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Abbreviations 

 AChE.      Acetyl cholinesterase  

 ADA:       Adenosine deaminase  

 ALP:        Alkaline phosphatase 

  ALT:       Alanine aminotransferase  

 AST:        Aspartate transaminase  

 BUN:       Blood urea nitrogen 

 DNA:       DeoxyRibo Nucleic Acid  

 DOPA:      Dopamine 

 EDCs:      Endocrine disrupting chemicals  

 ERK1/2:  Extracellular signal- regulated kinases 1and 2 

 Hb:          Hemoglobin  

 IL-2:       Interleukin 2  

 Kg:          kilogram  

 LDH:       Lactate dehydrogenase  

 LINE-1:   Long interspersed nuclear element-1  

 MCHC:   Mean Corpuscular Hemoglobin Concentration  

 MPV:      Mean platelet volume  

 Mg:         Milligram 

 OSHA:    Occupational Safety and Health Administration  

 ROS:       Reactive oxygen species  

 VOCs:    Volatile Organic Compounds 

 WBCs:    White blood cells 
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Abstract  

Objective: Benzene, as a volatile organic compound, is known as one of the main air pollutant in 

the environment. The aim of this review is to summarize all available evidences on non-

cancerous health effects of benzene providing an overview of possible association of exposure to 

benzene with human chronic diseases, specially, in those regions of the world where benzene 

concentration is being poorly monitored. 

Methodology: A bibliographic search of scientific databases including PubMed, Google Scholar, 

and Scirus was conducted with key words of “benzene toxic health effects”, “environmental 

volatile organic compounds”, “diabetes mellitus and environmental pollutants”, “breast cancer 

and environmental pollution”, “prevalence of lung cancer”, and “diabetes prevalence”. More 

than 300 peer reviewed papers were examined. Experimental and epidemiologic studies 

reporting health effects of benzene and volatile organic compounds were included in the study. 

Results: Epidemiologic and experimental studies suggest that benzene exposure can lead to 

numerous non-cancerous health effects associated with functional aberration of vital systems in 

the body like reproductive, immune, nervous, endocrine, cardiovascular, and respiratory. 

Conclusion: Chronic diseases have become a health burden of global dimension with special 

emphasis in regions with poor monitoring over contents of benzene in petrochemicals. Benzene 

is a well known carcinogen of blood and its components, but the concern of benzene exposure is 

more than carcinogenicity of blood components and should be evaluated in both epidemiologic 

and experimental studies. Aspect of interactions and mechanism of toxicity in relation to human 

general health problems especially endocrine disturbances with particular reference to diabetes, 

breast and lung cancers should be followed up. 

 

Keywords 

Benzene, Disease, Glucose homeostasis, Hepatotoxicity, Hematotoxicity, Immunotoxicity, 

Nephrotoxicity, Neurotoxicity  
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Introduction 

Benzene (C6H6) is an organic hydrocarbon commonly used as a solvent in industries. Benzene is 

one of the most widely used chemical in the synthesis of various polymers, resins, and synthetic 

fibers (Velasco Lezama et al., 2001).  

Human exposure to benzene: Human life is surrounded by a wide range of environmental 

volatile organic compounds (VOCs) among which benzene has been known to have deleterious 

health effects (Karakitsios et al., 2007). Benzene is released to our environment from industries 

effluents, combustion of gasoline and other petrochemicals used in our cars and industries. 

Cigarettes smoke is the main source for indoor benzene exposure (Wallace, 1996b, Wallace, 

1996a). Being extensively used chemical in petroleum industries, and subsequent presence in the 

environment from other sources, human exposure to benzene is unavoidable and the possible 

adverse health effects associated with benzene chronic or acute exposure remains a matter of 

great concern for public (Snyder, 2012). Humans are exposed to benzene most frequently 

through inhalation of vapors in the workplace, environment and by eating processed foods such 

as smoked and canned fish (Medeiros Vinci et al., 2012). Apart from above-mentioned sources, 

an additional quantity of approximately 10 kg/ton of benzene is released to our environment 

during manufacturing, transferring and storage (Etzel and Ashley, 1994). 

Occupations associated with prominent benzene exposure: Occupations dealing with leather, 

petrochemicals (refining, service station operators), scientific laboratories, rubber industries, coal 

based coke production, steel manufacturing, printing and plastic manufacturing industries, have 

possibility of their personnel to be highly exposed to benzene (Galbraith et al., 2010). 

Benzene as human carcinogen: Benzene has long been known to act as carcinogen of human 

blood components. A first case of “benzene associated lymphoma” was reported by French 

researchers in 1947. According to recent studies, benzene at 3.19 mg/m
3
 exposure in air has been 

accounted to induce hematological effects in humans (Lan et al., 2004, Qu et al., 2002). It has 

been reported from China, Italy, and Turkey that occupational benzene exposure in the range of 

638.8 to 5110.8 mg/m
3
 has caused acute myeloid leukemia, myelodysplastic syndrome, non-

Hodgen lymphoma and possibly childhood leukemia (Eden, 2010, McHale et al., 2012, Brandt, 

1992). 

Current global regulations on benzene gasoline ratio:  
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Aromatic hydrocarbons are added to gasoline for maintaining high octane number and for best 

anti knock properties. Refined petroleum products generally contain 2-3% benzene by volume 

(Wong and Fu, 2005). Due to hazardous effects of lead (Pb) on human health, the content of its 

additives in gasoline has been reduced and almost eliminated since the last decade, but for anti 

knocking purposes, benzene is mixed with gasoline, so that the contents of benzene in gasoline 

have reached to more than 5% in some countries (Verma and des Tombe, 2002, Karakitsios et 

al., 2007). In the USA, Australia, and Europe the concentration of benzene in gasoline has been 

reduced to 1% by volume (Verma and des Tombe, 2002), but in other regions like Russia, India, 

Malaysia, UAE, Bangladesh, Saudi Arabia, Egypt, Libya and some African countries, 

concentration of benzene in gasoline is estimated to be in the range of 3-7% volume. Pakistan, 

Iran, Iraq, Turkmenistan, Uzbekistan, Syria, and Sudan are the countries where no monitoring is 

exercised over benzene contents and any standard for benzene concentration in gasoline has not 

been yet set (Figure 1). Information regarding benzene gasoline ration in different parts of the 

world taken from “International fuel quality center, August 2013 and Hart Energy Research and 

Consulting” have been brought in Table 1.  

As recommended by the U.S. Environmental Protection Agency, current threshold limit for 

benzene is 1.59 mg/m
3
 at workplace and 0.01597 mg/m

3
 for drinking water (Galbraith et al., 

2010). In the Western and European countries, the concentration of benzene in the ambient air 

has fallen since 1990. As reported, the annual atmospheric concentration of benzene in European 

cities is in the range of few µg/m
3 

to 0.050 mg/m
3 

in busy streets and areas with high traffic 

density (Skov et al., 2001).  

However, this concern regarding other countries particularly developing ones is increasing, so 

that health hazards of exposure to benzene need more attentions for management from side of 

environmental health scientists and agencies. 

 

Table 1: Benzene gasoline ratio in different countries of the world 

Countries Concentration of benzene in gasoline 

USA, China, European Countries, Australia Less than 2 volume% 

Russia, India, Malaysia, UAE, Bangladesh, Saudi 

Arabia, Egypt, Libya and  South Africa 

Benzene in gasoline (3-7 volume %) 
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Pakistan, Iran, Iraq, Turkmenistan, Uzbekistan, 

Syria, Sudan 

No standard yet defined 

 

 

Figure 1: International limits on benzene contents in gasoline. Adopted from international fuel quality 

center (http://www.ifqc.org/Spotlight.aspx?Id=130), August 2013; Hart Energy Research and Consulting 

with permission. 

  

Evidences for non- cancerous health effects of benzene 

Hematological Effects 

Chronic exposure  

The toxic effects of benzene exposure on blood components have been studies in detail. Both in 

experimental and epidemiologic studies, it has been reported that chronic exposure to benzene is 

associated with decrease in hemoglobin (Hb), platelets count, and white blood cells (WBCs) 

count (Travis et al., 1994, Hsieh et al., 1990). Neutrophils and mean platelet volume (MPV) in 

the blood have been reported as the most affected parameters by benzene exposure in workers 
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exposed to benzene in a factory in China, where the recorded weekly average benzene 

concentration was 7.4 mg/m
3 

(Robert Schnatter et al., 2010). Bogadi-Sare et al. (1995) have 

reported a significant decrease in Hb and mean corpuscular hemoglobin concentration (MCH) in 

workers exposed via inhalation in a shoe making factory to vapors of benzene in the range of 6.0 

to 47.2 mg/m
3
. However, no effect on hematological parameters was observed in a subgroup of 

workers exposed to benzene less than 15.9 mg/m
3 (Bogadi-Sare et al., 1995) but another study 

suggests that long-time exposure to benzene at concentration below 15.9 mg/m
3
 may cause 

suppression of hematological parameters (Ward et al., 1996, Baak et al., 1999). And this was 

supported by Lan et al. (2004) who reported a decrease in WBCs and platelets in workers 

exposed to benzene at 3.19 mg/m
3
 concentration for a long time (Lan et al., 2004). And there are 

reports that chronic benzene exposure might be a risk factor in the incidence of other blood 

disorders like aplastic anemia and leukemia in human (Smith, 1996b, Travis et al., 1994). 

Since the last two decades, much stress has been laid on personal protection and good industrial 

hygiene practices having appreciably reduced the risk to employees. It is evidenced that chronic 

exposure to benzene at very low concentration poses health complications by affecting the 

components of blood. However, no reports have been traced about acute toxicity of benzene or at 

higher exposure on blood parameters, which suggest that exposure period might play an 

important role in the incidence of hematological effects. 

 

Immunological Effects 

Chronic exposure  

Benzene chronic exposure has been reported, both in experimental and epidemiologic studies, to 

suppress the components and functions of immune system including serum immunoglobulins 

and the immune cells. Farris et al. (1997) in their experimental study observed benzene induced 

reduction in B and T lymphocytes in mice exposed via inhalation to benzene at 319 mg/m
3
 or 

638 mg/m
3
 concentrations for a period of 8 weeks ( Farris et al., 1997). Hsieh et al. (1990) 

reported a decrease in lymphocytes count (lymphopenia) and suppression of B-and T-cells 

mitogenesis in male mice exposed to benzene in drinking water at concentration of 166 mg/m
3
 

for 4 weeks (Hsieh et al., 1990). Another study carried out by Fans et al. (1992) showed an 

imbalance in the immune system of mice exposed to benzene at dose of 27 to 154 mg/kg/day 

orally for 28 days. The interleukin 2 (IL-2) cells have been found sensitive while the natural 
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killer cells are resistant to the action of benzene (Fan, 1992). Reduction in mice femoral B, 

splenic T and B, and thymic T-lymphocytes have been observed after inhalation of benzene (319 

or 638.9 mg/m
3
) for 8 weeks (Farris et al., 1997). Epidemiologic studies regarding benzene 

effects on immune system function are few. A decrease in some components of immune system 

like immunoglobulins, CD4T cells, and CD4/CD8 ratio has been reported in gasoline filling 

workers exposed to benzene via inhalation. The limitation of this study is not mentioning the 

concentration of benzene and duration of exposure at workplace (Uzma et al., 2010). Bogadi-

Sare et al. (2000) have reported immunotoxicity in the form decline in B-lymphocytes in female 

factory workers due to benzene exposure. These workers had been exposed to vaposrs of 

benzene upto 47.8 mg/m
3
, however the period of exposure of workers was not mentioned in that 

study (Bogadi-Sare et al., 2000). Similarly another epidemiological case control study conducted 

by kirkeleit et al. (2006) evaluated the components of immune system in cargo tanks workers 

exposed to 0.479 mg/m
3
 of benzene at 12 hours/day work for three days. They reported a 

decrease in IgM, IgA and CD4 T cells in the exposed group comparing to non-exposed workers 

(Kirkeleit et al., 2006). 

The mechanism by which benzene produces its immunotoxic effects may be related to 

chromosomal damage, oxidative stress and DNA strands break (Smith, 2010). 

The immunotoxic effects of benzene exposure in both acute and chronic cases have been 

reported in both experimental and epidemiologic studies. The epidemiologic studies, regarding 

the toxic effects of benzene on immune functions, published so far are related to occupational 

exposure. It is still unclear whether benzene existing in our environment play any role in the 

incidence of  immunological problems. 

 

Reproductive and Developmental Effects 

Chronic exposure 

Since long there has been a growing concern about the potential harmful effect of environmental 

pollutants and industrial solvents on reproductive health of both male and female (Lemasters et 

al., 1999, Katukam et al., 2012). A vital factor in male fertility is normal morphology of sperms 

on which benzene at concentration below U.S. Occupational Safety and Health Administration 

(OSHA) permissible limits has been reported to possess toxic effects (Xing et al., 2010). 

Katukam et al. (2012) have published a prospective cohort study of 160 workers exposed to 
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benzene via inhalation. They have reported a decrease in total sperm count and sperm motility 

along with a significant increase in Comet tail length in the exposed group in comparison to 

controls. No significant macroscopic changes were observed in the semen. The concentration of 

benzene in the workplace which might have affected the reproductive health of theses workers  

has not been moniotred in that study (Katukam et al., 2012). Another epidemiological case 

control study published by Song et al (2005b) have  reported spermatic DNA damage in 27 

workers exposed to benzene (86.49 ± 2.83 mg/m
3
) for two years (Song et al., 2005b). Similarly 

low sperm motility has been noted in 50 aircraft maintenance workers exposed to jet fuel 

containing benzene (Lemasters et al., 1999). Besides affecting the reproductive health of male, 

benzene has been reported to affect the reproductive health of female by disturbing the menstrual 

cycle and various hormones of reproductive system (Reutman et al., 2002). A study published 

from china by Huang (1991) has shown reproductive dysfunction in female workers exposed to 

benzene and toluene in shoe making industry. Menstrual disorder in the exposed group (223 

workers) was significantly high as compared to control group (327 unexposed workers). The rate 

of miscarriage and toxemia were 5.7% and 22.6%, respectively, higher in the exposed group than 

the control, 2.4% and 10.5%, respectively (Huang, 1991). Another study published by Yin et al. 

(1987) showed hypermenorrhea (prolonged menstruation) in 174 female workers exposed to 

benzene via inhalation at 188.4 mg/m
3
 for 65 months (Yin et al., 1987).  

The molecular mechanism of benzene in reproductive toxicity seems mediated through its 

metabolites. Benzene metabolites cause DNA damage and this could be the possible mechanism 

by which benzene acts as a toxicant for spermatogenesis (Song et al., 2005a, Song et al., 2005b). 

Benzene exposure may also cause increase in aneuploidy of sperm sex chromosomes and 

producing chromosomally defective sperms (Liu et al., 2000, Marchetti et al., 2012). 

Apart from having toxic effects on reproductive health, chronic benzene exposure has been 

shown to associate with birth defects in the offspring (Lupo et al., 2011). Risks of low birth 

weights and fetal malformations have been reported to increase with work-related contact of 

pregnant women to benzene and other organic solvents (Khattak et al., 1999, Chen et al., 2000). 

Traffic-related air contains benzene fumes which may increase the risk of adverse effect on the 

intrauterine fetal growth (Crebelli et al., 2001, Parker et al., 2005). An epidemiologic case 

control study published by Lupo et al. (2011) from Texas 1999-2004 have reported high 

incidence of birth defects in the offspring’s of mothers previously exposed to benzene (Lupo et 
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al., 2011). Elevated rate of low birth weights have been reported by Slama et al. (2009) in a 

cohort study of 271 non-smoking pregnant women exposed to benzene via inhalation at median 

concentration of  0.0018 mg/m
3 

(Slama et al., 2009). Chen et al. (2000) also reported low birth 

weights of fetuses born to women exposed to benzene at 0.0543 to 0.61mg/m
3 

in a petrochemical 

industry (Chen et al., 2000). In an experimental study, low birth weights were also seen in rats 

exposed to benzene via inhalation (7 to 14 day of gestation) at concentration of 150 mg/m
3 

(Tatrai et al., 1980). Another experimental study published by Kuna and Kapp (1981) studied the 

effect of benzene on pregnant rats (day 6
th

 to 15
th

 of gestation). Fetotoxic effects of benzene were 

observed at concentration of 159.7 or 1597.3 mg/m
3
 for 7 hours/day inhalation as compared to 

control group (Kuna and Kapp, 1981). Based on the evidences brought together about the 

reproductive health of human, the role of benzene in causing fertility related problems cannot be 

overlooked. There is a need to further evaluate the effect of benzene on targeted population in 

respect of reproductive health effects by considering the concentration and duration of exposure.    

 

Central nervous system effects  

Chronic exposure 

Neurological effects: Long-term exposure to benzene may cause neurological abnormalities. 

Baslo and Aksoy (1982) published a cohort study of eight patients previously exposed to 

solutions containing benzene (9-88%). Six patients showed neurological abnormalities in the 

form of atrophy of lower extremities and neuropathy of upper extremities (Baslo and Aksoy, 

1982). That study suggested that benzene may produce some toxic effects on the peripheral 

nerves. The limitation of this study was the possibility of patients’ exposure to other organic 

solvents along with benzene. Experimental data regarding the benzene exposure and its possible 

effects on nerves could not be traced. 

Alzheimer’s disease: Alzheimer disease is an irreversible neurodegenerative disorder 

characterized by dementia. Beside other factors, environmental toxins have been recognized as a 

risk factor for causing Alzheimer disease (Moulton and Yang, 2012). Animal studies show that 

benzene causes inhibition of brain acetylcholinesterase (AChE). Sun et al. (1992) observed a 

decrease in brain AChE in mice after exposing the animals to various concentrations of benzene 

39.9, 9.9, and 2.49 mg/m
3
 for 2 hours/day for 30 days. Animals exposed to 39.9 mg/m

3
 and 9.9 

mg/m
3
 of benzene showed a decrease in brain AChE activity as compared to control group (Sun 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 10 of 31 
 

et al., 1992). Benzene has been reported to decrease acetylcholine level in rat hippocampus 

(Kanada et al., 1994). 

Based on insufficient studies, it is premature to say that benzene might contribute to the 

incidence of Alzheimer diseases. It would be really helpful to carry out research activities with 

specific biomarkers in epidemiological studies on target population. 

Cognitive effects: Benzene has been implicated in animal studies to cause long-lasting cognitive 

effects, motor and behavioral changes. Lo Pumo et al.(2006) reported behavioral, motor and 

cognitive changes in the neonates of pregnant animals acutely exposed to benzene by 

subcutaneous injection of 0.1 mg/kg at day 15 of gestation (Lo Pumo et al., 2006). The results of 

another experimental study published by Kanada et al.(1994) showed that benzene given orally 

(950 mg/kg) causes a decrease in acetylcholine level in the rat hippocampus, dopamine and 

norepinephrine in the rat midbrain (Kanada et al., 1994). 

ROS formation and oxidative stress may be the possible involved mechanisms in causing CNS 

related toxicities induced by benzene (Saeidnia and Abdollahi, 2013).  

 

Respiratory Effects  

Acute exposure  

Acute exposure to benzene has been shown to possess toxic effects on respiratory system in 

humans. Avis and Hutton (1993) have published a case report of accidental exposure to benzene 

vapors at high concentration which caused three fatalities. Hemorrhagic and edematous lungs 

were reported by autopsy of the victims (Avis and Hutton, 1993). Wink and Collom (1971) have 

published a report of benzene poisoning of 18 years old male. On autopsy they found bronchitis 

and massive hemorrhages of the lungs (Winek and Collom, 1971).  

Chronic exposure  

Apart from acute effects, benzene chronic exposure may also cause toxic effects on the 

respiratory system. In experimental studies benzene has been reported to have toxic effects on 

respiratory organs. Weaver et al. (2007) reported that inhalation of benzene (958.4mg/m
3
) by rats 

for 7 days caused apoptotic changes in the parenchymal components of the lungs (Weaver et al., 

2007). Further epidemiologic studies are necessary to find the role of benzene and other 

hydrocarbons in non-infectious respiratory diseases while available data are not sufficient to 

correlate the prevalence of respiratory diseases with benzene exposure. 
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Endocrine effects 

Chronic exposure 

Many synthetic and natural compounds exist in the environment affecting the much sensibly-

regulated hormonal messenger system of the body. In this way, they have been categorized as 

endocrine disrupting chemicals (EDCs) which has been a major topic of debate for 

environmental scientists since long (Verma and Rana, 2009, Uzma et al., 2008). Many organic 

compounds and industrial solvents have been shown to act as endocrine disruptors for humans 

and wildlife (Colborn et al., 1993). Benzene is an organic volatile compound and known to have 

endocrine disrupting properties (Verma and Rana, 2009). In one epidemiologic case control 

study of petroleum filling station workers, benzene exposure for 2-15 years via inhalation caused 

an increase in tetra iodothyronine (T4) and free thyroxine (T4F) and decreased thyroid 

stimulating hormone (TSH) and tri-iodothyronine (T3) (Uzma et al., 2008). Disturbed pituitary 

hypothalamic adrenocortical activity has been reported by Hsieh et al (1991) in experimental 

animals by orally feeding benzene at 31 to 790 mg/m
3 

(Hsieh et al., 1991). Furthermore, there are 

reports that benzene containing gasoline had increased the risk of pancreatic cancer in the 

workers engaged in refinery (Mehlman, 1990).  

 

Effect on glucose homeostasis  

Acute exposure 

Liver and pancreas are the two principal organs responsible for glucose homeostasis. In animal 

studies, a single dose of 800 mg/kg orally, has altered the activity of the main enzyme of 

glycolytic pathway. Acute benzene exposure is suspected to have caused increase in hexokinase 

level of intestine and liver, and decrease in hexokinase amount of brain, renal cortex and medulla   

(Khan and Yusufi, 2009). Decreased activity of glucose 6-phosphatase and fructose-1,6-

biphosphatase, main enzymes responsible for gluconeogenesis, has also been evident in 

experimental animals exposed to benzene (Khan and Yusufi, 2009).  Neither in experimental nor 

in epidemiologic studies the role of benzene in the incidence of diabetes has been evaluated in 

detail. So more experimental studies are required to objectively asses the toxicity of chronic 

benzene exposure on pancreas with special reference to synthesis, secretion, and release of 

insulin. 
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Cardiovascular effects  

Chronic exposure  

Environmental pollutants such as benzene are of primary concern in causing chronic diseases; 

however limited epidemiologic data are available to describe benzene as one of the causative 

agents of hypertension. An epidemiologic study published by Wiwanitkit (2007) indicated that 

hypertension is more prevalent in benzene-exposed group as compared to control. However, this 

study failed to monitor the concentration and duration of benzene exposure (Wiwanitkit, 2007). 

Another epidemiologic study published by Kotseva and Popov (1998) supported the possible role 

of benzene and other organic solvents in causing hypertension. They found an increased arterial 

hypertension and pathologic changes on ECG of the benzene-exposed subjects in a 

petrochemical factory (Kotseva and Popov, 1998). The suggested mechanism for benzene to 

causes hypertension is through disturbing the nitric oxide pathway, however the exact 

mechanism is still unknown (Wiwanitkit, 2007, Mohammadi et al., 2012). 

The possible role of benzene in the incidence of hypertension and other cardiovascular diseases 

is an under studied subject in experimental studies. The available epidemiologic data suggesting 

benzene as a contributing factor to the cause of hypertension have the limitations of monitoring 

the concentration of benzene contents in the workplace. So more experimental data would be of 

great help to further evaluate the status of benzene in causing cardiovascular problems. 

 

Effects on Liver  

Acute exposure  

Liver is more vulnerable organ to the toxic effects of hydrocarbons. Chronic exposure to 

hydrocarbons including benzene has been reported to produce adverse effects on liver enzymes 

(Perez et al., 2006). The metabolites of benzene, in addition to adduct formation with DNA and 

RNA also attach to the proteins of liver, kidney, bone marrow and stomach (Lindstrom et al., 

1997; Snyder and Hedli, 1996). Dere and Ari ( 2009) reported that acutely exposed rats at dose 

100 mg/kg benzene orally show an increase in the acitivity of hepatic enzymes lactate 

dehydrogenase (LDH), alkaline phosphatase (ALP), aspartate transaminase ( AST) and alanine 

aminotransferase (ALT). Another animal study indicated a decrease in P450-2E1 by 34% and 

induction of glutathione activity by 30% in female CD-1 mice treated with 50 mg/kg benzene for 
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three weeks (Daiker et al., 1996). Turhan and Dere (2007) have also reported inhibition of 

hepatic adenosine deaminase (ADA) in rats by injecting benzene 100 mg/kg. Benzene has also 

been shown to cause an increase in liver weight, a decrease in protein content and change in 

hepatic drug metabolism in animals (Pawar and Mungikar, 1975; Yamamura et al., 1999).  

Chronic exposure 

To observe the effect of chronic benzene exposure and other hydrocarbons on liver functions,   

there is one published case control study of 92 workers by Perez et al. (2006). They have 

observed hypertransaminasemia in workers exposed to hydrocarbons including benzene. All 

these workers, in addition to other hydrocarbons, were exposed to benzene at 4.798 mg/m
3
 via 

inhalation. The mechanism for change in the activity of liver enzymes may be related to celluer 

degenaration, down regulation of gene expression, oxidative stress and related pathways 

stimulated in hepatocellular cytosols (Dere and Ari, 2009; Davis H. Daiker, 1996). 

The effect of benzene on liver functions is suggested more by experimental studies. 

Epidemiologic data in this regard are limited, and one case control mentioned has not accounted 

the presence of other hydrocarbons which might have altered the activity of certain liver enzyme. 

 

Renal Effects 

Chronic exposure 

Exposure to halogenated hydrocarbons, petroleum distillates, ethylene glycol, and dioxane may 

cause oliguria and azotemia (Lauwerys et al., 1985, Roy et al., 2008). Khan and Yusufi (2009) 

reported the nephrotoxic effects of benzene by examining 33% increase in blood urea nitrogen 

(BUN) and 30% increase in serum creatinine in rats exposed to benzene at dose 800 mg/kg for 

30 days (Khan and Yusufi, 2009). Viau et al (1987) published a cross sectional study of 53 male 

oil refinery workers exposed to hydrocarbons including benzene and 61 non-exposed workers. 

The result of this study showed that chronic low level of hydrocarbons exposure does not pose 

any risk for renal diseases (Viau et al., 1987) (Figure 2). 

Very limited data is available suggesting the toxic effects of benzene on renal functions. So in 

order to determine the long-term effects of benzene on renal functions more in depth studies are 

still needed.  
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Table 2: List of studies whose results show the association of benzene exposure and incidence of 

health effects 

Reference  Model Route of 

exposure 

Benzene 

concentration  

Duration 

of 

exposure    

Targets system/ 

organ studied 

Results  

Aksoy et 

al. 1971) 

Epidemiologic Inhalation 95.7 to 669.9 

mg/m
3
 
 
 

Chronic  

3 

months 

to 17 

years 

Hematological  Thrombocytopenia, 

leucopenia, 

pancytopenia and Hb↓ 

Lan et al. 

(2004) 

Epidemiologic inhalation 

 

Less than 

3.19 mg/m
3
   

Chronic 

6.1 years  

Hematological  White blood cells and 

platelets↓ 

Hsieh et al. 

(1990) 

Experimental  

 

Oral 166 mg/m
3
    Chronic 

4 weeks 

 

Hematological  Leucopenia and 

lymphopenia 

Robert 

Schnatter 

et al. 

(2010) 

Epidemiologic  

 

Inhalation 

More than  

7.4mg/m
3 

Chronic 

 

Hematological  Total WBCs, Hb, 

MCV↓ 

 

Bogadi-

Sare et al. 

(1995) 

Epidemiologic  

 

Inhalation  6.0 to 47.2 

mg/m
3
  

Chronic  

 

Hematological  Hb and MCHC↓ 

Perez et al. 

(2006) 

Epidemiologic 

 

Inhalation  

 

 4.7 mg/m
3 

Chronic  

9 

months  

 

Liver  Hypertransaminasemia 

Dere and 

Ari. (2009) 

Experimental  

injection 

 

100 mg/kg   Acute   

16 hours 

Liver  LDH, ALP activity↓, 

ALT level↑ 

Daiker et 

al. (1996) 

Experimental  

Oral  

 

50 mg/kg/d 

  

Chronic  

3 weeks 

Liver 

metabolizing 

enzymes  

Cytochrome p-450-2E1 

activity↓ 

Glutathione transferase 

activity↑ 

Turhan and 

Dere. 

(2007) 

Experimental Oral 100 mg/kg 

 

Acute  

64 hours 

Liver Hepatic ADA activity↓ 

Yamamura 

et al. 

(1999) 

 

Experimental Oral  

 

260 mg/kg 

  

 

Chronic  

3 weeks  

Liver  P450 activity↑,  

Glutathione S-

transferase activity↑ 

Khan and 

yusufi. 

(2009) 

Experimental Oral 800 mg/kg 

  

Chronic  

 

30 days  

Kidney  

 

Blood urea nitrogen 

and serum creatinine↑ 

Bogadi-

sare et al. 

(2000) 

Epidemiologic 

 

Inhalation  47.8 mg/m
3 

Chronic  

 

Immunological  Circulating B-

lymphocytes↓  

Uzma et al. 

(2010) 

 

Epidemiologic  

Inhalation 

-- Chronic  

 

Immunological  

 

Immunoglobulin levels, 

CD4T cells and 

CD4/CD8 ratio↓ 

Farris et al. 

(1997) 

Experimental Inhalation 3.19 to 638 

mg/m
3 

Chronic  

8 weeks 

Immunological  Femoral B-splenic T- 

and B- and thymic T- 

Lymphocytes↓  

Kirkeleit et Epidemiologic Inhalation  0.319 mg/m
3 

Chronic Immunological  IgM, IgA and CD4 T 
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al. (2006) 

 

 

 cells↓ 

Hsieh et al. 

(1990) 

Experimental Oral 166 mg/L 

  

Chronic  

4 weeks 

Immunological  T cells↓ 

Fan. 

(1992) 

 

Experimental Oral  

 

27 mg/kg/day Chronic  

28 days 

Immunological  IL-2 production↓, 

imbalance between 

natural killer cells and 

IL-2 

Slama et 

al. (2009) 

Epidemiologic  

(Pregnant 

women) 

Inhalation  0.0018 

mg/m
3 

Chronic  

9 

months 

 

Developmental  Birth weight and head 

circumference↓  

Chen et al. 

(2000) 

 

Epidemiologic  

(Pregnant 

women) 

Inhalation  0.0542 to 

0.609 mg/m
3
  

 Chronic  

9 

months 

   

Developmental Birth weight↓ 

Tatrai et al. 

(1980) 

Experimental  

(Pregnant rats) 

Inhalation 450 mg/m
3 

 

7-14 

days   

Developmental Body weight of 

fetuses↓, mortality↑  

Kuna and 

kapp. 

(1981) 

 

Experimental  

(Pregnant rats 

Inhalation  159 to 1595 

mg/m
3
 for 7 

hours/day 

 

  6-15 

days   

Developmental Mean weight↓  

Lemasters 

et al. 

(1999) 

 

Epidemiologic 

(Male)  

 

Inhalation 1.8 mg/m
3 

Chronic  

30 

weeks 

 

Reproductive  

 

Sperm motility (19.5%) 

↓ 

 

Katukam 

et al. 

(2012) 

 

Epidemiologic 

(Male) 

Inhalation   -- Chronic 

5-15 

years 

 

Reproductive  Total sperm count↓  

Sperm motility↓ 

Abnormal sperm 

morphology 

Sperm DNA damage 

Song et al. 

(2005b) 

Epidemiologic 

(Male) 

Inhalation 86.49 mg/m
3 

Chronic 

2 years 

 

Reproductive Sperm DNA damage 

 

Huang 

(1991) 

 

Epidemiologic 

(Female) 

Inhalation -- Chronic 

 

Reproductive  Dysmenorrhea, 

Gestosis, Menstrual 

disorders  

Yin et al. 

(1987) 

 

Epidemiologic 

(Female) 

Inhalation  188 mg/m
3 

Chronic  

 

Reproductive Hypermenorrhea 

Reutman et 

al. (2002) 

Epidemiologic 

(Female) 

Inhalation Benzene 

breath level 

0.311 mg/m
3 

Chronic  

 

Reproductive / 

endocrine  

LH↓ 

Sun et al. 

(1992) 

 

Experimental Inhalation  

 

 9.9 and 39.9 

mg/m
3
 2 

hours/day 

Chronic  

30 days 

Neurobehavioral  Acetyl 

cholinesteraselevel in 

brain↓,  

CNS functions 

inhibited 

Lo Pumo 

et al. 

(2006) 

Experimental 

 

Sub 

cutaneous  

 

0.1 mg/kg  Acute  

at day 15 

of 

gestation 

Neurobehavioral  Behavioral, motor and 

cognitive changes  

Kanada et 

al. (1994) 

Experimental Oral  

 

950 mg/kg 

 

Acute2 

hours 

Neurobehavioral Acetylcholine, 

norepinephrine and 
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DOPA level↓ 

Weaver et 

al. (2007) 

 

Experimental Inhalation  

 

 957 mg/m
3 

Acute  

1weeks 

Respiratory Apoptotic changes in 

the lung parenchyma  

Hsieh et al. 

(1991) 

 

 

Experimental Oral  

 

0.31, 166 and 

790 mg/L    

Chronic  

28 days 

Hypothalamic 

pituitary –

adrenocortical 

axis  

Hypothalamic-

pituitary-adrenocortical 

activity stimulated, 

cortisone level↑ 

Uzma et al. 

(2008) 

Epidemiologic 

 

Inhalation --- Chronic  Thyroid  T4 and T4F↑, TSH and 

T3↓ 

Khan and 

yusufi. 

(2009)  

 

Experimental Oral 800 mg/kg 

 

Chronic 

30days 

Enzymes of 

carbohydrates 

metabolism  

Hexokinase activity in 

intestine and liver↑ but 

in brain, renal, cortex 

and medulla↓,  

G6Pase and FBPase 

activity↓ 

Wiwanitkit 

(2007) 

 

Epidemiologic Inhalation -- Chronic 

 

Cardiovascular  Hypertension in the 

exposed group 

Kotseva 

and Popov. 

(1998) 

Epidemiologic Inhalation -- Chronic 

 

Cardiovascular  Arterial hypertension 

and pathologic changes 

on ECG 

ADA: Adenosine deaminase; ALP: Alkaline phosphatase; G6Pase: glucose -6- phosphatase; AST: Aspartate 

transaminase; DOPA: Dopamine; FBPases: Fructose-1, 6-biphosphatase; Hb: Hemoglobin; IL-2: Interleukin 2; 

LDH: Lactate dehydrogenase; LH: luteinizing hormone; MCHC: Mean Corpuscular Hemoglobin Concentration; 

MPV: Mean platelet volume; TSH: Thyroid stimulating hormone; WBCs: White blood cells; ↓: Reduction; ↑: 

(Increase) 
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Figure 2: Routes of benzene release to the environment and its toxic effects on human health 

from the viewpoint of biological systems 
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Mechanisms of Benzene Toxicity 

 

Formation of reactive oxygen species (ROS) and oxidative stress 

After being metabolized in the liver and bone marrow by CYP4502E1 oxidation pathways, 

benzene produces free radicals and quinone metabolites like phenol, hydroquinone, 

benzoquinone, and 1,2,4-benzenetriol. Studies suggest that benzene exerts its cytotoxicity via 

these critically toxic metabolites and free radicals (Smith, 1996a, Atkinson, 2009, Kolachana et 

al., 1993). In the course of an experimental study on HL60 human leukemia cells, Shen et al. 

(1996) have found benzoquinone and 1,2,4-benzenetriol as the most potent inducers of ROS 

among benzene metabolites. They further demonstrated that benzene metabolites and free 

radicals cause lipid peroxidation and subsequent cell toxicity (Shen et al., 1996). Observations 

from liver, plasma, and bone marrow studies indicate that benzene exposure is associated with 

increased lipid peroxidation which in turn augments further production of free radicals 

(Atkinson, 2009). Benzene and its phenolic metabolites have been shown to exert their toxic 

effect via oxidative damage to DNA (Kolachana et al., 1993). Lewis et al. (1988) have reported 

that oxygen radicals produced by benzene metabolite; 1,2,4-benzenetriol and hydroquinone can 

lead to a significant damage to DNA (Lewis et al., 1988). Wan et al.(2005) have hypothesized 

that interfering cell signaling pathways by disregulated level of reactive oxygen species (ROS) 

can be a main mechanism by which benzene exerts its toxicities (Wan et al., 2005). An 

experimental study conducted by Ruiz-Ramos et al. (2005) on HL-60 cells treated with 1,4-

benzoquinone, has indicated rapid and prolonged phosphorylation of extracellular signal- 

regulated kinases 1and 2 (ERK1/2) proteins of cell signaling cascade in addition to an increase in 

ROS formation (Ruiz-Ramos et al., 2005). 

 

Genetic damages 

Benzene has adverse effects on the genome of living cells and has been shown to be genotoxic in 

human at relatively low exposure levels of 0.3 mg/m
3
 (Nilsson et al., 1996, Holeckova et al., 

2004). Among various forms of benzene-induced genetic alterations, the aneuploidy and 

chromosomal breakage are the early genotoxic events caused by benzene metabolites 

(Holeckova et al., 2004, Chen et al., 1994, Zhang et al., 2011). Chromosomal aberration in the 
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peripheral blood lymphocytes, bone marrow and sperms of people chronically exposed to 

benzene has become evident through different studies (Zhang et al., 2011, Andreoli et al., 1997, 

Bogadi-Sare et al., 1997, Kasuba et al., 2000, Zhang et al., 2002, Morimoto, 1983). Zhang et al. 

(2011) has reported dose-dependent chromosomal aneuploidies (monosomy & trisomy) in the 

peripheral blood lymphocytes of 47 workers exposed to benzene (Zhang et al., 2011). In another 

study published by Zhang et al. (2012) an increased monosomy 7 and 8 level was found in 28 

benzene-exposed workers in comparison to control subjects (Zhang et al., 2012). Macron et al. 

(1999) has also reported an increase in breakage frequencies in the chromosomes 1 and 9 of 

cultured lymphocytes isolated from workers exposed to benzene (Marcon et al., 1999).  

Eastmond et al. (2001) and Chen et al. (1994) presented occurrence of chromosomal breakage 

and subsequent micronuclei formation in erythrocytes of mouse bone marrow (Eastmond et al., 

2001, Chen et al., 1994). 

Sister chromatid exchange was also shown to happen in human lymphocytes cell culture treated 

with benzene (Morimoto, 1983). The results of three other studies showed that metabolites of 

benzene can cause DNA adduct formation in rat liver mitoplasts, rabbit bone marrow mitoplasts 

and mitochondrial RNA inhibition (Kalf et al., 1982, Rushmore et al., 1984, Kalf et al., 1985). 

Bodell et al. (1993) has also noted the DNA adducts formation in human bone marrow and HL-

60 cells (Bodell et al., 1993). 1,2,4-Benezene triol as one of the benzene metabolites has been 

shown to cause DNA strands breaks via formation of ROS (Lewis et al., 1988, Li et al., 1995). 

Chromosomal aberration is a deleterious event whose induction in sperm cells can lead to 

infertility (Marchetti et al., 2012) and to some extent, carcinogenic effect of benzene has been 

thought to be mediated by its metabolite quinone; a potent inducer of sister chromatid exchange 

(Eastmond, 1993, Zhang et al., 2002). However, carcinogenicity of benzene involves a complex 

of mechanisms including DNA mutation, chromosomal damage, oncogene activation, inhibition 

of gap-junction intercellular communication and down-regulation of host tumor control 

mechanism by benzene metabolites and free radicals (Atkinson, 2009, Rivedal and Witz, 2005, 

Uzma et al., 2010). 

 

Epigenetic modifications 
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Benzene is one of the main pollutants firstly used as a model for new omics technology in the 

environmental health research. In this respect, one new opening area is epigenomics which 

encompasses studies on heritable changes in cellular gene expression profile without altered 

DNA sequence and consists of three main marks of DNA methylation, histone modifications, 

and non-coding RNAs. The first human study exploring the epigenetic mechanism of low-dose 

benzene exposure was conducted by Bollati et al. (2007). They have reported a decrease in 

genome-wide methylation of long interspersed nuclear element-1 (LINE-1) and AluI repetitive 

elements, gene-specific hypermethylation in p15 and hypomethylation in MAGE-1 (Bollati et al., 

2007). There are also two recent reports on altered global DNA and repetitive element 

methylation in low-level exposure to benzene in gasoline station attendants (Fustinoni et al., 

2012) and petrochemical workers (Seow et al., 2012). In another study carried out on normal 

hepatic cells, benzene and its metabolites have been shown to change global DNA methylation 

probably through altered activity of DNA methyltransferase (Hu et al., 2011). However, such 

studies are on their way to offer bioinformatics more knowledge regarding the mechanisms and 

interactions implicated in benzene induced health hazards (Figure 3). 

Figure 3: A schematic figure illustrating benzene metabolism, mechanisms of toxicity, and toxic 

effects in a biological system 
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Discussion & Conclusion   

The concern  of the existence of chemical air pollutants and their possible role in causing various 

chronic diseases is very long, but due to lack of comprehensive monitoring system, health 

outcomes associated with air pollutants are poorly characterized (Briggs, 2003).   

Benzene is one of the chemical air pollutants and is ubiquitous in our environment released from 

various sources posing a silent threat to human health. It is worth mentioning that in most of the 

countries, where benzene is being monitored poorly, non communicable disease like diabetes, 

cancer, human infertility, neurological disease, birth defects and cardiovascular  problems are 

commonly widespread, however there are difference in the prevalence rate from country to 

country and urban and rural areas (Shaw et al., 2010, Ramachandran et al., 2010, Ghaffar et al., 

2004, Lawes et al., 2008, Kearney et al., 2005, Goyal and Yusuf, 2006, Ferri et al., 2005, Akbari 

et al., 2012, Yasseen et al., 2001, Evens, 2004, Durkin, 2002, Motlagh et al., 2009, Ombelet et 

al., 2008, W.H.O., 2011). Diabetes, lungs and breast cancers are the most common diseases of 

India, Bangladesh, Pakistan, Iran, Egypt, Saudi Arabia, UAE, Malaysia and Indonesia. In some 

countries (India, Bangladesh, Pakistan, Iran and Egypt) diabetes is a very swiftly multiplying 

disease (Shaw et al., 2010, Al-Nozha et al., 2004, Esteghamati et al., 2008). Although U.S.A, 

China, Australia and European countries have regulated the contents of benzene in 

petrochemicals, as per CDC, and other governmental organizations of concerned countries and 

world health organization report no substantial decline has been noted in the prevalence of 

chronic diseases such as cancers, diabetes and cardiovascular problems, which puts a question 

mark on the safe limit of benzene (http://www.aihw.gov.au/diabetes/prevalence (W.H.O., 2011, 

Busse et al., 2010). 

Besides causing cancer of blood components, benzene in animal studies has also been reported to 

induce mammary cancer (Austin et al., 1988, Wolff et al., 1996). However, few human studies 

exist to suggest benzene as one of the risk factor for causing breast cancer. The results of an 

epidemiological cohort study of female workers dealing with benzene based glues in a shoe 

making factory in Italy supported that chronic exposure to benzene can be one of the risk factor 

for breast cancer (Costantini et al., 2009). Another case control study published by Petralia et al. 

(1999) had already suggested that benzene exposure is one of the risk factors for causing breast 

cancer in women (Petralia et al., 1999). 
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Moreover, benzene has been listed as an endocrine disrupting chemical, but its association in 

causing metabolic diseases particularly diabetes mellitus has not been studied in details. Both 

epidemiologic and experimental evidences are lacking in this regard. Few studies suggest that 

benzene exposure in animals affect the gluconeogenesis and certain enzymes involved in glucose 

metabolism (Khan and Yusufi, 2009).  

Benzene acts as double edge sword. It exerts toxic effects via ROS formation and oxidative 

stress along with genotoxicity. The relationship of ROS in causing neurodegenerative diseases, 

diabetes, endocrine dysfunctions, cardiovascular diseases, immune system disturbances and 

cancer has been studied in detail in other studies (Saeidnia and Abdollahi, 2013; Mostafalou and 

Abdollahi, 2013). Generated free radicals/ROS cause damage to all cell components including 

the DNA. Based on these mechanisms of benzene toxicity it may be logically said that chronic 

exposure to benzene is one of the risk factors in causing above mentioned chronic disorders. 

Considering epidemiologic and experimental evidence brought in this review, further 

epidemiologic research is still needed in regions with high prevalence of diabetes, lung and 

breast cancer in order to collect more evidences to quantify the role of air pollution with benzene 

in causing these serious health effects. Of course more experimental studies in these areas will be 

of great help in better understanding the molecular mechanisms involved in the pathogenesis of 

these disorders. 

 

Conclusion 

The current study presents accumulated data both experimental and epidemiologic on benzene-

induced health toxicities with particular emphasis on non-cancerous health effects. Based on the 

mechanism of toxicity of benzene, it could reasonably be said that benzene may be one of the 

risk factors in the incidence of chronic diseases such as diabetes, lung and breast cancers in the 

developing countries. There are enough evidences available which suggest that environmental 

pollutants are among the risk factors in occurrence of chronic diseases. Benzene is a much 

studied chemical toxicant in respect of blood components, but its role in the incidence of chronic 

disorders like diabetes and breast and lung is still unclear. So we are of the view, that the concern 

of benzene exposure is far more than carcinogenicity of blood components and should be 

evaluated both in epidemiologic and experimental studies from the aspect of interactions and 
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mechanism of toxicity in relation to human general health problems especially endocrine 

disturbances with particular reference to diabetes and breast and lung cancers.  

Chronic benzene exposure should be matter of concern for population of all countries with 

special focus of those regions where benzene is reported to be in high concentration. Our 

analysis is to either eliminate or control the sources of exposure of benzene and implement 

integrated environmental monitoring systems in order to avoid the hazards of the benzene. For 

this purpose, integrated research activities are needed in those regions of the world where 

benzene concentration is high. Health and environmental pollution follow up system should be 

developed in each country to identify the source and health outcome of air pollutants. 

 

Acknowledgment: This invited paper is the outcome of a financially non-supported study. 

 

References  

AKBARI, M. T., BEHJATI, F., POURMAND, G., ASBAGH, F. A. & KACHOUI, M. A. 2012. Cytogenetic 
abnormalities in 222 infertile men with azoospermia and oligospermia in Iran: Report and 
review. Indian journal of human genetics, 18, 198. 

AL-NOZHA, M. M., AL-MAATOUQ, M. A., AL-MAZROU, Y. Y., AL-HARTHI, S. S., ARAFAH, M. R., KHALIL, M. 
Z., KHAN, N. B., AL-KHADRA, A., AL-MARZOUKI, K. & NOUH, M. S. 2004. Diabetes mellitus in 
Saudi Arabia. Saudi medical journal, 25, 1603-1610. 

ANDREOLI, C., LEOPARDI, P. & CREBELLI, R. 1997. Detection of DNA damage in human lymphocytes by 
alkaline single cell gel electrophoresis after exposure to benzene or benzene metabolites. Mutat 
Res, 377, 95-104. 

ATKINSON, T. J. 2009. A review of the role of benzene metabolites and mechanisms in malignant 
transformation: summative evidence for a lack of research in nonmyelogenous cancer types. Int 
J Hyg Environ Health, 212, 1-10. 

AUSTIN, H., DELZELL, E. & COLE, P. 1988. Benzene and leukemia. A review of the literature and a risk 
assessment. American journal of epidemiology, 127, 419-439. 

AVIS, S. P. & HUTTON, C. J. 1993. Acute benzene poisoning: a report of three fatalities. J Forensic Sci, 38, 
599-602. 

BAAK, Y. M., AHN, B. Y., CHANG, H. S., KIM, J. H., KIM, K. A. & LIM, Y. 1999. Aplastic anemia in a 
petrochemical factory worker. Environ Health Perspect, 107, 851-3. 

BASLO, A. & AKSOY, M. 1982. Neurological abnormalities in chronic benzene poisoning. A study of six 
patients with aplastic anemia and two with preleukemia. Environ Res, 27, 457-65. 

BODELL, W. J., LEVAY, G. & PONGRACZ, K. 1993. Investigation of benzene-DNA adducts and their 
detection in human bone marrow. Environ Health Perspect, 99, 241-4. 

BOGADI-SARE, A., BRUMEN, V., TURK, R., KARACIC, V. & ZAVALIC, M. 1997. Genotoxic effects in workers 
exposed to benzene: with special reference to exposure biomarkers and confounding factors. 
Ind Health, 35, 367-73. 

BOGADI-SARE, A., TURK, R. & ZAVALIC, M. 1995. Medical surveillance studies of workers exposed to low 
level benzene. Arh Hig Rada Toksikol, 46, 391-8. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 24 of 31 
 

BOGADI-SARE, A., ZAVALIC, M., TROSIC, I., TURK, R., KONTOSIC, I. & JELCIC, I. 2000. Study of some 
immunological parameters in workers occupationally exposed to benzene. Int Arch Occup 
Environ Health, 73, 397-400. 

BOLLATI, V., BACCARELLI, A., HOU, L., BONZINI, M., FUSTINONI, S., CAVALLO, D., BYUN, H. M., JIANG, J., 
MARINELLI, B., PESATORI, A. C., BERTAZZI, P. A. & YANG, A. S. 2007. Changes in DNA methylation 
patterns in subjects exposed to low-dose benzene. Cancer Res, 67, 876-80. 

BRIGGS, D. 2003. Environmental pollution and the global burden of disease. British medical bulletin, 68,  
1-24. 
BRANDT, L. 1992. Exposure to organic solvents and risk of haematological malignancies. Leukemia 

research, 16, 67-70. 
BUSSE, R., BLÜMEL, M., SCHELLER-KREINSEN, D. & ZENTNER, A. 2010. Tackling chronic disease in Europe. 

World Health Organization 2010, on behalf of the European Observatory on Health Systems and 
Policies. 

CHEN, D., CHO, S.-I., CHEN, C., WANG, X., DAMOKOSH, A. I., RYAN, L., SMITH, T. J., CHRISTIANI, D. C. & 
XU, X. 2000. Exposure to benzene, occupational stress, and reduced birth weight. Occupational 
and environmental medicine, 57, 661-667. 

CHEN, H., RUPA, D. S., TOMAR, R. & EASTMOND, D. A. 1994. Chromosomal loss and breakage in mouse 
bone marrow and spleen cells exposed to benzene in vivo. Cancer Res, 54, 3533-9. 

COLBORN, T., VOM SAAL, F. S. & SOTO, A. M. 1993. Developmental effects of endocrine-disrupting 
chemicals in wildlife and humans. Environ Health Perspect, 101, 378-84. 

COSTANTINI, A. S., GORINI, G., CONSONNI, D., MILIGI, L., GIOVANNETTI, L. & QUINN, M. 2009. Exposure 
to benzene and risk of breast cancer among shoe factory workers in Italy. Tumori, 95, 8-12. 

CREBELLI, R., TOMEI, F., ZIJNO, A., GHITTORI, S., IMBRIANI, M., GAMBERALE, D., MARTINI, A. & CARERE, 
A. 2001. Exposure to benzene in urban workers: environmental and biological monitoring of 
traffic police in Rome. Occup Environ Med, 58, 165-71. 

DAIKER, D. H., MOSLEN, M. T., CARR, J. B. & WARD, J. B., JR. 1996. Repeated oral benzene exposure 
alters enzymes involved in benzene metabolism. J Toxicol Environ Health, 48, 439-51. 

DAVIS H. DAIKER, M. T. M. J. B. C. J. B. W. 1996. REPEATED ORAL BENZENE EXPOSURE ALTERS ENZYMES 
INVOLVED IN BENZENE METABOLISM. Journal of Toxicology and Environmental Health, 48, 439-
440. 

DERE, E. & ARI, F. 2009. Effect of Benzene on liver functions in rats (Rattus norvegicus). Environmental 
monitoring and assessment, 154, 23-27. 

DURKIN, M. 2002. The epidemiology of developmental disabilities in low-income countries. Mental 
Retardation and Developmental Disabilities Research Reviews, 8, 206-211. 

EASTMOND, D. A. 1993. Induction of micronuclei and aneuploidy by the quinone-forming agents 
benzene and o-phenylphenol. Toxicol Lett, 67, 105-18. 

EASTMOND, D. A., SCHULER, M., FRANTZ, C., CHEN, H., PARKS, R., WANG, L. & HASEGAWA, L. 2001. 
Characterization and mechanisms of chromosomal alterations induced by benzene in mice and 
humans. Res Rep Health Eff Inst, 1-68; discussion 69-80. 

EDEN, T. 2010. Aetiology of childhood leukaemia. Cancer treatment reviews, 36, 286-297. 
 
ESTEGHAMATI, A., GOUYA, M. M., ABBASI, M., DELAVARI, A., ALIKHANI, S., ALAEDINI, F., SAFAIE, A., 

FOROUZANFAR, M. & GREGG, E. W. 2008. Prevalence of Diabetes and Impaired Fasting Glucose 
in the Adult Population of Iran National Survey of Risk Factors for Non-Communicable Diseases 
of Iran. Diabetes care, 31, 96-98. 

ETZEL, R. A. & ASHLEY, D. L. 1994. Volatile organic compounds in the blood of persons in Kuwait during 
the oil fires. Int Arch Occup Environ Health, 66, 125-9. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 25 of 31 
 

EVENS, E. 2004. A global perspective on infertility: an under recognized public health issue. The 
University of North Carolina at Chapel Hill, 18. 

FAN, X. H. 1992. Effect of exposure to benzene on natural killer (NK) cell activity and interleukin-2 (IL-2) 
production of C57BL/6 mice. Nihon Ika Daigaku Zasshi, 59, 393-9. 

FARRIS, G. M., ROBINSON, S. N., WONG, B. A., WONG, V. A., HAHN, W. P. & SHAH, R. 1997. Effects of 
benzene on splenic, thymic, and femoral lymphocytes in mice. Toxicology, 118, 137-48. 

FERRI, C. P., PRINCE, M., BRAYNE, C., BRODATY, H., FRATIGLIONI, L., GANGULI, M., HALL, K., HASEGAWA, 
K., HENDRIE, H., HUANG, Y., JORM, A., MATHERS, C., MENEZES, P. R., RIMMER, E. & SCAZUFCA, 
M. 2005. Global prevalence of dementia: a Delphi consensus study. The Lancet, 366, 2112-2117. 

FUSTINONI, S., ROSSELLA, F., POLLEDRI, E., BOLLATI, V., CAMPO, L., BYUN, H. M., AGNELLO, L., 
CONSONNI, D., PESATORI, A. C., BACCARELLI, A. & BERTAZZI, P. A. 2012. Global DNA methylation 
and low-level exposure to benzene. Med Lav, 103, 84-95. 

GALBRAITH, D., GROSS, S. A. & PAUSTENBACH, D. 2010. Benzene and human health: A historical review 
and appraisal of associations with various diseases. Crit Rev Toxicol, 40 Suppl 2, 1-46. 

GHAFFAR, A., REDDY, K. S. & SINGHI, M. 2004. Burden of non-communicable diseases in South Asia. 
BMJ: British Medical Journal, 328, 807. 

GOYAL, A. & YUSUF, S. 2006. The burden of cardiovascular disease in the Indian subcontinent. Indian J 
Med Res, 124, 235-44. 

HOLECKOVA, B., PIESOVA, E., SIVIKOVA, K. & DIANOVSKY, J. 2004. Chromosomal aberrations in humans 
induced by benzene. Ann Agric Environ Med, 11, 175-9. 

HSIEH, G. C., PARKER, R. D., SHARMA, R. P. & HUGHES, B. J. 1990. Subclinical effects of groundwater 
contaminants. III. Effects of repeated oral exposure to combinations of benzene and toluene on 
immunologic responses in mice. Arch Toxicol, 64, 320-8. 

  
HSIEH, G. C., SHARMA, R. P. & PARKER, R. D. 1991. Hypothalamic-pituitary-adrenocortical axis activity 

and immune function after oral exposure to benzene and toluene. Immunopharmacology, 21, 
23-31. 

HU, J., MA, H., ZHANG, W., YU, Z., SHENG, G. & FU, J. 2011. Effects of benzene and its metabolites on 

global DNA methylation in human normal hepatic l02 cells. Environ Toxicol,doi 

10.1002/tox.20777. 
HUANG, X. Y. 1991. Influence on benzene and toluene to reproductive function of female workers in 

leathershoe-making industry. Zhonghua Yu Fang Yi Xue Za Zhi, 25, 89-91. 
KALF, G. F., RUSHMORE, T. & SNYDER, R. 1982. Benzene inhibits RNA synthesis in mitochondria from 

liver and bone marrow. Chem Biol Interact, 42, 353-70. 
KALF, G. F., SNYDER, R. & RUSHMORE, T. H. 1985. Inhibition of RNA synthesis by benzene metabolites 

and their covalent binding to DNA in rabbit bone marrow mitochondria in vitro. Am J Ind Med, 7, 
485-92. 

KANADA, M., MIYAGAWA, M., SATO, M., HASEGAWA, H. & HONMA, T. 1994. Neurochemical profile of 
effects of 28 neurotoxic chemicals on the central nervous system in rats (1). Effects of oral 
administration on brain contents of biogenic amines and metabolites. Ind Health, 32, 145-64. 

KARAKITSIOS, S. P., DELIS, V. K., KASSOMENOS, P. A. & PILIDIS, G. A. 2007. Contribution to ambient 
benzene concentrations in the vicinity of petrol stations: estimation of the associated health 
risk. Atmospheric Environment, 41, 1889-1902. 

KASUBA, V., ROZGAJ, R. & SENTIJA, K. 2000. Cytogenetic changes in subjects occupationally exposed to 
benzene. Chemosphere, 40, 307-10. 

KATUKAM, V., KULAKARNI, M., SYED, R., ALHARBI, K. & NAIK, J. 2012. Effect of benzene exposure on 
fertility of male workers employed in bulk drug industries. Genet Test Mol Biomarkers, 16, 592-
7.Doi: 10.1089/gtmb.2011.0241. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 26 of 31 
 

KEARNEY, P. M., WHELTON, M., REYNOLDS, K., MUNTNER, P., WHELTON, P. K. & HE, J. 2005. Global 
burden of hypertension: analysis of worldwide data. The Lancet, 365, 217-223. 

KHAN, S. & YUSUFI, A. 2009. Effect of benzene on the enzymes of carbohydrate metabolism,  brush 
border membrane (BBM) and oxidative stress in kidney and other rat tissues. Biology and 
Medicine, 1, 28-41. 

KHATTAK, S., G, K. M., MCMARTIN, K., BARRERA, M., KENNEDY, D. & KOREN, G. 1999. Pregnancy 
outcome following gestational exposure to organic solvents: a prospective controlled study. 
JAMA, 281, 1106-9. 

KIRKELEIT, J., ULVESTAD, E., RIISE, T., BRATVEIT, M. & MOEN, B. E. 2006. Acute suppression of serum IgM 
and IgA in tank workers exposed to benzene. Scand J Immunol, 64, 690-8. 

KOLACHANA, P., SUBRAHMANYAM, V. V., MEYER, K. B., ZHANG, L. & SMITH, M. T. 1993. Benzene and its 
phenolic metabolites produce oxidative DNA damage in HL60 cells in vitro and in the bone 
marrow in vivo. Cancer Res, 53, 1023-6. 

KOTSEVA, K. & POPOV, T. 1998. Study of the cardiovascular effects of occupational exposure to organic 
solvents. Int Arch Occup Environ Health, 71 Suppl, S87-91. 

KUNA, R. A. & KAPP, R. W., JR. 1981. The embryotoxic/teratogenic potential of benzene vapor in rats. 
Toxicol Appl Pharmacol, 57, 1-7. 

LAN, Q., ZHANG, L., LI, G., VERMEULEN, R., WEINBERG, R. S., DOSEMECI, M., RAPPAPORT, S. M., SHEN, 
M., ALTER, B. P., WU, Y., KOPP, W., WAIDYANATHA, S., RABKIN, C., GUO, W., CHANOCK, S., 
HAYES, R. B., LINET, M., KIM, S., YIN, S., ROTHMAN, N. & SMITH, M. T. 2004. Hematotoxicity in 
workers exposed to low levels of benzene. Science, 306, 1774-6. 

LAUWERYS, R., BERNARD, A., VIAU, C. & BUCHET, J. P. 1985. Kidney disorders and hematotoxicity from 
organic solvent exposure. Scand J Work Environ Health, 11 Suppl 1, 83-90. 

LAWES, C. M., VANDER HOORN, S. & RODGERS, A. 2008. Global burden of blood-pressure-related 
disease, 2001. Lancet, 371, 1513-8. 

LEMASTERS, G. K., OLSEN, D. M., YIIN, J. H., LOCKEY, J. E., SHUKLA, R., SELEVAN, S. G., SCHRADER, S. M., 
TOTH, G. P., EVENSON, D. P. & HUSZAR, G. B. 1999. Male reproductive effects of solvent and fuel 
exposure during aircraft maintenance. Reprod Toxicol, 13, 155-66. 

LEWIS, J. G., STEWART, W. & ADAMS, D. O. 1988. Role of oxygen radicals in induction of DNA damage by 
metabolites of benzene. Cancer Res, 48, 4762-5. 

LI, Y., KUPPUSAMY, P., ZWEIER, J. L. & TRUSH, M. A. 1995. ESR evidence for the generation of reactive 
oxygen species from the copper-mediated oxidation of the benzene metabolite, hydroquinone: 
role in DNA damage. Chem Biol Interact, 94, 101-20. 

LINDSTROM, A. B., YEOWELL-O'CONNELL, K., WAIDYANATHA, S., GOLDING, B. T., TORNERO-VELEZ, R. & 
RAPPAPORT, S. M. 1997. Measurement of benzene oxide in the blood of rats following 
administration of benzene. Carcinogenesis, 18, 1637-41. 

LIU, S., ZHENG, L., DENG, L., TANG, G. & ZHANG, Q. 2000. Detection of numerical chromosome 
aberrations in sperm of workers exposed to benzene series by two-color fluorescence in situ 
hybridization. Zhonghua Yu Fang Yi Xue Za Zhi, 34, 17-9. 

LO PUMO, R., BELLIA, M., NICOSIA, A., MICALE, V. & DRAGO, F. 2006. Long-lasting neurotoxicity of 
prenatal benzene acute exposure in rats. Toxicology, 223, 227-234. 

LUPO, P. J., SYMANSKI, E., WALLER, D. K., CHAN, W., LANGLOIS, P. H., CANFIELD, M. A. & MITCHELL, L. E. 
2011. Maternal exposure to ambient levels of benzene and neural tube defects among offspring: 
Texas, 1999-2004. Environ Health Perspect, 119, 397-402. 

MARCHETTI, F., ESKENAZI, B., WELDON, R. H., LI, G., ZHANG, L., RAPPAPORT, S. M., SCHMID, T. E., XING, 
C., KURTOVICH, E. & WYROBEK, A. J. 2012. Occupational exposure to benzene and chromosomal 
structural aberrations in the sperm of Chinese men. Environ Health Perspect, 120, 229-34. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 27 of 31 
 

MARCON, F., ZIJNO, A., CREBELLI, R., CARERE, A., VEIDEBAUM, T., PELTONEN, K., PARKS, R., SCHULER, M. 
& EASTMOND, D. 1999. Chromosome damage and aneuploidy detected by interphase 
multicolour FISH in benzene-exposed shale oil workers. Mutat Res, 445, 155-66. 

MCHALE, C. M., ZHANG, L. & SMITH, M. T. 2012. Current understanding of the mechanism of benzene-
induced leukemia in humans: implications for risk assessment. Carcinogenesis, 33, 240-252. 

 
MEDEIROS VINCI, R., JACXSENS, L., VAN LOCO, J., MATSIKO, E., LACHAT, C., DE SCHAETZEN, T., CANFYN, 

M., VAN OVERMEIRE, I., KOLSTEREN, P. & DE MEULENAER, B. 2012. Assessment of human 
exposure to benzene through foods from the Belgian market. Chemosphere, 88, 1001-7. 

MEHLMAN, M. A. 1990. Dangerous properties of petroleum-refining products: carcinogenicity of motor 
fuels (gasoline). Teratog Carcinog Mutagen, 10, 399-408. 

  
MOHAMMADI, S., GOLABADI, M., LABBAFINEJAD, Y., PISHGAHHADIAN, F. & ATTARCHI, M. 2012. Effects 

of exposure to mixed organic solvents on blood pressure in non-smoking women working in a 
pharmaceutical company. Arh Hig Rada Toksikol, 63, 161-9. 

MORIMOTO, K. 1983. Induction of sister chromatid exchanges and cell division delays in human 
lymphocytes by microsomal activation of benzene. Cancer Res, 43, 1330-4. 

MOSTAFALOU, S. & ABDOLLAHI, M. 2013. Pesticides and human chronic diseases: evidences, 
mechanisms, and perspectives. Toxicol Appl Pharmacol, 268, 157-77. 

MOTLAGH, B., O'DONNELL, M. & YUSUF, S. 2009. Prevalence of cardiovascular risk factors in the Middle 
East: a systematic review. European Journal of Cardiovascular Prevention & Rehabilitation, 16, 
268-280. 

MOULTON, P. V. & YANG, W. 2012. Air pollution, oxidative stress, and Alzheimer's disease. J Environ 
Public Health, 2012, 472751. 

NILSSON, R. I., NORDLINDER, R. G., TAGESSON, C., WALLES, S. & JARVHOLM, B. G. 1996. Genotoxic 
effects in workers exposed to low levels of benzene from gasoline. Am J Ind Med, 30, 317-24. 

OMBELET, W., COOKE, I., DYER, S., SEROUR, G. & DEVROEY, P. 2008. Infertility and the provision of 
infertility medical services in developing countries. Human Reproduction Update, 14, 605-621.  

PARKER, J. D., WOODRUFF, T. J., BASU, R. & SCHOENDORF, K. C. 2005. Air pollution and birth weight 
among term infants in California. Pediatrics, 115, 121-8. 

PAWAR, S. S. & MUNGIKAR, A. M. 1975. Changes in the activities of hepatic drug metabolizing enzymes 
and lipid peroxidation caused by benzene and toluene. Indian J Biochem Biophys, 12, 133-5. 

PEREZ, C. A., BOSIA, J. D., CANTORE, M. S., CHIERA, A., COCOZZELLA, D. R., ADROVER, R. E., BORZI, S. & 
CURCIARELLO, J. O. 2006. Liver damage in workers exposed to hydrocarbons. Gastroenterol 
Hepatol, 29, 334-7. 

PETRALIA, S. A., VENA, J. E., FREUDENHEIM, J. L., DOSEMECI, M., MICHALEK, A., GOLDBERG, M. S., 
BRASURE, J. & GRAHAM, S. 1999. Risk of premenopausal breast cancer in association with 
occupational exposure to polycyclic aromatic hydrocarbons and benzene. Scand J Work Environ 
Health, 25, 215-21. 

QU, Q., SHORE, R., LI, G., JIN, X., CHI CHEN, L., COHEN, B., MELIKIAN, A. A., EASTMOND, D., RAPPAPORT, 
S. M. & YIN, S. 2002. Hematological changes among Chinese workers with a broad range of 
benzene exposures. American journal of industrial medicine, 42, 275-285. 

 
RAMACHANDRAN, A., WAN MA, R. C. & SNEHALATHA, C. 2010. Diabetes in Asia. The Lancet, 375, 408-

418. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 28 of 31 
 

REUTMAN, S. R., LEMASTERS, G. K., KNECHT, E. A., SHUKLA, R., LOCKEY, J. E., BURROUGHS, G. E. & 
KESNER, J. S. 2002. Evidence of reproductive endocrine effects in women with occupational fuel 
and solvent exposures. Environ Health Perspect, 110, 805-11. 

RIVEDAL, E. & WITZ, G. 2005. Metabolites of benzene are potent inhibitors of gap-junction intercellular 
communication. Arch Toxicol, 79, 303-11. 

ROBERT SCHNATTER, A., KERZIC, P. J., ZHOU, Y., CHEN, M., NICOLICH, M. J., LAVELLE, K., ARMSTRONG, T. 
W., BIRD, M. G., LIN, L., FU, H. & IRONS, R. D. 2010. Peripheral blood effects in benzene-exposed 
workers. Chem Biol Interact, 184, 174-81. 

ROY, A., BRAUTBAR, N. & LEE, D. 2008. Hydrocarbons and renal failure. Nephron, 58, 385-392. 
RUIZ-RAMOS, R., CEBRIAN, M. E. & GARRIDO, E. 2005. Benzoquinone activates the ERK/MAPK signaling 

pathway via ROS production in HL-60 cells. Toxicology, 209, 279-87. 
RUSHMORE, T., SNYDER, R. & KALF, G. 1984. Covalent binding of benzene and its metabolites to DNA in 

rabbit bone marrow mitochondria in vitro. Chem Biol Interact, 49, 133-54. 
SAEIDNIA, S. & ABDOLLAHI, M. Toxicological and pharmacological concerns on oxidative stress and 

related diseases. Toxicology and Applied Pharmacology, 
(2013),http://dx.doi.org/10.1016/j.taap.2013.09.031. 

SEOW, W. J., PESATORI, A. C., DIMONT, E., FARMER, P. B., ALBETTI, B., ETTINGER, A. S., BOLLATI, V., 
BOLOGNESI, C., ROGGIERI, P., PANEV, T. I., GEORGIEVA, T., MERLO, D. F., BERTAZZI, P. A. & 
BACCARELLI, A. A. 2012. Urinary benzene biomarkers and DNA methylation in Bulgarian 
petrochemical workers: study findings and comparison of linear and beta regression models. 
PLoS One, 7, e50471. 

SHAW, J., SICREE, R. & ZIMMET, P. 2010. Global estimates of the prevalence of diabetes for 2010 and 
2030. Diabetes research and clinical practice, 87, 4-14. 

SHEN, Y., SHEN, H. M., SHI, C. Y. & ONG, C. N. 1996. Benzene metabolites enhance reactive oxygen 
species generation in HL60 human leukemia cells. Hum Exp Toxicol, 15, 422-7. 

SKOV, H., HANSEN, A. B., LORENZEN, G., ANDERSEN, H. V., LØFSTRØM, P. & CHRISTENSEN, C. S. 2001. 
Benzene exposure and the effect of traffic pollution in Copenhagen, Denmark. Atmospheric 
Environment, 35, 2463-2471. 

SLAMA, R., THIEBAUGEORGES, O., GOUA, V., AUSSEL, L., SACCO, P., BOHET, A., FORHAN, A., DUCOT, B., 
ANNESI-MAESANO, I., HEINRICH, J., MAGNIN, G., SCHWEITZER, M., KAMINSKI, M. & CHARLES, 
M. A. 2009. Maternal personal exposure to airborne benzene and intrauterine growth. Environ 
Health Perspect, 117, 1313-21. 

SMITH, M. T. 1996a. The mechanism of benzene-induced leukemia: a hypothesis and speculations on 
the causes of leukemia. Environ Health Perspect, 104 Suppl 6, 1219-25. 

SMITH, M. T. 1996b. Overview of benzene-induced aplastic anaemia. Eur J Haematol Suppl, 60, 107-10. 
SMITH, M. T. 2010. Advances in understanding benzene health effects and susceptibility. Annual review 

of public health, 31, 133-148. 
SNYDER, R. 2012. Leukemia and benzene. Int J Environ Res Public Health, 9, 2875-93. 
SNYDER, R. & HEDLI, C. C. 1996. An overview of benzene metabolism. Environ Health Perspect, 104 Suppl 

6, 1165-71. 
SONG, B., CAI, Z.-M., LI, X., DENG, L.-X., ZHANG, Q. & ZHENG, L.-K. 2005a. Detection of Sperm DNA 

Damage in Workers Exposed to Benzene by Modified Single Cell Gel Electrophoresis. Journal of 
Reproduction & Contraception, 16, 131-136. 

SONG, B., CAI, Z. M., LI, X., DENG, L. X. & ZHENG, L. K. 2005b. Effect of benzene on sperm DNA. 
Zhonghua Nan Ke Xue, 11, 53-5. 

SUN, W., GONG, Z. & LI, X. 1992. Effect of low benzene exposure on neurobehavioral function, AChE in 
blood and brain and bone marrow picture in mice. Biomed Environ Sci, 5, 349-54. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 29 of 31 
 

TATRAI, E., UNGVARY, G., HUDAK, A., RODICS, K., LORINCZ, M. & BARCZA, G. 1980. Concentration 
dependence of the embryotoxic effects of benzene inhalation in CFY rats. J Hyg Epidemiol 
Microbiol Immunol, 24, 363-71. 

TRAVIS, L. B., LI, C. Y., ZHANG, Z. N., LI, D. G., YIN, S. N., CHOW, W. H., LI, G. L., DOSEMECI, M., BLOT, W., 
FRAUMENI, J. F., JR. & ET AL. 1994. Hematopoietic malignancies and related disorders among 
benzene-exposed workers in China. Leuk Lymphoma, 14, 91-102. 

TURHAN, A. & DERE, E. 2007. The effect of benzene on the activity of adenosine deaminase in tissues of 
rats. J Biochem Mol Biol, 40, 295-301. 

UZMA, N., KUMAR, B. S. & HAZARI, M. A. 2010. Exposure to benzene induces oxidative stress, alters the 
immune response and expression of p53 in gasoline filling workers. Am J Ind Med, 53, 1264-70. 

UZMA, N., SALAR, B. M., KUMAR, B. S., AZIZ, N., DAVID, M. A. & REDDY, V. D. 2008. Impact of organic 
solvents and environmental pollutants on the physiological function in petrol filling workers. Int 
J Environ Res Public Health, 5, 139-46. 

VELASCO LEZAMA, R., BARRERA ESCORCIA, E., MUNOZ TORRES, A., TAPIA AGUILAR, R., GONZALEZ 
RAMIREZ, C., GARCIA LORENZANA, M., ORTIZ MONROY, V. & BETANCOURT RULE, M. 2001. A 
model for the induction of aplastic anemia by subcutaneous administration of benzene in mice. 
Toxicology, 162, 179-91. 

VERMA, D. K. & DES TOMBE, K. 2002. Benzene in gasoline and crude oil: occupational and environmental 
implications. AIHA J (Fairfax, Va), 63, 225-30. 

VERMA, Y. & RANA, S. V. 2009. Endocrinal toxicity of industrial solvents--a mini review. Indian J Exp Biol, 
47, 537-49. 

VIAU, C., BERNARD, A., LAUWERYS, R., BUCHET, J. P., QUAEGHEBEUR, L., CORNU, M. E., PHILLIPS, S. C., 
MUTTI, A., LUCERTINI, S. & FRANCHINI, I. 1987. A cross-sectional survey of kidney function in 
refinery employees. Am J Ind Med, 11, 177-87. 

W.H.O. 2011. Noncommunicable diseases country profiles 2011. Geneva: World Health Organization, 
50. 

WALLACE, L. 1996a. Environmental exposure to benzene: an update. Environ Health Perspect, 104 Suppl 
6, 1129-36. 

WALLACE, L. 1996b. The exposure of the general population to benzene. CellBiol Toxicol, 297–314. 
WAN, J., BADHAM, H. J. & WINN, L. 2005. The role of c-MYB in benzene-initiated toxicity. Chem Biol 

Interact, 153-154, 171-8. 
WARD, E., HORNUNG, R., MORRIS, J., RINSKY, R., WILD, D., HALPERIN, W. & GUTHRIE, W. 1996. Risk of 

low red or white blood cell count related to estimated benzene exposure in a rubberworker 
cohort (1940-1975). Am J Ind Med, 29, 247-57. 

WEAVER, C. V., LIU, S. P., LU, J. F. & LIN, B. S. 2007. The effects of benzene exposure on apoptosis in 
epithelial lung cells: localization by terminal deoxynucleotidyl transferase-mediated dUTP-biotin 
nick end labeling (TUNEL) and the immunocytochemical localization of apoptosis-related gene 
products. Cell Biol Toxicol, 23, 201-20. 

WINEK, C. L. & COLLOM, W. D. 1971. Benzene and toluene fatalities. J Occup Med, 13, 259-61. 
WIWANITKIT, V. 2007. Benzene exposure and hypertension: an observation. Cardiovasc J Afr, 18, 264-5. 
WOLFF, M. S., COLLMAN, G. W., BARRETT, J. C. & HUFF, J. 1996. Breast cancer and environmental risk 

factors: epidemiological and experimental findings. Annu Rev Pharmacol Toxicol, 36, 573-96. 
WONG, O. & FU, H. 2005. Exposure to benzene and non-Hodgkin lymphoma, an epidemiologic overview 

and an ongoing case-control study in Shanghai. Chem Biol Interact, 153–154, 33-41. 
XING, C., MARCHETTI, F., LI, G., WELDON, R. H., KURTOVICH, E., YOUNG, S., SCHMID, T. E., ZHANG, L., 

RAPPAPORT, S., WAIDYANATHA, S., WYROBEK, A. J. & ESKENAZI, B. 2010. Benzene exposure 
near the U.S. permissible limit is associated with sperm aneuploidy. Environ Health Perspect, 
118, 833-9. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 30 of 31 
 

YAMAMURA, K., KATOH, T., KIKUCHI, M., YOSHIKAWA, M. & ARASHIDANI, K. 1999. Effect of benzene 
exposure on hematology and hepatic drug metabolic enzymes in ethanol administrated rats. J 
UOEH, 21, 29-35. 

YASSEEN, A. A., AUNUIZ, A. & AL-MUSAWI, M. N. 2001. Chromosome studies in male patients suffering 
from infertility. Saudi Med J, 22, 223-6. 

YIN, S. N., LI, G. L., HU, Y. T., ZHANG, X. M., JIN, C., INOUE, O., SEIJI, K., KASAHARA, M., NAKATSUKA, H. & 
IKEDA, M. 1987. Symptoms and signs of workers exposed to benzene, toluene or the 
combination. Ind Health, 25, 113-30. 

ZHANG, L., EASTMOND, D. A. & SMITH, M. T. 2002. The nature of chromosomal aberrations detected in 
humans exposed to benzene. Crit Rev Toxicol, 32, 1-42. 

ZHANG, L., LAN, Q., GUO, W., HUBBARD, A. E., LI, G., RAPPAPORT, S. M., MCHALE, C. M., SHEN, M., JI, Z., 
VERMEULEN, R., YIN, S., ROTHMAN, N. & SMITH, M. T. 2011. Chromosome-wide aneuploidy 
study (CWAS) in workers exposed to an established leukemogen, benzene. Carcinogenesis, 32, 
605-12. 

ZHANG, L., LAN, Q., JI, Z., LI, G., SHEN, M., VERMEULEN, R., GUO, W., HUBBARD, A. E., MCHALE, C. M., 
RAPPAPORT, S. M., HAYES, R. B., LINET, M. S., YIN, S., SMITH, M. T. & ROTHMAN, N. 2012. 
Leukemia-related chromosomal loss detected in hematopoietic progenitor cells of benzene-
exposed workers. Leukemia, 26, 2494-8. 

 

  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

Page 31 of 31 
 

HIGHLIGHTS 
 Benzene is a volatile organic air pollutant and human blood carcinogen 

 Benzene exposure needs to be evaluated in relation to diabetes, breast and lung cancer 

 Chronic diseases are highly widespread in most of the countries where benzene has being 

poorly monitored 

 The incidence of chronic diseases remained unaltered instead of reducing the contents of 

benzene in petrochemicals in some parts of the world 

 Strong regulatory interventions over petroleum products are needed, besides searching 

for environment friendly alternative to benzene 


