	
FA increased the phosphorylation of H3S10, and H3S28 and gamma-H2AX with generation peaks 60–240 min after the treatment.




	✓

	
FA-induced phosphorylation of H3S10 in a concentration dependent manner up to 1 mM. Conversely phosphorylation decreased from 3 mM FA.




	✓

	
FA decreased the acetylation of histone H3 at lysine 9 (H3K9), at lysine 14 (H3K14), and at the N-terminal site (H3 global). Phosphorylation of H3S10 plays an important role in the induction of immediate-early genes, such as c-fos and c-jun. The treatment with FA significantly induced both genes in a dose-dependent manner.







	
Yoshida et al. [30]




	
Human bronchial epithelial BEAS-2B cells; human osteosarcoma UTA6 cells; human nasal septum quasidiploid tumor RPMI2650 cells

	
Histone Modifications

	
Cell cultures treated with 0–0.5 mM FA for 6 h. For chronic FA 0–0.1 mM for 96 h.

Protein carbonyl assays employed to determine FA adducts with histone proteins

Histone post-transcriptional modifications assessed by Western blot analysis.

	

	✓

	
FA exposure induced a significant reduction in the acetylation of the N-terminal tails of cytosolic histones (H3K9Ac, H3K14Ac, H4K12Ac) of BEAS-2B cells. Levels of H4K12Ac were significantly reduced in all 3 cell lines following 100 µM FA for 24–72 h.







	
Chen et al. [31]




	
Human lung adenocarcinoma epithelial (A549) cells; normal human lung fibroblasts, MRC-5 and WI-38

	
Histone Modifications

	
Cells were treated with various concentrations of cigarette side-stream smoke (~6.25%–100%) for ~up to 8 h.

Flow cytometric analysis was performed to assess phosphor-H3S10

	

	✓

	
Cigarette side-stream smoke induced a marked, dose-dependent phosphorylation of H3S10 and H3S28 in all 3 cellular models.




	✓

	
The phosphorylation increased up to 60 min and gradually decreased from 120 min.




	✓

	
Acetylation of H3K9 and H3K14 slightly increased at 60–180 min and 120–360 min, respectively.







	
Ibuki et al. [32]




	
Human lung adenocarcinoma epithelial (A549) cells



	
MicroRNAs

	
Cell cultures treated with 1 ppm (1.2 mg/m3) gaseous FA generated by heat in 143 mg paraformaldehyde until powder completely vaporized.

Microarray analysis employed to assess >500 known miRNAs.

Expression levels of miRNAs also tested using quantitative RT-PCR.

	

	✓

	
The most significantly differentially expressed miRNAs were miR-33 (FC = −5.5), miR-450 (FC = −3.6), miR-330 (FC = −2.4), miR-181a (FC = −2.1), and miR-10b (FC = −2.1).




	✓

	
qRT-PCR validated the findings of the decreased miRNA expression induced by formaldehyde exposure: FC = −1.3 for miR-330; FC = −7.4 for miR-181a; FC = −1.2 for miR-33; and FC = −1.5 for miR-10b.




	✓

	
Signaling pathways associated with cancer, inflammatory response, and endocrine system regulation related to miRNA expression alterations.







	
Rager et al. [33]








BAK1, BCL2-antagonist/killer 1; BM, bone marrow; CASP2, caspase 2, apoptosis related cysteine peptidase; DNMT, DNA methyltransferase; FA, formaldehyde; FC, fold change; gamma-H2AX, histone 2AX at serine 139; H3S10, histone 3 at serine 10 residue; H3S28, histone 3 at serine 28 residue; HBE, human bronchial epithelial; HPCE, high performance capillary electrophoresis; MAP2K7, mitogen-activated protein kinase 7; MBD2, methyl-CpG-binding protein DNA-binding domain protein 2; MCL1, myeloid cell leukemia sequence 1; MEM, minimum essential Eagle’s medium; RT-PCR, real time-polymerase chain reaction; WBCs, white blood cells.
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