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ABSTRACT

Volatile organic compounds (VOCs) constitute a diverse group of carbon-based chemicals that are emitted into the
atmosphere from both natural and anthropogenic sources. Widely used in industrial processes, household products,
and vehicle emissions, VOCs have become ubiquitous in indoor and outdoor environments. While some VOCs such
as benzene, formaldehyde, and toluene are well-recognized carcinogens and neurotoxins, emerging evidence
suggests that even low-level chronic exposure to mixtures of VOCs may have profound and cumulative effects on
multiple organ systems. This review explores the sources, physicochemical properties, and human exposure
pathways of VOCs, followed by a detailed examination of their toxicological impacts on the respiratory, neurological,
hepatic, renal, reproductive, and cardiovascular systems. Additionally, the article addresses the emerging role of
VOCs in oxidative stress, endocrine disruption, and immune dysregulation. The review highlights vulnerable
populations such as children, the elderly, and occupational workers, and discusses current gaps in regulatory
frameworks and environmental surveillance. Finally, we propose integrative strategies for risk mitigation, including
green chemistry innovations, public health monitoring, and environmental policy reforms. Understanding VOCs as
a growing threat to global health is critical for shaping sustainable urban planning, occupational safety standards,
and disease prevention efforts.
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INTRODUCTION
Volatile organic compounds (VOCs) are a broad class of organic chemicals characterized by high vapor pressure and
low water solubility, allowing them to evaporate readily into the atmosphere at ambient temperatures [17]. These
compounds are integral to many industrial, commercial, and household activities. Common sources include fuel
combustion, industrial emissions, paints, cleaning agents, cosmetics, and building materials. VOCs are also emitted
from natural sources such as vegetation and microbial activity, but the significant rise in ambient and indoor VOC
levels in urban environments is largely anthropogenic [27]. The growing concern around VOCs lies in their health
impacts, which are often underestimated due to their invisible, odorless nature and complex chemical interactions in
the environment. Short-term exposure may lead to mucosal irritation, headaches, dizziness, or allergic responses,
while long-term exposure has been associated with chronic respiratory diseases, neurotoxicity, hepatotoxicity, and
carcinogenicity [37. Given their widespread use and presence in everyday environments, VOCs pose a major
challenge for environmental health and policy.
Sources and Exposure Pathways

Human exposure to volatile organic compounds (VOCs) occurs through multiple routes, with inhalation being the
predominant pathway [47]. Due to their high vapor pressure and widespread use in domestic and industrial products,
VOCs are present in both outdoor and indoor air. However, indoor environments often harbor higher VOC
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concentrations—typically 2 to 5 times greater than outdoor levels—owing to the extensive use of synthetic
materials, cleaning agents, paints, adhesives, and furnishings [57. Poor ventilation exacerbates this accumulation,

increasing the duration and intensity of exposure. Occupational exposure represents a significant risk for workers
in industries such as dry cleaning, printing, painting, construction, furniture manufacturing, automotive repair, and
petrochemical processing [67]. These environments often involve direct contact with VOC-containing substances or
prolonged exposure to VOC-laden air, sometimes at concentrations far exceeding recommended safety thresholds.
Outdoor sources include vehicular exhaust, gasoline vapors, industrial emissions, and off-gassing from asphalt and
construction materials. VOCs are also released through natural sources such as plant emissions and wildfires,
although anthropogenic sources contribute a more substantial and concerning burden [77. A significant secondary
concern is the role VOCs play in atmospheric chemistry. Under sunlight, they participate in photochemical reactions
that generate ground-level ozone and secondary organic aerosols (SOAs), which are key components of smog and
have significant health implications [87.
In addition to inhalation, VOCs can be absorbed through the skin or ingested via contaminated water or food. Some
products, such as disinfectants and personal care items, increase dermal exposure, while ingestion can occur from
residues on surfaces or in food packaging materials [97]. Once inside the body, VOCs quickly enter systemic
circulation, posing risks even at low exposure levels, especially with chronic or cumulative exposure [107].
Toxicokinetics and Mechanisms of Action
VOC:s exhibit rapid absorption and distribution due to their lipophilic nature [107. Inhaled VOCs cross the alveolar
membrane and enter the bloodstream, where they are distributed throughout the body [117. Organs with high blood
flow, such as the brain, liver, and kidneys, tend to accumulate VOCs more readily [107]. The liver is the primary site
of metabolism for most VOCs, primarily via cytochrome P450 enzymes, which convert parent compounds into more
polar metabolites to facilitate excretion [127]. However, this metabolic conversion can produce reactive
intermediates that bind covalently to cellular macromolecules, leading to cytotoxicity and mutagenicity. For
instance, benzene is metabolized to benzene oxide, a compound that forms DNA adducts and interferes with
hematopoiesis [187. Similarly, trichloroethylene undergoes metabolism to chloral hydrate and other toxic
intermediates that disrupt hepatocellular and renal functions [147].
The toxicodynamic profile of VOCs also includes the induction of oxidative stress. Many VOCs disrupt
mitochondrial function, elevate reactive oxygen species (ROS), and reduce antioxidant reserves such as glutathione
[157. This oxidative burden can lead to lipid peroxidation, protein oxidation, and DNA strand breaks. Additionally,
VOCs interfere with intracellular signaling pathways, epigenetic regulation, and transcriptional activity,
contributing to altered cell proliferation, apoptosis, and immune function [167]. Some VOCs act as endocrine
disruptors, interfering with hormone receptor binding and hormonal biosynthesis [177]. Other VOCs can cross the
blood-brain barrier, impacting neurological function by altering neurotransmitter balance and neuronal membrane
integrity [187]. The cumulative effect of these mechanisms underscores the systemic and multifaceted nature of VOC
toxicity.
Systemic Health Effects of VOC Exposure
Respiratory System
VOCs are known respiratory irritants. Acute exposure can result in symptoms such as throat irritation, coughing,
and shortness of breath, while chronic exposure exacerbates asthma, chronic bronchitis, and COPD [197.
Compounds like formaldehyde and acrolein induce epithelial inflammation, mucus hypersecretion, and ciliary
dysfunction [207. Prolonged inhalation of VOCs impairs pulmonary function, increases susceptibility to respiratory
infections, and may contribute to the development of pulmonary fibrosis [217.
Nervous System
Neurotoxicity is a well-established effect of several VOCs. Organic solvents such as toluene, styrene, and n-hexane
can cause both acute and chronic neurological effects [227. These include headaches, dizziness, and mood
disturbances in the short term, and memory loss, attention deficits, and peripheral neuropathy with long-term
exposure. VOCs can disrupt neurotransmitter systems, reduce neuronal viability, and alter brain structure,
particularly in the developing brain of children [237.
Hepatic and Renal Systems
The liver and kidneys, as primary sites of detoxification and excretion, are especially vulnerable to VOC toxicity.
Hepatic effects include hepatomegaly, enzyme dysregulation, and hepatocyte necrosis, often observed with exposure
to trichloroethylene, carbon tetrachloride, and vinyl chloride [247. Renal toxicity involves glomerular injury,
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reduced filtration capacity, and tubular necrosis [257]. Chronic exposure may lead to hepatic steatosis or
nephropathy, increasing the risk for organ failure.

Reproductive and Endocrine Systems

VOCs have been shown to impair reproductive health in both males and females. Benzene and phthalates reduce
sperm quality and testosterone levels, while certain halogenated VOCs disrupt ovulation and menstrual regularity
[267. Developmental toxicity includes teratogenic effects, low birth weight, and neurodevelopmental delays in
offspring of exposed mothers. Endocrine disruption occurs through receptor antagonism, interference with hormone
synthesis, and epigenetic modifications [27].
Cardiovascular and Immune Systems
Cardiovascular effects include endothelial dysfunction, arrhythmias, and increased blood pressure, particularly in
individuals with pre-existing conditions [287]. VOCs can trigger systemic inflammation, oxidative vascular damage,
and autonomic nervous system imbalance [297. Immune effects range from hypersensitivity reactions to impaired
lymphocyte proliferation and altered cytokine production [87]. Immunosuppression may increase susceptibility to
infections and contribute to autoimmune dysregulation.
Vulnerable Populations and Public Health Concerns
Certain groups are more susceptible to VOC-related harm due to biological and environmental factors. Children are
especially vulnerable because of their higher respiratory rates, immature detoxification systems, and developmental
sensitivity [307]. Prenatal and early postnatal exposure to VOCs can result in permanent neurological, respiratory,
and endocrine alterations. Pregnant women may face increased risks of miscarriage, preterm birth, and fetal
malformation due to VOC exposure [317].
The elderly are also at higher risk due to age-related declines in organ function and increased comorbidities [327].
Individuals with chronic illnesses such as asthma, cardiovascular disease, and diabetes are more likely to experience
exacerbated symptoms and complications when exposed to VOCs [337].
Occupational exposure remains a significant concern, especially in informal or poorly regulated sectors where
personal protective equipment and ventilation are inadequate. Workers in construction, manufacturing, healthcare,
and agriculture may face continuous high-level exposure, leading to occupational diseases that are often
underdiagnosed or misattributed [37.
From a public health perspective, VOCs present a unique challenge due to their ubiquitous presence and complex
mixture effects. Current regulatory frameworks often assess VOCs individually, overlooking synergistic
interactions. Moreover, indoor air quality standards are inconsistently enforced, particularly in low- and middle-
income countries. The lack of comprehensive biomonitoring and population-based exposure assessments further
impedes risk management. To protect vulnerable populations, targeted interventions are necessary. These include
indoor air quality monitoring, improved industrial hygiene practices, risk communication strategies, and policies
promoting the substitution of hazardous VOCs with safer alternatives. Addressing VOC exposure comprehensively
is essential to advancing environmental justice and reducing health disparities.
Policy Implications and Risk Mitigation Strategies
Effective public health protection requires a multipronged strategy. Regulatory agencies must update exposure
guidelines to reflect emerging scientific findings, and enforce stricter emissions standards. Investment in green
chemistry, safer manufacturing processes, and substitution of high-risk VOCs with non-toxic alternatives is critical.
Public awareness campaigns, indoor air quality standards, and workplace ventilation improvements are essential in
reducing individual-level exposure. Research into biomonitoring tools and early warning systems will help identify
at-risk populations and implement preventive interventions.
CONCLUSION
Volatile organic compounds represent a growing yet often overlooked environmental health threat. Their
widespread presence, ability to affect multiple organ systems, and links to chronic diseases call for urgent attention
from scientists, policymakers, and public health professionals. Advancing our understanding of VOC toxicodynamics
and improving exposure prevention through targeted regulations and public education will be essential in mitigating
their long-term impact on global health.
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