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Abstract
Due to occupational activities, many people are exposed to carcinogenic airborne pollutants, such as benzene. 
Furthermore, benzene is also present in cigarette smoke. The main cancers associated with benzene, toluene, 
ethylbenzene, and xylenes (BTEX) are lung cancer and malignancies of the blood. At initial stages, lung cancer is 
often asymptomatic, but progression into metastasis is a huge clinical concern. We performed a review on possible 
biomarkers for monitoring increased genome instability and downregulation of the immune system in connection 
with overexposure to BTEX in a subgroup of workers being exposed to BTEX at Brazilian gas stations. The workers 
are subject to routine blood exams every semester; however, early genomic assessment is not routine. We 
evaluated available tests to be applied, including measuring benzene-derived metabolites in urine, determination of 
oxidative and inflammatory markers in blood, immunophenotypical profiling, micronucleus test, comet (single-cell 
gel electrophoresis) assay, (molecular) cytogenetics, chromosomal microarray, epigenetic-changes oriented tests, 
determination of mitochondrial (mt)DNA copy numbers, and studies on miRNA-level. However, no consensus was 
reached about their application and which test combination might be suited best.
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INTRODUCTION
The International Agency for Research on Cancer classifies chemical, physical, and biological agents with 
respect to their potential to be risk factors for cancer into Groups 1-4, according to their carcinogenic 
potential in humans. Group 1 agents are definitely known to be carcinogenic; Group 2A are those likely to 
be carcinogenic; Group 2B comprises possibly carcinogenic agents; Group 3 are those not classifiable; and 
Group 4 are those probably being non-carcinogenic[1]. Many people around the world are exposed to 
complex mixtures of chemical substances that belong to Groups 1, 2A, and/or 2B due to occupational 
activities. In this concern, it is difficult to distinguish the isolated action of a single carcinogenic agent.

A typical example is gas station workers, who are exposed to a mixture of gasoline, especially benzene, 
toluene, ethylbenzene, and xylenes (BTEX), which contains benzene (Group 1), toluene (Group 2B), 
ethylbenzene (Group 2B), and xylenes (Group 3), all being polycyclic aromatic hydrocarbons (PAH)[2]. 
Benzene being volatile, stable, and colorless, is added up to 1% to gasoline; furthermore, diesel combustion 
releases benzene, among other toxic substances[3,4]. Chronic exposure to benzene causes leukemia [acute 
myelogenous leukemia (AML), acute lymphocytic leukemia (ALL), and chronic lymphocytic leukemia 
(CLL)], other blood malignancies [myelodysplastic syndrome (MDS), and multiple myeloma (MM)], and 
non-Hodgkin lymphoma[5,6]. Additionally, benzene most likely causes lung cancer[6]. Workers at gas stations 
and petroleum refineries, performing other industrial activities (shipping, automobile repair, shoe 
manufacture, etc.), fuel drivers, and traffic wardens are subject to PAH pollution[7]. Because of these 
industrial activities and the distribution of gasoline and diesel, benzene can be found as an airborne 
pollutant in industrial and city environments. Thus, beyond the above-mentioned workers, the 
environmental contamination can affect the health of the whole population near and far from benzene 
production industries, turning the benzene contamination into a real public health problem[8]. Finally, 
benzene is also present in cigarette smoke.

RATIONALE, AIM, AND METHOD
The etiology of cancer is complex. One of the possible causes is chronic exposure to genotoxic substances 
due to occupational activities, causing genomic instability and downregulation of the immune system.

The aim of this review is to summarize tests suitable to determine biomarkers that can be applied to follow 
the harmful effects of BTEX.

This is not a systematic review. The selection of papers was conducted according to the keywords “gas 
station worker” and “benzene exposure”, and the most relevant papers were selected.

SURVEILLANCE BIOMARKERS
As the increase in cancer risk due to benzene/BTEX is a real problem, health monitoring of the above-
mentioned groups at risk is an unmet need. The identification of relevant biomarkers for people being 
exposed to these carcinogens due to occupational activities is necessary. In general, mechanisms by which 
carcinogens trigger cancer involve genotoxicity and/or immunosuppression. Benzene usually requires 
metabolic activation to become carcinogenic. Hereby, metabolic enzymes can transform benzene into 
potent toxic and carcinogenic electrophiles. These byproducts form addition products, commonly referred 
to as adducts, with cellular macromolecules including DNA, RNA, lipids, and proteins. Therefore, benzene 
and/or its metabolites may produce severe hazards to cells, including DNA damage, mutations, 
chromosomal instability, epigenetic alterations, altered DNA repair and metabolic activation, oxidative 
stress, and immunosuppression[9,10].
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Regular blood tests are already in use for BTEX-exposed workers, as even low levels of benzene exposure 
may lead to white blood cells (lymphocyte and B cells) as well as granulocyte suppression[11]. Such 
abnormalities in the blood of gas station workers in Gondar town, Northwest Ethiopia[12] have been 
reported. Besides, monitoring of liver and renal functions in blood is also very important[13], as increased 
levels of hepatic markers [lactate dehydrogenase (LDH), bilirubin, and alanine aminotransferase (AST)] 
were found to increase in Brazilian gas station workers[14].

However, current blood tests do not allow the monitoring of DNA integrity under BTEX exposure. 
Therefore, it is important to develop better tests to monitor DNA damage and cancer risk in populations 
subjected to exposure to prevent the emergence of cancer after years of accumulating genetic alterations. 
Cancer progression occurring over a relatively long period of time is a multistep process that involves 
sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative 
immortality, reprogramming energy metabolism, evading immune suppression, inducing angiogenesis, and 
finally activating invasion and metastasis[15].

While the need for such tests is unquestionable, there is ongoing controversy about which is the best 
biomarker for monitoring BTEX-exposed workers. Most likely, more than one biomarker needs to be 
applied, and a standard setup for screening tests needs to be developed and approved. Here, we describe 
some current possibilities for general health, immune status, and genomic (in) stability related to BTEX 
exposure.

IMMUNOPHENOTYPICAL PROFILING
Immunophenotyping determines blood cell subpopulations by applying fluorescent-labeled monoclonal 
antibodies by flow cytometry. This would be an important complementary test besides the yet performed 
hemogram in the case of gas station workers, as highlighted by two female cases where natural killer (NK) 
cell count was found to be decreased, probably due to benzene exposure causing immunotoxicity[16]. Overall, 
NK cells are quite effective in controlling several types of tumors and microbial infections[17]. However, in 
another study, an increase of CD3+CD8+ T-lymphocytes was found with increased T memory helper cells 
(CD4+CD45RO) after BTEX exposure, but without alterations in NK cells[18]. In addition, other blood cell 
subpopulations could be affected, e.g., CD25+/CD4+ T lymphocytes were upregulated in BTEX-exposed 
refinery workers[19], while a decrease of CD80 and CD86 expression in monocytes or an increase of 
monocytes has also been reported[20,21]. Recently, our group detected activated monocytes in gas station 
workers in Rio de Janeiro [Figure 1].

MICRONUCLEUS TEST
The micronucleus (MN) test takes advantage of the fact that genomic damage can be visualized directly in 
lymphocyte nuclei of blood smears at a low cost; however, it requires the training of observers over the 
optical microscopy[7,14,22-24]. MNs are round, not larger than 0.5 µm in diameter, and, generally, only one is 
present per lymphocyte, besides the normal nucleus. MNs represent chromosomes that have been separated 
from the mitotic spindle during impaired mitosis and contain a high proportion of centromeric material 
along with heterochromatin[25]. MNs can also be assessed from exfoliated buccal mucosa cells[26-31] or cultures 
of peripheral blood lymphocytes[32].

An alternative in vitro assay is the cytokinesis-blocked micronucleus test. It is based on cultured 
lymphocytes being treated with cytochalasin B (Cyto-B), a cell-permeable mycotoxin disrupting the 
formation of actin polymers. Cells are harvested, fixed, and stained with Giemsa, and binucleated cells can 
be observed to determine the micronucleus frequencies[33].
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Figure 1. (A) Monocytic population on the CD45xSSC plot. The blue population is classic monocytes and the pink population is 
activated monocytes. (B) CD16 expression on monocytes (CD16xSSC). The blue population is classical monocytes and pink represents 
CD16-positive activated monocytes.

COMET ASSAY (SINGLE-CELL GEL ELECTROPHORESIS)
In the comet assay, a single cell gel electrophoresis leads to the driving out of DNA from the nucleus. The 
microscopic image obtained is reminiscent of a comet. An enlarged comet tail is observed as a result of 
DNA fragmentation. The longer the tail, the greater the DNA fragmentation or DNA damage that has taken 
place[14,34]. The comet assay is a low-cost method with excellent sensitivity for the detection of DNA damage 
in gas station workers in Rio de Janeiro[14]. Comet assay is based on a few microliters of fresh blood, which is 
treated in a way that disrupts the cells on slides with agarose, following low-temperature alkaline 
electrophoresis. Finally, comets are classified, counted, and results are compared with lab internal standard 
values[35].

CHROMOSOMAL ABERRATIONS
Chromosomal aberrations (CAs) consist of breakage, rearrangements, and numerical variations (aneuploidy 
and polyploidy) that are visualized in the fixed chromosome preparations (metaphases). This cytogenetic 
analysis from peripheral blood lymphocytes for the determination of radiosensitivity or mutation load 
detection expressed as “frequency of CAs” is a long-standing approach[36]. A study conducted in the Czech 
Republic reinforced the association between increased levels of CAs and the incidence of cancer and 
mortality[37]. In BTEX-exposed workers, CAs in peripheral blood lymphocytes were already reported based 
on conventional/banding cytogenetics[22,38,39] or chromosome painting by fluorescence in situ hybridization 
(FISH)[40-46]. As for chromosome painting, whole chromosome probes are capable of labeling each pair of 
chromosomes with a different fluorescent color[47,48].

When chromosomes cannot be obtained in cell culture, an alternative is to study rearrangements in the 
interphase cell. Interphase FISH (I-FISH) requires the use of locus-specific probes and can only visualize 
small parts of the genome[49]. Moreover, new bioinformatics tools are available to evaluate cytogenomic data 
such as occurring CNV (copy number variation - see next section)[50] and can be applied in the future to 
detect instability in the genome of the BTEX-exposed workers.

Sister chromatic exchange (SCE) is another cytogenetics-based method that is suitable for the measurement 
of chromosomal rearrangements in benzene-exposed workers[19,32]. SCE reflects the interchange between 
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DNA molecules at homologous loci within a replicating chromosome. The detection of SCEs in cytological 
preparations of metaphase chromosomes requires the incorporation of BrdU-dye[51,52]. A high number of 
SCEs (high frequency) may indicate chromosome instability.

CHROMOSOMAL MICROARRAY AND OTHER STUDIES TO ASSESS COPY NUMBER 
ALTERATIONS
Chromosomal analysis using an array platform can identify copy number variations (CNVs) in all 
chromosomes at a time. In addition, targeted assays may be used, as in the case of a study on Chinese 
benzene-exposed shoe factory workers without clinical symptoms. These workers were studied for CNVs in 
leukemia-related genes by chromosomal microarray (CMA) and real-time PCR analysis. The NOTCH1 and 
BSG mRNA levels were increased in benzene-exposed workers. These results suggest that CNVs and 
leukemia-related gene expression might play a role in leukemia development in such workers[53].

BENZENE-DERIVED METABOLITES IN URINE
Inhaled benzene is oxidized by CYP2E1 (belonging to the cytochrome P450 family) to a reactive 
intermediate benzene oxide, oxepine. This highly reactive species is further metabolized through three 
different pathways[54,55]:

(a) The predominant one leads to phenol via a non-enzymatic rearrangement. Phenol may be excreted in 
urine as sulfate or glucuronate derivatives (80%-90% of the absorbed dose) or may be oxidized via 
cytochrome P450 to 1,4- and 1,2-benzenediol. This may be further oxidized to p- and o-benzoquinone. The 
quinones may be back-reduced to the original diols via NADPH quinone oxidoreductase-1 (NQO1).

(b) The second pathway leads to benzene 1,2-dihydrodiol via epoxide hydrolase, which may be oxidized to 
trans,trans-muconic aldehyde and trans,trans-muconic acid (t,t-MA), which is excreted in urine (3%-18% of 
the adsorbed dose).

(c) The third and minor pathway leads to pre-phenyl mercapturic acid, after conjugation with glutathione 
via glutathione S-transferase (GST), and finally to S-phenylmercapturic acid (S-PMA), which is excreted in 
urine. Nonmetabolized benzene may also be excreted in urine (U-benzene) after passive diffusion from 
blood to urine through the kidney glomerular tuft.

To test for benzene exposure, t,t-MA and S-PMA are measured in urine samples by a very sensitive 
method[8,30,54,56]. Determination of urinary t,t-MA is carried out by pre-purification of urine with solid-phase 
extraction, followed by high-performance liquid chromatography and UV detection. Conversely, the 
determination of urinary S-PMA is based on an immunoassay technique. It should be noted that the main 
site of benzene metabolism is the liver, although the occurrence of benzene metabolism in the bone marrow 
should be the explanation for the frequently described myelotoxicity due to benzene exposure.

OXIDATIVE AND INFLAMMATORY MARKERS IN BLOOD
Inflammatory and oxidative stress biomarkers can be evaluated in blood samples of BTEX-exposed workers. 
Protein carbonyl (PCO) levels can be determined using a simple ELISA method, and the activity of GST is 
measured in 96-well microplates using a substrate (1-chloro-2,4-dinitrobenzene). While PCO was increased, 
the activity of GST was found to be reduced in Brazilian gas station workers[20]. GST is an important enzyme 
playing a role in detoxifying several carcinogens; thus, downregulation of GST activity can lead to genomic 
instability. In addition to GST, other metabolic and oxidative stress enzymes can be assessed, such as 
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catalase (CAT), superoxide dismutase (SOD), thiol groups (THIOL), and malondialdehyde (MDA)[30].

From serum, inf lammatory biomarkers can be assayed by ELISA: interleukin-1β (IL-1β), 
interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) were 
increased in gas station workers[20]. All these results seem to be interconnected, since increased levels of 
proinflammatory cytokines were accompanied by increased PCO content and decreased GST activity.

EPIGENETICS
Epigenetic modifications (such as DNA-methylation) are partially influenced by environmental pollutants 
such as benzene. Epigenetic modification is important in carcinogenesis initiation and cancer progression. 
In humans, DNA methylation occurs at cytosine (C), which is transformed into 5-methylcytosine.

The target genes selected for methylation measurement are generally important for cell cycle control and 
DNA damage response and are related to detoxification metabolism. The cyclin-dependent kinase inhibitor 
2A (CDKN2A) locus encodes two key tumor suppressor proteins (p14ARF and p16INK4A), which play a key role 
in the cell cycle control. Both p14ARF and p16INK4A were found hypermethylated in the mononuclear blood 
cells tested by MSP-PCR (Methylation-specific PCR)[57] in Brazilian gas station workers[58].

Repetitive DNA sequences can also be informative for epigenetic testing[30,59,61]. In a population of benzene-
exposed workers, bisulfite-PCR pyrosequencing was used to quantify DNA methylation in repetitive DNA 
sequences (Line-1 and ALU), as well as in MAGE-1 and p15[59]. Exposure to benzene was associated with a 
reduction in LINE-1 and AluI methylation. In addition, hypermethylation in p15 and hypomethylation in 
MAGE-1 were detected.

MITOCHONDRIAL DNA COPY NUMBER
Mitochondrial DNA (mtDNA) is circular and present in multiple copies per mitochondrion. The mtDNA 
copy number is maintained within a constant range in normal cells, but in tumors as well as in age - related 
neurodegenerative disorders, the mtDNA copy number is highly variable[62]. mtDNA copy number variation 
has also been detected in workers exposed to hazardous compounds. Generally, the mtDNA copy number is 
determined by amplification of a region (e.g., ND1) from mtDNA based on qPCR (quantitative PCR) with a 
single copy gene (e.g., β-globin) as a reference. mtDNA was found to be increased in two studies linked to 
occupational exposure to benzene[31,63,64].

miRNA
MicroRNA (miRNA) are short non-coding RNAs that participate in the complex gene expression 
network[65]. Selected miRNAs play important roles in specific cancers, acting in the process of controlling 
signal transduction, cell development, differentiation, proliferation, apoptosis, and stress response. The 
expression of miR-221 was found to be elevated in lymphocytes of petrol station workers[66]. This is 
interesting because miR-221 has previously been found with elevated expression levels in leukemia patients, 
confirming miR-221 to be a potential biomarker for leukemogenesis.

In another work, the mechanism behind benzene-induced hematotoxicity was investigated, focusing on 
miRNA expression in benzene-poisoned Chinese workers. In blood lymphocyte-derived RNA, miR-222 was 
upregulated in the exposed workers and positively correlated with the induction of DNA strand breaks and 
MN formation. These results demonstrate a reduction of DNA repair capacity after benzene exposure, even 
in low doses[33]. Determination of miRNA expression can be performed by quantitative reverse transcriptase 
polymerase chain reaction (RT-qPCR)[33], while large-scale screening can be conducted by microarray assay 
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platforms[33,66].

DISCUSSION
In a simple time scale, some of the mentioned biomarkers of exposure to BTEX can be considered more 
conventional ones (MN, comet test, molecular cytogenetics, measuring benzene-derived metabolites in 
urine, and measuring oxidative and inflammatory markers in blood), since they have been applied for 
decades. The more predictive biomarkers demand more sophisticated equipment or platforms 
(immunophenotypical profile, CMA, epigenetic evaluation, mtDNA copy number, and miRNA detection). 
The more predictive methods are generally more expensive and require specialized workers, and this is 
probably the main reason for not reaching a worldwide consensus method.

In Brazil, self-service at gas stations is forbidden, and consumers have to rely on gas station workers to fill 
their tanks. The newest official Brazilian legislation (https://www.in.gov.br/en/web/dou/-/portaria-n-427-
de-7-de-outubro-de-2021-351525197), published on 7 October 2021, describes in detail all the necessary 
care in handling mixtures containing benzene including the worker’s personal protective equipment and the 
corresponding warnings and rights. However, while workers should have a hemogram done every semester, 
no other genetic-, cellular-, or metabolite-based monitoring tests are required or mentioned in the 
legislation. Here, the major concern is that early damages to lungs that might lead to cancer are not 
detectable by hemogram counts. Cancer is a multistep process that can take many years, while in the 
genome mutations, epigenetic modifications, and rearrangements are acquired, and the immune system is 
also impaired.

The detection of early lung cancer is desirable considering the higher chances of survival with lower costs of 
treatment. In our hospital, early lung cancer is detected by tomography or bronchoscopy. The application of 
new molecular-based methods would make the lung cancer diagnosis much more accurate and less invasive. 
With this aim, investigations are performed by liquid biopsy on cell-free DNA (cfDNA), all kinds of RNA 
(cfRNA), and volatile organic metabolites (VOMs). In the institutions where advanced molecular methods 
are available, the detection of cfDNA EGFR T790M mutation [responsible for resistance to 
gefitinib/erlotinib treatment in non-small cell lung cancer (NSCLC)] is already routine[67]. VOMs derived 
from differentiated cell metabolism are under investigation using biofluids (exhaled breath, pleural 
effusions, blood, urine, etc.) from lung cancer patients and can be captured by solid-phase microextraction 
combined with gas chromatography-mass spectrometry (SPME-GC/MS)[68].

Even better than early lung cancer detection is monitoring the increasing genome instability by biomarkers 
(genetic, immunological, and metabolite), taking action to prevent worker overexposure to BTEX, and 
consequently protecting them from developing cancer. This review is important because it contributes to 
the discussion of the Brazilian scientists and lawmakers (possibly extended to other countries) on what 
would be the best protocol to monitor the genomic stability and the health of the immune system of BTEX-
exposed workers, as well as what actions should be taken to prevent cancer in these workers.

CONCLUSION
Many promising biomarkers for BTEX exposure are available to monitor genetic and immunological 
alterations leading to leukemia and lung cancer. Thus far, there is no universal consensus on one or more 
gold standard biomarkers to be assessed. Overall, it is recommended to apply more than one biomarker for 
greater accuracy. Without a consensus, the biomarker choice (genetic, immunological, or metabolite) 
depends on the tools available in each laboratory and/or affordable for the country. Thus, the available 
biomarkers should be analyzed along with clinical examinations, regular blood exams such as the 
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hemogram, and biochemical markers.
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