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ABSTRACT

Formaldehyde (FA) is a colorless, flammable, and highly reactive one-carbon compound that is emitted from several objects
at homes and workplaces. FA is also widely found in many products used in medical colleges, hospitals, and factories. Many
people are exposed to FA daily via inhalation at their homes and workplaces, which contributes to environmental and
occupational health problems and potentially, cancer hazards. Two types of immunomodulatory effects of FA have been
widely reported. On the one hand, FA inhalation and exposure induces or exacerbates eosinophilic airway inflammation
with increased bronchial hyperresponsiveness and Th2-related cytokine secretion, resulting in Th2-type immune diseases
such as allergic asthma and dermatitis. On the other hand, FA exposure has no significant deleterious effect on respiratory
distress and instead prevents allergic lung inflammation by suppression of T cell activity with decreased production of T cell-
related cytokines. This review aimed to provide updated information on the two different immunotoxic effects induced by
FA inhalation by summarizing the literature on FA exposure effects under various conditions. The insights from this review
may help comprehend the mechanisms underlying the immunotoxic effects of FA and provide direction for future research.
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INTRODUCTION

Formaldehyde (FA) is a colorless, flammable, and highly reactive
one-carbon compound present in homes and workplaces and is
a common indoor air pollutant [1]. FA is widely found in many
products, such as plastics, floor coverings, plywood, furniture,
paints, and cosmetics [2], and is also commonly used in anatomy
and pathology laboratories because of its sterilizing, preserving, and
stabilizing properties [3,4]. Tang, et al. that FA concentration in
indoor air is 238 pg/m’, 256 pg/m’, 1.37 mg/m’, and 1.46 mg/
m’ in recently remodeled homes, offices, factories, and research
laboratories and hospitals, respectively [5]. Thus, millions of
people are exposed to FA daily via inhalation at their homes and
workplaces [6,7], which is part of environmental and occupational
health problems [8] and is a potential cancer hazard [4].

According to an FA-inhalation assessment by the US Environmental
Protection Agency, FA induces adverse health effects, such asasthma,
atopy, immunotoxicity, developmental toxicity, and reproductive
toxicity [9]. Additionally, the International Agency for Research
on Cancer has classified FA as a human carcinogen (Group 1)
based on studies of nasopharyngeal cancer and leukemia [10,11].
Recent human trials and animal studies have shown that immune
dysfunction induced by FA exposure may deteriorate allergic lung

responses [12,13]. Moreover, immunosuppression induced by FA
exposure may increase susceptibility to opportunistic infections or
cancer development [14-16]. Therefore, several previous studies
establish that FA exposure has toxic effects on the immune system.
However, studies report inconsistent and contradictory findings
on the mechanism by which the immunotoxic effects of FA are
manifested-while some studies report that FA induces allergic
immune responses, others report that FA has immunosuppressive
effects. In this review, we summarize the updated information on
the two contrasting immunotoxic effects induced by FA inhalation
in the light of human trials and animal model systems.

LITERATURE REVIEW
Toxic effect of FA: Induction of allergic immune responses

FA is a well-known irritant, which may not only cause irritation but
also induce acute lung injury and inflammation-related disorders,
including asthma and allergies [13,17]. Several human studies have
reported that exposure to FA by inhalation is associated with upper
respiratory irritation [12,13,18]. Garrett, et al. showed that low-
level exposure to indoor FA increased the risk of developing asthma
and aggravated atopic symptoms in children [19]. Xiang, et al. [20]
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and Yue, et al. [21] revealed the dose-response relationship between
indoor FA exposure and the risk of allergic asthma. Moreover,
Aydin, et al. showed that the absolute number and percentage of
T lymphocytes and natural killer cells significantly increase in the
blood of workers occupationally exposed to FA (p<0.05) [18].

Jung, et al. evaluated the molecular mechanism of FA exposure-
mediated airway inflammation by investigating the levels of
chemokines, cytokines, and inflammatory mediators in FA-exposed
mice [22]. Herein, C57BL/6 mice were exposed to 5 and 10 ppm
FA 6 h/day for 5 days/week for 2 weeks. FA exposure led to airway
inflammation in mice by increasing eosinophil infiltration due to
the upregulation of extaxin-1, CCR3, and ICAM-1 and the altered
expression of the proinflammatory cytokine (IL-1B) and Th2
cytokines (IL-4 and IL-5) through the regulation of reactive oxygen
species production.

Liu, et al. Evaluated the effects of FA inhalation on lung tissue
and its underlying molecular mechanisms [23]. They exposed rats
to different FA concentrations (0, 0.5, 5, and 10 mg/m’) for 8 h/
day over 4 consecutive weeks. They found that exposure to 5 and
10 mg/m’ FA induced lung injuries, such as pulmonary edema,
histological changes, and inflammatory responses. Additionally, the
changes in autophagy levels (including increasing ultrastructural
autophagosomes and the ratio of LC3-II/LC3-I) were consistent
with lung injury Deletion: [24]. Therefore, the study revealed
that FA exposure triggers autophagy in alveolar epithelial cells,
which might play a critical role in lung injury. Similar results were
found by Wei, et al. [24], who elucidated the role of FA exposure
on immunotoxicity by investigating the secretion of Th1/Th2/
Th17-related cytokines in FA-exposed C57BL/6 mice (1 week
or 1 month). They measured Th2 ( IL4, IL-6, and IL-10), Thl
(TNF-0, and IL-2), and Th17 (IL-17A) related cytokines using flow
cytometry and found that FA exposure significantly increased the
production of Th1/Th2/Th17-related cytokines in the 2.0 mg/kg
FA exposure group (p<0.05).

Li, et al. investigated the effects of FA exposure on the development
and exacerbation of allergic inflammation in two genetically
different mouse strains, namely, BALB/c and C57BL/6 mice
[25]. The mice were exposed to 0, 0.5, and 3.0 mg/m’ FA for
6 h/day over 25 consecutive days, which lead to a significant
increase in the secretion of Th2 (IL4, IL-5, and IL-13)-related
cytokines in a dose-dependent manner in both the strains of mice
(p<0.05). Additionally, exposure to FA significantly induced airway
inflammation (total and differential cell counts) and bronchial
hyperresponsiveness (p<0.05). Therefore, this study showed
that FA exposure can induce Th2 inflammatory responses with
increased eosinophilic infiltration in both BALB/c and C57BL/6

mice.

Liu, et al. investigated the underlying role of FA exposure in
combination with ovalbumin (OVA) immunization [26]. BALB/c
mice were exposed to 0, 0.5, and 3.0 mg/m’® FA for 6 h/day.
This study involved 3 weeks of combined exposure and a 1-week
challenge with aerosolized OVA. Exposure to 3 mg/m’® FA alone
induced mild pulmonary inflammation in the airways, while
exposure to 3 mg/m’ FA+OVA significantly increased airway
hyperresponsiveness, pulmonary lung tissue damage, eosinophil
infiltration, and production of proinflammatory and Th2 cytokines
(p<0.05, p<0.01). This study suggests that FA exposure can induce
and aggravate allergic asthma in BALB/c mice when combined
with OVA immunization.
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Qiao, et al. investigated FA as an irritant for the onset of asthma
and as an adjuvant for the induction of allergy [27]. Herein, Wister
rats were exposed to 0, 417, and 2500 ppb FA for 6 h/day. This
study incorporated 3 weeks of combined exposure to OVA and
FA and a l-week challenge with aerosolized OVA. The airway
reactivity, lung histological changes, pulmonary IL-4 production,
and eosinophil infiltration in the OVA and FA exposure groups
were significantly higher than those in the control group (p<0.05,
p<0.01). This study indicated that FA may be an irritant and serve
as an adjuvant for the onset of asthma or asthma-like symptoms.

Gu, et al. demonstrated that systemic allergic responses through
NK-cell activation, rather than topical allergic responses, play a
significant role in an experimental model exposed to gaseous FA
[28]. BALB/c and C3H/He mice were sensitized by repeated i.p.
injections of OVA (days O and 7). After a week, the mice were
exposed to 0, 0.1, and 0.8 ppm FA for 24 h/day, 5 days/week
for 5 weeks. This study showed that levels of OVA-specific IgE
in 0.8 ppm FA exposed mice were significantly higher than those
in control mice (p<0.05). FA exposure increases the number of
splenic NK1.1+CD3-cells, which develop pulmonary eosinophilic
inflammation and produce allergen-specific IgE and cytokines, as
well as enhances NK-cell activity in splenic cells in both strains of
mice. These results indicated that threshold concentrations (0.8
ppm defined by WHO) of FA may play a regulatory role in the
systemic cell-mediated immune response.

Wu, et al. evaluated hyperresponsiveness, inflammation, and
remodeling of airways using selective receptor antagonists to
investigate the role of transient receptor potential (TRP) ion
channels and neuropeptides in FA-induced asthma [29]. BALB/c
mice were exposed to 3 mg/m’ FA with OVA sensitization for 6
h/day, 5 days/week for 4 weeks and challenged with aerosolized
OVA for a week. Treatment with the TRPA1 channel antagonist
HCO30031 and the TRPV1 channel antagonist CPZ was found
to reduce allergic inflammation, pulmonary tissue damage, and
airway hyperresponsiveness in FA-and OVA-exposed mice. In
contrast, Substance P and Calcitonin gene-related peptide were
found to be involved in the development of FA-promoted asthma
or asthma-like symptoms. These results suggest that FA enhances
the sensitization of BALB/c mice to inhaled allergens and that
it might be an underlying risk factor for an increase in asthma
severity. In addition, TRPA1, TRPV1, and neuropeptides play key
roles in the adjuvant effect of FA-promoted asthma or asthma-like
symptoms.

Kim, et al. investigated if FA inhalation would affect the
exacerbation of atopic dermatitis (AD)- Lsymptoms [30]. Herein,
NC/Nga mice were exposed to 0.2 and 1.0 ppm FA inhalation.
Combined exposure to 0.2 ppm FA inhalation and topical house
dust mite (HDM) sensitization significantly upregulated plasma
IgE and IgG2a production, Th1/Th2/Th17-related cytokines, and
Cox-2 mRNA expression in the skin (p<0.05). These results suggest
that FA exposure might be a key factor in exacerbating HDM-
mediated AD-like skin inflammation.

Toxic effect of FA: Reduction of allergic immune responses

Previous animal studies and human trials have reported that
FA exposure may provoke or exacerbate allergic asthma and
dermatitis-like Th2 type responses [19,22-30]. However, some
other studies have reported that FA exposure may not aggravate
allergic responsiveness, as well as that FA exposure reduces the
development of allergic lung inflammation [2,31,34-38]. Ezratty,
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et al. showed that exposure to 500 pg/m* FA had no significant
deleterious effect on airway allergen responsiveness in patients
with intermittent asthma and that FA exposure instead showed
a protective effect on asthmatic responses [2]. Hosgood, et al.
reported that FA-exposed workers showed reduced counts of
the major lymphocyte subset, including NK cells, B cells, and T
cells [31]. These results could potentially lead to alterations in
immune function and antitumor responses that also manifest as
cancer development and progression. Zhong, et al. showed that FA
exposure disrupts hematopoietic function and produces leukemia-
related chromosomal changes in FA-exposed workers, raising
concerns about the leukemogenic potential of occupational and
environmental FA exposure [32]. Similar results were obtained by
Hauptmann, et al., who showed that the duration of embalming
practice and related FA exposure in the funeral industry was
associated with a significant risk of mortality from myeloid

leukemia (p=0.024) [33].

Park, et al. investigated the effects of FA exposure on immune
responses by evaluating T cell population and cytokine expression
in the spleen of an FA-exposed mouse model [34]. BALB/c mice
were exposed to 0, 1.38, and 5.36 mg/m’® FA 4 h/day for 5 days/
week for 2 weeks. FA exposure suppressed effector T cell activity by
decreasing T cell-related cytokine secretion and mRNA expression.
FA exposure also induced the differentiation of Treg cells via
calcineurin-NFAT signaling activation, which may play a critical
role in the progression of Foxp3-induced immunosuppression.
These results suggest that FA exposure leads to the development
of an immunosuppressive environment, which leads to increased
susceptibility to opportunistic infections, and cancer development
and progression.

Ohtsuka, et al. reported that FA exposure-induced changes in
Th1/Th2 related cytokine expressions in the nasal mucosa [35].
Brown Norway and Fisher 344 rats were exposed to 1% FA aerosol
3 h/day for 5 consecutive days. FA exposure led to mucosal lesions
characterized by degeneration and/or desquamation of epithelial
cells with neutrophilic infiltration, as well as significantly decreased
levels of Thl-related cytokines (IFN-y and IL-2) (p<0.05). The Th2-
related cytokines IL-4 and IL-5 also tended to be depressed. Similar
results were found by Wei, et al., who elucidated the role of FA
exposure on immunotoxicity by investigating the secretion of Th1/
Th2/Th17-related cytokines in FA-exposed C57BL/6 mice (1 week
or 1 month). FA exposure led to slightly lower levels of Th1/Th2/
Th17-related cytokines in the 0.5 mg/kg FA exposed group.

Fujimaki, etal. Reported the effects of FA exposure on immunogenic
and neurogenic inflammatory responses in a mouse model of
asthma [17]. C3H/He mice were immunized with OVA and then
exposed to 0, 80, 400, and 2000 ppb FA for 16 h/day, 5 days/week
for 12 weeks. The production of IL-1B in bronchoalveolar lavage
fluid significantly decreased in FA-exposed mice than in O ppb FA-
exposed control mice (p<0.05). Exposure to 400 ppb FA resulted
in a marked decline in the production of OVA-specific IgG1 and
IgG3 in mice (p<0.05). In addition, the levels of nerve growth
factor significantly decreased in 80 and 400 ppb FA-exposed mice
compared to control mice (p<0.01).

Li, et al. Reported the effect of FA exposure on the development
and exacerbation of allergic inflammation in two genetically
different mouse strains, BALB/c and C57BL/6 [25]. The mice
were exposed to 0, 0.5, and 3.0 mg/m’ FA with OVA sensitization
for 6 h/day over 25 consecutive days and challenged with
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aerosolized OVA during the last week. Combined FA exposure
and OVA immunization resulted in markedly decreased Th2
cytokine levels (IL-4, IL-5, and IL-13) and eosinophil infiltration in
the bronchoalveolar lavage fluid (p<0.05). Additionally, bronchial
hyperresponsiveness in sensitized mice exposed to 3.0 mg/m’® FA
was significantly lower than that in sensitized mice not exposed to

FA (p<0.05).

Maiellor, et al. reported the effects of low-dose FA exposure on
pregnant rats and its effects on the development of allergic lung
inflammation in offspring [36]. Pregnant Wistar rats were exposed
to 0.75 ppm FA for 1 h/day, 5 days/week for 21 days. After 30
days of age, the offspring were sensitized with OVA and challenged
with aerosolized OVA to develop allergic lung inflammation and
tracheal hyperresponsiveness. Low-dose FA exposure in pregnancy
suppressed the development of allergic lung inflammation and
tracheal hyperresponsiveness in offspring by mechanics mediated
by reduced anaphylactic antibody synthesis and IL-6 and TNF-a
secretion. Oxidative stress in the uterine environment was evident
at the time of delivery, as quantified by elevated Cox-1 expression

and reduced cNOS and SOD-2 in the uterus.

Kim, et al. investigated the cytotoxic effects of FA on NK cells and
tumorigenicity [37]. C57BL/6 mice were exposed to 5 and 10 ppm
FA for 6 h/day, 5 days/week for 2 weeks. Before FA exposure,
the tumor-bearing FA exposure group was injected subcutaneously
with 5 x 10* B16F10 melanoma cells. The exposure to FA reduced
not only the number of NK cells but also the expression of NK
cellspecific receptors. Exposure to FA also decreased NK cytolytic
activity and the expression of IFN-y, perforin, and CD122, whose
expression is dependent on NK cell development. Furthermore,
the mass of the tumor and the concentration of extravascular
polymorphonuclear leukocytes in FA-exposed tumor-bearing
mice were greater than those in unexposed tumor-bearing control
mice, suggesting that FA exposure exacerbates tumor progression.
Moreover, the number and cytolytic activity of NK cells was also
reduced in B16F10 tumor-bearing mice exposed to FA. These
findings indicate that FA exposure may induce tumor progression
by impairing NK cell function and differentiation.

CONCLUSION

In this review, we summarized the basic mechanisms and literature
on the two different immunotoxic effects induced by FA inhalation.
Some studies have reported that FA exposure provokes or exacerbates
eosinophilic airway inflammation with increased bronchial
hyperresponsiveness and Th2-related cytokine secretion, resulting in
Th2-type immune diseases such as allergic asthma and dermatitis,
whereas other studies have found that FA exposure has no significant
deleterious effect on respiratory distress and that FA exposure prevents
allergic lung inflammation by suppressing T cell activity and decreasing
the production of T cell-related cytokines. Little is known about
these contrasting toxic effects and the molecular mechanisms of FA
exposure. Such disparate immune responses following FA exposure
likely exist due to differences in species and strains of animal models,
FA concentrations and duration of FA exposure, and experimental
protocols. Therefore, further studies under various conditions are
essential to investigate the impact of FA exposure on the immune
system. We hope that this review may provide insights for systematic

future investigations on the FA effects.
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