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Awareness of COVID-19 infection, as a public crisis, makes an emergency condition for
survivors. Regarding the importance of early rehabilitation, we should pay particular
attention to the potential risk of real-life toxicants in COVID-19 survivors. The adverse
effects underlying COVID-19 infection lead to persistent sequelae in survivors. In
addition, complete rehabilitation is challenging in seriously-ill patients due to cytokine
storm severity, inflammation, oxidative stress, and cell death contributing to multi-
organ damage. Different foods, environmental/occupational pollutants, and unhealthy
lifestyles are real-life examples of toxicants that can pose redox imbalance and
oxidative damage to the biological system. The key concept is that survived patients
with persistent tissue damage, low-grade inflammation, oxidative stress, and fibrosis
are susceptible to real-life toxic stressors, which have the potential for oxidative stress.
Moreover, fibrosis are susceptible to toxic stressors, which can induce harmful effects
by promoting oxidative stress and pro-inflammatory components. This paper
attempted to elucidate a vital toxicological concept in which the existing sequelae of
COVID-19 survivors increase the potential risk of real-life toxicants and to propose a
practical strategic approach to reduce toxicant exposure.

Abbreviation: Lipid radical (L+), Lipid peroxyl radical (LOO-), Lipid alkoxyl radical
(LO+), particulate matter (PM), reactive oxygen species (ROS), ultra-fine particle (UFP).

1. Introduction

1.1 COVID-19 as a complicated condition

pro-inflammatory cytokine storms associated with
antioxidant source depletion enhance a cascade of biological
events in severe COVID-19 patients [2-7]. New evidence has
indicated that this syndrome has long-term consequences on

According to World Health Organization (WHO), COVID-19
is a global public health emergency that threatens millions of
individuals [1]. In other words, an increasing number of
survivors with a long-lasting sequela is a serious concern
regarding survivors’ health outcomes. COVID-19 triggers
several harmful effects, resulting in direct viral effects and
excessive reactive oxygen species (ROS) levels. In addition,

cardiovascular, respiratory, and immunological systems.
Furthermore, it might be persistent in rehabilitation in
severely-ill COVID-19 patients [8, 9]. There are several
pollutants with pro-oxidant properties that mediate
oxidative damage of vital biomolecules: lipid, protein, and
nucleic acid. Therefore, enhanced lipid peroxidation (LOO;, L,
and LO-) mediates cell membrane disruption and cell death.
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It initiates the immune response in the cell
microenvironment, threatening the surrounding cells [10]. It
could also impair cellular function; in fact, it contributes to
organ dysfunction. Several contaminates as an exogenous
source of reactive oxygen/nitrogen species are related to
internal sources (injury and disease) by playing a
collaborating role in the pathophysiology of multi-organ
dysfunction. It should be noted that survivors of COVID-19
infection at the rehabilitation stage are susceptible to toxic
stressors even more than healthy individuals; hence, taking
care of the survivors would be a huge burden. This paper
aimed to clarify a vital toxicological concept in which the
existing sequela of COVID-19 survivors increases the
potential  risk of real-life  toxicants  exposure
(environmental/occupational and food) and lifestyle-related
stressors. Further, we proposed a practical strategic
approach to reduce toxicant exposure.

1.2 The immunological outcome in COVID- 19 survivor

The immune system mediates a complex process involved
in COVID-19 elimination and recovery from viral infection.
However, immune system disability in virus elimination is
associated with disease progression and severe lethal stage.
Therefore, variable immune system responses are related to
various clinical features and lead to persistent sequelae [11,
12]. Immunologically, inflammation and tissue damage are
tightly linked processes. Consequently, an unregulated host
immune system response leads to the excessive release of
the inflammatory components, contributing to multi-organ
damage. Accordingly, pro-inflammatory cytokines and
oxidative stress cause cell death. Furthermore, in the positive
loop, it leads to the exaggerated outcome contributing to the
pathophysiological role of COVID-19 in organ damage and
could also be implicated in persistent sequelae in survivors
[10]. From the toxicological aspect, which is ignored in the
COVID-19 outbreak, immune system dysfunction was
significantly correlated with toxic stressors that cannot
eliminate the virus. Also, real-life toxicants perturb immune
system function [13, 14], thus contributing to tissue damage,
disease progression, and defect rehabilitation in COVID-19
infection.

1.3 Immunological events depend on the stage of COVID-19
infection

Immunological studies have demonstrated that intensive
inflammation response occurs in virus- the independent
stage of infection [11]. Based on this evidence, following the
virus replication stage(ten days post - infections and virus
clearance) inflammation in the lung was more intensive until
day 28[15]. Notably, in tissue inflammation, many of the
inflammatory receptors (TNF-a) on the cell surface, related
to inflammatory cytokine expression, are involved in the cell
death process and, in positive feedback, damage-associated
molecular patterns(DAMP) and reactive oxygen species
induce inflammation [16-18]. Inflammation was shown to be
associated with cell stress-related components and
increased the risk of fibrosis [19]. Based on the evidence,
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heart failure is attributed to infection, toxin, and injury,
which could be mediated by cell death, inflammation, and
fibrosis, leading to persistent low-grade systemic
inflammation and organ failure [20]. In addition, a lung
fibrosis model study indicated that excessive reactive
oxygen species promote cell death by triggering pulmonary
injury, inflammation, and fibrosis [21-23]. Lung and heart
fibrosis and inflammation attributed to COVID-19 infection
increase the risk of real-life toxicants, lead to exaggerated
harmful effects in survivors that may contribute to tissue
dysfunction.

1.4 Real-life toxicants as a collaborating factor in COVID-19
survivors

Public exposure to real-life toxicants mainly by
environmental/ occupational and food contaminants such as
air pollution, metal, particulate matter (PM), poly aromatic
hydrocarbon (PAH), polychlorinated biphenyls (PCB),
acrylamide, ultraviolet radiation (UV), and Wi-Fi in
combination with an unhealthy lifestyle, triggers a great deal
of adverse effect. Chemicals combine exposure causes
cumulative risk exposure leading to multiple risk factors in
our daily life. Environmental factors critically impact the
severity and progression steps of several diseases [24].
Awareness of COVID-19 as a public emergency makes
emergency conditions for survivors. Notably, survivors with
the persistent sequela (related to the severity of disease) [8]
as a susceptible subgroup are definitely at risk of toxicant
exposure in general and in combination with an unhealthy
lifestyle, which increases the potential risk of toxicant
exposure, leads to various adverse effects in the survivors.

1.5 Air Pollutant, risk of complex noxious substance
exposure

Air pollution has been a global concern, and currently, with
the worldwide outbreak of COVID-19, it has become a
priority for COVID-19 survivors’ health. Remarkably, the
severe harmful effects of air pollution occur at the permitted
level by national standards [25, 26]. Air pollution in highly
populated urban areas increases urbanization, and traffic-
related pollution is the primary concern in societies[25]. In
complex exposure, air pollution is composed of a mixture of
substances. It mainly includes gaseous pollutants, volatile
and semi-volatile organic compounds[27] such as benzene,
naphthalene, aldehydes species, and polycyclic aromatic
hydrocarbons, which cause several harmful effects in
collaborating with particulate matter[25].

1.6 Respiratory system effects of air pollution

Air pollution may enhance several adverse effects, such as
upper respiratory irritation, chronic respiratory disease, lung
cancer, and acute respiratory infections [28, 29]. It is
reported that nitrogen oxides, inhaled fine, and ultra-fine
particulate matter (UFP) emitted in road traffic generate ROS
through the Fenton reaction and increase the susceptibility
to respiratory infections[16]. Excess ROS overwhelms the
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antioxidant system, triggers inflammation response in the
alveolar epithelium, promotes pro-inflammatory
transcription factors expression, and releases inflammatory
mediators [23, 30], which could worsen lung condition status
with persistent lesion and disease, especially in the COVID-
19 outbreak.

1.7 Cardiovascular effects of air pollution

The high incidence of heart injury among COVID-19
survivors and the effect of air pollution on the cardiovascular
system could be a challenge to disease prevention. Several
studies have confirmed that increased cardiovascular risk of
mortality and morbidity[31] attribute to short and long-term
exposure to air pollution. [32, 33]. Mechanistically, oxidative
stress induction has been confirmed to be a key way in
different processes underlying air pollution-induced
cardiovascular mortality, mainly due to UFP composition
especially transition metal composition, which catalyzes
irritant production and induces reactive oxygen species
formation[25]. Additionally, clinical studies have identified
that traffic-related air pollution plays a crucial role in
promoting systemic vascular oxidative damage, enhanced
endothelial dysfunction, plaque formation, and up-
regulation of oxidative stress biomarkers in exposed
individuals [34-37]. Numerous studies have indicated a
positive correlation between road traffic emission exposure
and DNA methylation resulting in DNA oxidation in the
blood[38, 39]. The gene expression profiling revealed that
traffic-related pollutants in drivers, garage workers, and
street police officers increase inflammatory gene expression
(TLR2,4, NF-Kg) [39, 40].

1.8 Air pollution effect in the susceptible subgroup

Air pollution plays a key role in cardiovascular mortality
among the exposed population, namely patients and elderly
people. Individuals with low inflammation status, such as
diabetes, hypertension, congestive heart failure, and
respiratory conditions, are at significant risk of
cardiovascular complications. In older adults exposed to
airborne particulate matter, the promoted inflammatory
indicator (WBGCs, CRP, and IL-6) leads to heart complications.
Given the importance of health in society, the risk of death
from air pollution is high in susceptible people, particularly
those with cardiovascular complications [41].

1.9 Pesticides

Pesticide exposure occurs in the occupational
environment, food and water residue, and inhalation,
increasing the risk of several adverse effects[42]. Chemicals,
in particular pesticides, in the work environment creates a
toxic condition, and those who directly use chemicals are at
higher risk of adverse effects. Pesticide exposure could be
due to occupational activity, in which pesticide adverse
effects are related to oxidative stress promotion and alter the
antioxidant defense system[43] (Fig1). Regarding workers
exposed to contaminants, controlling the risk of work
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environmental risks and reducing adverse effects on them
need biological monitoring, as well as removal or
replacement of risk factors with safe substances to maintain
workers’ general health and COVID-19 survivors.

1.10 Metal

Metal naturally exists in the human environment, which
could contaminate soil/water and agricultural crop;
however, some levels of human exposure to potential toxic
metal is inevitable. Following absorption in the human body,
most heavy metals are dangerous, even in small amount,
since after a while tends to accumulate in the human
body[44]. Metal-catalyzed redox reactions mediate oxidative
damage, which is a key chemical reaction in metal
toxicology. The heavy metal enhances the variety of reactive
oxygen species promotion and glutathione depletion, which
leads to DNA damage, protein denaturation, and lipid
peroxidation. Further, it affects changes in gene expression
contributing to cell function disturbance. There is
considerable evidence revealing the cardiovascular effect of
heavy metals related to high blood pressure[45] and could be
contributed to atherosclerotic heart disease [14]. Metal
exposure could be one of the cumulated risk factors in
COVID-19 survivors.

1.11 Control risk of air pollution

Considering the high prevalence of respiratory
complications and heart injury in COVID-19 survivors and
their susceptibilities, we should consider air pollution risk
control an avoidable approach for preventing morbidity and
mortality risk of respiratory and cardiovascular
complications.

1.12 An unhealthy lifestyle collaborates adverse toxicant
effects

Lifestyle factors, particularly smoking, may directly or
indirectly impact the toxicity of toxicants, mainly by
mediating reactive oxygen species. Lifestyle could
exacerbate the adverse effects of real-life toxicants exposure.
However, emerging evidence has indicated that a positive
lifestyle change (regular exercise, food consumption,
quitting smoking, and alcohol consumption) can reduce the
risk of toxicants [46].

1.13 Cigarette smoking, survival- related risk factor

Smoking is a major public health issue that is an avoidable
cause of several diseases like lung cancer, heart disease, and
vascular dysfunction [47, 48]. Concerning the COVID-19
infection in smokers, other researchers reported that
smokers have higher ACE, expression. Therefore, smokers
have more virus receptors in airway epithelial than non-
smokers [49]. Cigarette smoke constitutes a highly complex
mixture of noxious gases, aerosol liquids, and small particles,
which cause harmful and carcinogenic effects [50]. Certain
smoke constituents could be metabolized, and their
metabolites could increase reactive oxygen/nitrogen species.
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Activated oxygen species cause acute effects of cigarette
smoke by increasing the oxidative stress process because of
reduced antioxidant sources and inflammation [48, 51, 52].
The lung is a prominent direct target for various oxidant
compositions in cigarette smoke, and the oxidative reaction
hurts lung cells[53]. Moreover, other factors that could
negatively affect smokers include unhealthy nutritional
habits leading to insufficient intake of antioxidants and
drinking a large amount of alcohol during smoking. They all
result in vital biomolecule oxidative damage, inflammatory
response, and vascular dysfunction in cigarette smokers. Pro-
inflammatory cytokines (IL-6, TNF-a, and IL-1B) and systemic
inflammation mediate lifestyle-related disease in chronic
smokers [54]. Findings have demonstrated that smoker
patients are at risk of a lower level of antioxidants; thus,
oxidative damage is more dangerous in them than in non-
smokers [48].

2. Discussion

2.1 A new challenge in the health of COVID-19 survivors

There is a global concern about overexposure to the
mixture of real-life toxicants among the public. In our daily
life, the broad spectrum of undesired toxicants has the
potential to evoke adverse health effects. Therefore, the
variety of adverse effects and the diversity of toxicants have
caused additional concerns in the rehabilitation phase of
COVID-19 survivors as a susceptible subgroup with a
persistent sequela. As noted in this review, in the recovery
phase, survivors of COVID-19 infection are at risk of
antioxidant source depletion during the viral infectious stage
and the low-grade inflammation status related to the sequela
[20], which raises the potential risk of oxidative damage.
Furthermore, several toxicants enhance oxidative
disturbance. The close interplay between host inflammation
and oxidative stress attributed to disease (virus, microbe),
leading to cell dysfunction and microenvironment
perturbation, contributes to disease progression and longer
infection rehabilitation (Fig 1). Underlying the public health
issue, we should assess the risk of oxidative imbalance
related to real-life toxicants in survivors’ health. The
harmful effects of toxicants considerably depend on the
dose-response assessment in survivors of COVID-19
infections. Since internal factors of the individual can affect
the toxic response, it is important to recognize factors such
as age, sex, and underlying disease of survivors (blood
pressure, asthma, cardiovascular disease, diabetes, obesity)
who are exposed to real-life contaminants, the above-
mentioned factors directly affect the disease progression.
Moreover, magnified hazards in cumulative pollutants in

72

Toxicants Promote Oxidative Stress in COVID-19 Survivors

daily life would be a great hazard in the exposure of
susceptible individuals and make a complex situation.

2.2 Protection of survivors requires comprehensive
strategies for the risk management

Supporting the growing population of survivors and their
rapid rehabilitation requires hazard identification, such as
various adverse effects of toxicants in the risk assessment
process. These are the cornerstone to reducing the risk of
disease progression. In order to reduce toxicants, we should
pay particular attention to develop coordinated strategies for
COVID-19 risk management. (Fig 3). Individuals should be
responsible for reducing the virus spread and be less exposed
to pollutants to maintain their health by changing their
unhealthy lifestyles, such as quitting smoking and
alcoholism, exercising regularly, and reducing the pollutant
released into the environment and workplace. Social
responsibility could provide environmental safety and
promote healthy lifestyle programs. Governments could
offer health resources to policymakers to guarantee air
quality, work environmental safety, monitor contaminants
and pesticide/chemical regulation, and minimize pollution
to prevent serious public health problems. Responsibility for
rehabilitation, particularly for COVID-19 survivors, should be
a concerted effort to reduce the spread of the disease and
prompt rehabilitation among survivors. Although
rehabilitation in COVID-19 survivors is most important to
avoid illness progression in society, these strategies help
everyone benefit from the risk management of toxicant
exposure, not just those who survive.

3. Conclusion

Awareness of COVD-19 survivors’ health follows toxicant
exposures. This paper indicated the adverse effects of COVID-
19 infection on survivors and the potential risk of exposure
to real-life toxicants regarding the susceptibility in the
recovery phase. Over million recovered individuals are the
susceptible subgroup regarding the persistent sequela. New
clinical evidence has indicated long-term adverse effects of
COVID-19 on cardiovascular, respiratory, and immunological
systems. Most survivors are at risk of oxidative stress due to
exposure to toxicants, which could contribute to disease
progression. This approach has the potential to reduce the
negative effects, control, and manage the risk by placing the
responsibility on individuals, society, and decision-makers to
increase the health quality in society.
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oxygen species, and damage- associated molecular pattern (DAMP),enhance several kinds of regulated cell death, along with effects of oxidative stress- related to
exogenous toxicant such as smoking cigarette, inhaled particulate and gaseous matter related to air pollution or occupational exposure and endogenous source of
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