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A B S T R A C T

PM2.5 and formaldehyde (FA) are major outdoor and indoor air pollutants in China, respectively, and both are
known to be harmful to human health and to be carcinogenic. Of all the known chronic health effects, leukaemia
is one of the most serious health risks associated with these two pollutants. To explore the influence and un-
derlying mechanisms of exposure to formaldehyde and PM2.5 on hematopoietic toxicity, we systematically
studied the toxicity induced in hematopoietic organs: bone marrow (BM); spleen; and myeloid progenitor cells
(MPCs). Male Balb/c mice were exposed to: PM2.5 (20, 160 μg/kg·d) at a dose of 40 μL per mouse or for-
maldehyde (0.5, 3.0 mg/m3) for 8 h per day for 2 weeks or co-exposed to formaldehyde and PM2.5 (20 μg/kg·d
PM2.5 + 0.5 mg/m3 FA, 20 μg/kg·d PM2.5 + 3 mg/m3 FA, 160 μg/kg·d PM2.5 + 0.5 mg/m3 FA, 160 μg/kg·d
PM2.5 + 3 mg/m3 FA) for 2 weeks. Similar toxic effects were found in the formaldehyde-only and PM2.5-only
groups, including significant decrease of blood cells and MPCs, along with decreased expression of hemato-
poietic growth factors. In addition, individual exposure of formaldehyde or PM2.5 increased oxidative stress,
DNA damage and immune system disorder by destroying the balance of Th1/Th2, and Treg/Th17. DNA repair
was markedly inhibited by deregulating the mammalian target of rapamycin (mTOR) pathway. Combined ex-
posure to PM2.5 and formaldehyde led to more severe effects. Administration of Vitamin E (VE) was shown to
attenuate these effects. In conclusion, our findings suggested that PM2.5 and formaldehyde may induce hema-
topoietic toxicity by reducing the expression of hematopoietic growth factors, increasing oxidative stress and
DNA damage, activating the ‘immune imbalance’ pathway and suppressing the DNA-repair related mTOR
pathway. The hematopoietic toxicity induced by combined exposure of PM2.5 and formaldehyde might provide
further insights into the increased incidence of hematological diseases, including human myeloid leukaemia.

1. Introduction

Data from the World Health Organisation (WHO) indicates that air
pollution causes millions of deaths every year, creating a huge social
burden (WHO., 2014). Leukaemia is a malignant tumour in the hema-
topoietic system, and it is the primary cause of death from tumour in
children and people under 35 years old in China (Chen et al., 2012).
Leukaemia is known to be the most serious outcome of hematopoietic
toxicity, and it is among three typical consequences including anaemia,
myelodysplastic syndrome and hematopoietic malignancies (Xiong,
2012). Several studies have found that PM2.5 and formaldehyde may
independently be aetiological factors in leukaemia development (Jin

et al., 2016; Wei et al., 2017). Air pollution is a combined exposure
system that includes multiple air pollutants present in outdoor and
indoor air. The outdoor and indoor pollutants with the most prominent
health impacts on urban Chinese residents are PM2.5 and formaldehyde,
respectively. The combined exposure to formaldehyde and PM2.5 is
common in the living environment of urban residents in China. How-
ever, the hematopoietic toxicity resulting from combined exposure to
PM2.5 and formaldehyde has not been extensively studied. Furthermore,
the underlying molecular mechanism and characteristics of hemato-
poietic toxicity from combined exposure remains unknown. Therefore,
it is of great importance to determine whether there is a causal re-
lationship between the combined exposure and haemopoietic toxicity,

https://doi.org/10.1016/j.envint.2020.106050
Received 21 December 2019; Received in revised form 8 August 2020; Accepted 8 August 2020

⁎ Corresponding authors.
E-mail address: ruili@mail.ccnu.edu.cn (R. Li).

1 These two authors contributed equally to this work.

Environment International 144 (2020) 106050

Available online 26 August 2020
0160-4120/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2020.106050
https://doi.org/10.1016/j.envint.2020.106050
mailto:ruili@mail.ccnu.edu.cn
https://doi.org/10.1016/j.envint.2020.106050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2020.106050&domain=pdf


whether there is a synergistic effect and what is the main molecular
mechanism of PM2.5 and/or formaldehyde induced hematopoietic
toxicity.

Formaldehyde is a massively produced industrial chemical widely
used in construction, wood processing, furniture, textiles and carpeting.
Since formaldehyde-containing products are so ubiquitous, indoor for-
maldehyde pollution affects nearly 70% of the urban population (Tang
et al., 2009). It has been reported that long-term exposure to for-
maldehyde at concentrations exceeding the national standard exert a
variety of toxic effects on the nasopharynx, lung, brain and skin, and
also on the hematopoietic organs bone marrow (BM) and the spleen
(IARC, 2012). On the basis of epidemiological studies, the International
Agency for Research on Cancer (IARC) classified formaldehyde as a
human leukaemogen (IARC, 2012), while some studies on humans and
animals showed that occupational exposure to formaldehyde can dis-
rupt hematopoietic function and lead to hematopoietic toxicity (Wei
et al., 2017; Zhang et al., 2010a). There is much debate regarding
formaldehyde-induced leukaemia because the biological evidence is
insufficient, and further exploration of the detailed mechanism is
needed.

PM2.5 is mainly generated from vehicle exhaust and coal combus-
tion. Hence, northern Chinese cities suffer from serious PM2.5 pollution
when residents start heating their homes in winter (Jin et al., 2016). At
present, roughly 70% of the total Chinese urban population is affected
by PM2.5 pollution (SEPA, 2017), and PM2.5 is ranked the most serious
air pollutant in China (Ostro et al., 2018). To date, PM2.5 pollution has
received increased attention since once it is inhaled into the respiratory
system, it can easily be spread by the circulatory system via micro-
vessels (special capillaries) and then further transported to other organs
to induce toxicity in a variety of systems, including the respiratory and
cardiovascular systems as well as the immune and hematopoietic sys-
tems (Bai et al., 2019; Cai et al., 2019; Kim et al., 2015; Oliveira et al.,
2019; Ramgolam et al., 2012). The first evidence for a link between
exposure to particulate matter and a higher risk of developing leu-
kaemia came primarily from epidemiological studies. One of these
studies found that exposure to a lesser concentration PM10 increases the
risk of leukaemia (Vinceti et al., 2012), while another found that
polycyclic aromatic hydrocarbons (PAHs), a major component of PM2.5,

increased the incidence of childhood leukaemia (Talbott et al., 2011).
Cell and animal studies have shown that exposure to PM2.5 induced
leukaemia cell (HL-60 and K562 cell lines) growth to a significant ex-
tent and accelerated development of leukaemia in leukaemia model
mice (Jin et al., 2016). However, results from a Canadian epidemiolo-
gical study found no linkage between PM2.5 exposure and leukaemia
(Winters et al., 2015). More research is needed to confirm whether
there is a causal association.

Immunologists have shown that dysfunction of the immune system
is a pathogenesis for acute myeloid leukaemia (AML) (Ersvaer et al.,
2010; Wu et al., 2009). Animal studies have shown that there is an
increase in levels of inflammatory factors in the BM of mice while ex-
posed to formaldehyde (Zhang et al., 2013). Likewise, PM2.5 exposure
amplified the release of inflammatory factors in leukaemia model mice
(Jin et al., 2016). Based on the above, we looked at the release of in-
flammatory factors in target organs and cells to explore the role and the
immunological mechanism of formaldehyde and/or PM2.5 exposure on
hematopoietic toxicity.

DNA damage has a causative role in several human diseases, in-
cluding infectious diseases, cancers, immune system dysfunction, neu-
rodegeneration, and leukaemia (Rohr and Wyzga, 2012; Thys et al.,
2015). DNA damage includes DNA base damage, DNA oxidative da-
mage, DNA-adducts, DNA strand breaks and DNA–protein crosslinks
(DPCs) (Li et al., 2017). Studies have shown that once DNA damage
occurs, the body initiates DNA repair, in which the mammalian target
of rapamycin (mTOR) pathway plays a vital role (Guo et al., 2013; Shen
et al., 2013). Whether formaldehyde and/or PM2.5 exposure lead to
hematopoietic toxicity by inhibiting DNA repair after DNA damage has

occurred, remains unclear.
Vitamin E (VE) is a potent fat-soluble antioxidant that can prevent

or minimise free-radical damage (Cerecetto et al., 2007). VE could re-
move excessive reactive oxygen species (ROS) to protection against
ambient PM2.5 or formaldehyde induced inflammatory response and
oxidative stress (Liang et al., 2016). VE is also easily absorbed by cells
and has the benefit of being readily available from foods and medicines.
Thus, it is reasonable to apply VE as an effective and economic pro-
tectant for ROS induction.

In this study, we assessed the influence, and the underlying me-
chanism of exposure to formaldehyde and/or PM2.5 on hematopoietic
toxicity of the blood, bone marrow (hematopoietic organ) and spleen
(compensatory hematopoietic organ) and target cells of leukaemogen-
esis myeloid progenitor. We examined whether PM2.5 and/or for-
maldehyde exposure induced oxidative damage, inflammation and DNA
damage in BM, spleen and myeloid progenitor cells (MPCs). We also
examined the colony-stimulating factors, including granulocyte–ma-
crophage colony-stimulating factor (GM-CSF) and erythropoietin
(EPO), key regulators of hematopoietic stem cells (HSCs) that differ-
entiate into mature blood cells.

2. Materials and methods

2.1. Animal care

Specific pathogen-free class (SPF) male Balb/c mice (about 24 g)
were housed in a standard animal centre (temperature 20–25 °C,
12 h day/night, humidity, 50–70%). Mice were acclimatised for seven
days before the experiment initiation. The office of Scientific Research
Management of Central China Normal University (Wuhan, China) had
agreed to all experimental procedures for this research, and approved
the certificate of application for the use of animals on May 20, 2018
(approval ID: SCXK2018-0013).

2.2. Reagents and kits

Formalin was purchased from Sigma (St. Louis, MO, USA). Mouse
methylcellulose semi-solid medium was purchased from StemCell
Technologies (Vancouver, BC, Canada). We bought Trizol, M−MLV,
OligodT, dNTP, RRI and SYBR premix Ex TaqTM from TAKARA (Otsu,
Japan). Enzyme-linked immunosorbent assay (ELISA) kits of 8-hydroxy-
deoxyguanosine (8-OH-dG), nuclear factor kappa-B (NF-κB), EPO, GM-
CSF were obtained from Shanghai Blue Gene. ELISA kits of interferon-γ
(IFN-γ), interleukin-4 (IL-4), interleukin-10 (IL-10) and interleukin-17A
(IL-17A) were obtained from eBioscience (San Diego, CA, USA).

2.3. PM2.5 collection and characterisation

We used high-traffic total suspended particulate (TSP) sampler to
collect PM2.5 samples during the winter of 2015 in the Heping District
of Tianjin, China, the PM2.5 sample collection covers certain districts.
During the period of collecting PM2.5 (November 2015 to March 2016),
the pollution level of PM2.5 in Tianjin is moderate and severe, which
represents the pollution level in North China. Ion chromatograph (ICS-
500, Dionex, Sunnyvale, CA), High-performance liquid chromato-
graphy (HPLC, Agilent 1200 Series, Palo Alto, USA) and inductively
coupled plasma atomic emission spectroscopy (ICP-AES, 61E Trace and
ICP-750, Termo Jarrell-Ash, Franklin, MA) were used to detect in-
organic ions concentrations, PAHs and mineral elements in the PM2.5

samples, respectively.

2.4. Preparation of formaldehyde and PM2.5

Gaseous formaldehyde concentration was controlled at 0.5 mg/m3

or 3.0 mg/m3. We used a WH2 small intelligent environment climate
chamber (Yuxin Company, Wuhan, China) to monitor parameters.
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Temperature, humidity and airflow rate were maintained at
(22 ± 1)°C, (44 ± 2)% and 3 L/min. During exposure, air for-
maldehyde concentration in the chamber was monitored every 2 h
using a gaseous formaldehyde analyser (4160–2, Interscan, Simi Valley,
CA, USA).

Loading PM2.5 samples filters were cut up and ultrasound dispersed
PM2.5 samples into deionised water, vacuum freeze-dried PM2.5 sam-
ples. PM2.5 was dispersed in 0.9% physiological saline to use. The vo-
lume of intranasal instillation PM2.5 physiological saline used was 40 μL
per mouse.

2.5. Experimental protocol

There were 11 experimental groups with six mice randomly as-
signed to each group, and the specific procedure of this study is given in
Fig. 1. The route of formaldehyde exposure simulated the typical oc-
cupational exposure patterns of eight-hour working time, and the oc-
cupational exposure population included pathologists, anatomy stu-
dents, nurses and preservatives and manufacturing workers (Zhang
et al., 2010a). Mice were exposed to formaldehyde via whole-body
inhalation (5 days/week, 8 h/day), PM2.5 exposure via airway drip
(3 days/week, 2 weeks). During the airway drip process, mice need to
be anaesthetised. To minimise the damage caused by anaesthesia, we
took a total of 2 days of PM2.5 dose in once airway drip. Although the
airway drip was administered every other day, 3 days/week, the total
PM2.5 dose was 5 days a week.

2.6. Sample preparation

After the last treatment on the 12th day, we collected 30 μL of blood
samples from the caudal veins for blood cells count. On the 13th day,
mice were anaesthetised and then sacrificed; we collected BM cells and
spleen for subsequent experiments.

2.7. Complete blood count (CBC)

The number of lymphocytes (LYM), monocytes (MON), neutrophilic
granulocytes (GRA), red blood cells (RBC) and platelets (PLT) were
counted in a blood cell analyser (Motenu MTN-21, China).

2.8. Colony-forming experiment of myeloid progenitor cells

Colonies originated from committed progenitor cells that differ-
entiate erythrocytes and reticulocytes are named burst-forming uni-
t–erythroids (BFU-E); however, those that differentiate macrophages
and granulocytes are named colony-forming unit–granulocyte-macro-
phages (CFU-GM) (Wei et al., 2017). We used methylcellulose media
containing growth factors to culture BM cells, and further differentiated
into BFU-E and CFU-GM. 2 × 105 BM cells were plated in a 35-mm
culture dish for CFU-GM and BFU-E differentiation. We counted CFU-
GM and BFU-E colonies forming and harvested after 12 days.

2.9. Histological assay

Both femurs and the spleen were excised and fixed with a 4%
neutral buffered polyformaldehyde overnight at room temperature.
Then, haematoxylin and eosin (H&E) staining was used, and the tissues
were embedded in paraffin and sectioned into 10-μm-thick slices.

2.10. ROS, glutathione (GSH), DPCs content detection

The ROS and DPCs concentrations in mouse BM, spleen and MPCs
were detected by means of previous method (Zhang et al., 2010b). GSH
concentration was measured using GSH test kits (Nanjing, China).
Methods refer to the kit instructions.

2.11. Quantitative analyses of cytokines (NF-κB, IFN-γ, IL-4, IL-10, IL-
17A) and other proteins (8-OH-dG, EPO, GM-CSF) in BM, spleen and MPCs

ELISA kits were used to detect the concentration of 8-OH-dG, EPO,
GM-CSF and cytokines of NF-κB, IFN-γ, IL-4, IL-10 and IL-17A in the
BM, spleen and myeloid progenitor cells. Specific testing methods refer
to the kit instructions.

2.12. Expression of NF-κB, EPO, GM-CSF, mTOR, S6K1, FANCD2, ATM,
Chk2, γH2AX mRNA

Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) was used to measure NF-κB, EPO, GM-CSF, mammalian target of
rapamycin (mTOR), ribosomal protein S6 kinase (S6K1), Fanconi
anaemia complementation group D2 (FANCD2), ataxia telangiectasia

Fig. 1. The experimental protocol. (PM2.5: 20 μg/kg·d, 160 μg/kg·d; FA: 0.5 mg/m3, 3 mg/m3).
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mutated gene (ATM), checkpoint kinase (Chk2) and histone H2AX
phosphorylation (γH2AX) mRNA expression in BM. The two-step re-
verse transcription method was first used to extract total RNA from BM
cells, and then it was reverse transcribed into complementary DNA
(cDNA). RT-qPCR amplification was performed using a fluorescence
quantitative PCR instrument (CFX96, Bio-Rad, San Diego, CA, USA).
PCR primers are listed in the Supplemental Materials, Table 1. We used
β-actin as the reference gene (refer to Supplementary Materials for
details).

2.13. Immunohistochemical assay

The 5-μm slice of femur was deparaffinised, rehydrated and mi-
crowave retrieved, then incubated in the dark with H2O2, blocked by
albumin from bovine serum. Immunohistochemical measurement of
mTOR, FANCD2, Chk2 and γH2AX were conducted using primary an-
tibodies anti-mTOR (1:100, Abcam, Cambridge, UK), anti- FANCD2
(1:100, Abcam, Cambridge, UK), anti-Chk2 (1:50, Santa Cruz, Dallas,
USA) and anti-γH2AX (1:50, Millipore, MA, USA). Primary antibody
incubation was completed, then the sections were incubated in the
corresponding secondary antibody. Sections were visualised using dia-
minobenzidine tetrahydrochloride (DAB) and counterstained with
haematoxylin, dehydrated and mounted in DPX.

2.14. Statistical analysis

GraphPad Prism 7.0 (San Diego, CA, USA) was used to generate
statistical graphs. All experimental statistics were shown as mean ±
standard deviation. Statistical analyses were conducted by SPSS ver13
(SPSS, Chicago, IL, USA). A one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test was applied to analyse
the significance between the groups. Based on statistical norms, values
of p < 0.05 were considered statistically significant, and p < 0.01
was considered extremely significant.

3. Results and discussion

3.1. PM2.5 chemical composition

Inorganic ions, PAHs, and mineral elements are the main con-
stituents of PM2.5. The analysis of PM2.5 sample composition can be
found in the Supplemental Material, Table S2.

3.2. The effect of PM2.5 and/or formaldehyde on blood cells counts, MPCs
and hematopoietic growth factors

BM is the most important hematopoietic organ because mature
blood cells are derived from the HSCs in BM. Therefore, any change in
peripheral blood cell counts can be used to evaluate hematopoiesis after
environmental/occupational exposure to PM2.5 and/or formaldehyde
(Wei et al., 2017). Our study found that exposure to formaldehyde
(3 mg/m3) led to a significant reduction in RBCs, PLT, MON, LYM and
GRA, as did combined exposure to PM2.5 and formaldehyde (160
PM2.5 + 3 FA) (Fig. 2a). The number of LYM, MON, GRA, RBC and PLT
in the 160 PM2.5 + 3 FA group was significantly lower (p < 0.01) than
in the 160 PM2.5 group, but were not significantly different compared to
the 3 FA group. The significantly lower counts of LYM, MON, GRA, RBC
and PLT after exposure to PM2.5 and formaldehyde closely resembles
some clinical manifestations of hematopoietic diseases, such as mye-
lofibrosis, aplastic anaemia and megakaryocytic leukaemia (Oki et al.,
2006; Zhang et al., 2013). A decrease in blood cell counts largely in-
dicates that hematopoiesis in the BM has been suppressed. Since ex-
posure to PM2.5 and formaldehyde induced hematopoietic toxicity,
further study of hematological diseases, such as human myeloid leu-
kaemia, should be undertaken.

Leukaemia, and other hematopoietic system diseases, such as

myelofibrosis and aplastic anaemia, originate from damaged HSCs in
BM. Two published studies suggest an inhibitory and/or toxic effect
from exposure to formaldehyde on the MPC in humans and mice, re-
spectively (Wei et al., 2017; Zhang et al., 2010a). However, these stu-
dies focus only on human exposure to occupationally high levels of
formaldehyde, or the effects of low-level environmental formaldehyde
exposure on mice, and not on the effects of PM2.5 exposure on BM and
BM HSCs or hematopoietic progenitor cells (HPCs). In this study, oc-
cupational and/or environmental formaldehyde and/or PM2.5 exposure
were considered, and we found that formaldehyde exposure (3 mg/m3)
led to a significant reduction in the CFU-GM and BFU-E colonies
(p < 0.01), as did combined exposure to PM2.5 and formaldehyde (160
PM2.5 + 3 FA). CFU-GM and BFU-E colonies in the 160 PM2.5 + 3 FA
group were also reduced significantly (p < 0.01). However, compared
with the 3 FA group, CFU-GM and BFU-E numbers in the 160 PM2.5 + 3
FA group were not significantly altered compared with the 3 FA group
(Fig. 2b). MPC formation decreased in the BM of mice exposed to FA
and/or PM2.5, occupationally or environmentally. This suggests that
both FA and PM2.5 are toxic for BM and MPC.

Hematopoiesis is strictly controlled by many cytokines involved in
the process of HSCs differentiating into mature blood cells (Stein and
Baldwin, 2013). GM-CSF and EPO play a crucial role in HSCs differ-
entiating into CFU-GM and BFU-E, and GM-CSF could also positively
regulate CFU-GM differentiating into GRA and MON (Shieh J H and A,
1989). Therefore, changes induced by exposure to formaldehyde and
PM2.5 in the expression of GM-CSF and EPO would lead to changes in
the formation of CFU-GM and BFU-E colonies and in the mature blood
cell count.

We measured GM-CSF, EPO mRNA and protein expression in BM
cells and found that exposure to PM2.5 (160 μg/kg·d) and/or for-
maldehyde (3 mg/m3) significantly decreased (p < 0.01) levels of GM-
CSF, EPO mRNA and protein compared with the control group (Fig. 2c,
Fig. 2d). GM-CSF and EPO protein expression decreased significantly in
the 160 PM2.5 + 3 FA group (p < 0.01) when compared with the 160
PM2.5 group.

In our study, we found that exposure to formaldehyde or PM2.5

alone could significantly downregulate both mRNA levels and GM-CSF
and EPO protein expression. Combined exposure to formaldehyde and
PM2.5 further reduced the expression of GM-CSF, EPO, mRNA and
protein. The decrease in GM-CSF and EPO levels reduced the formation
and differentiation of myeloid progenitor cells and decreased the blood
cell counts.

3.3. The effect of PM2.5 and/or formaldehyde on the histology of BM and
the spleen

We used H&E staining to evaluate histological changes in the BM
(Fig. 3a) and in the compensatory hematopoietic organ, the spleen
(Fig. 3b). Exposure to formaldehyde and/or PM2.5 increased myelofi-
brosis and megakaryocytes, along with some large cavities filled with
RBCs because of the reduction of BM cells in BM. This exposure also
increased lymphoproliferation, megakaryocytes and expansion of the
germinal centre of splenic corpuscles. In addition, as the concentration
of formaldehyde and PM2.5 increased, these effects were exacerbated.
Administration of VE to the combined exposure group demonstrated a
significant protective effect from the adverse effects described above.

The abnormal histological changes in the BM and spleen provide
direct evidence of the toxicity induced by exposure to formaldehyde
and/or PM2.5. The histological changes seen in the BM indicate the
potential risk of developing hematopoietic diseases, such as mega-
karyocytic leukaemia and blood cancer, which are characterised by fi-
brotic BM (Lowery and Schneider, 2013). As a compensatory hemato-
poietic organ, the spleen provides extramedullary hematopoiesis when
the bone marrow hematopoietic function is damaged (Wan, 2009). The
histological changes in the spleens of the mice indicated spleen injury,
which would reduce its extramedullary hematopoiesis and further
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increase hematopoietic toxicity.
We examined the change of blood cell counts, the BFU-E and CFU-

GM colonies, mRNA and protein expression of both GM-CSF and EPO,
respectively. The above results of blood cells counts, HSCs and colony-
stimulating factor were all consistent with the results of histology. It
was mutually verified from different levels that the combined exposure
of PM2.5 and formaldehyde did cause hematopoietic toxicity.

3.4. The effect of PM2.5 and/or formaldehyde on oxidative stress, NF-κB
expression and the protective effects of VE

The results of complete blood counts, colony-formation from mye-
loid progenitors and histopathology suggest that exposure to for-
maldehyde and PM2.5 induced BM and spleen toxicity, and potentially
increased the risk of hematopoietic toxicity. Several studies have shown
that benzene exposure induced oxidative stress in the HSC/HPC niche,
which is one of the potential mechanisms of leukaemogenesis (Battisti
et al., 2008; McHale et al., 2012; Snyder, 2012; Zhou et al., 2010).
Excessive ROS, generated by oxidative stress, is widely recognised as
one of the initial events resulting in damage to health as a result of
exposure to many environmental chemicals (Apel and Hirt, 2004;
Finkel and Holbrook, 2000). GSH can remove excessive ROS to restore
the body’s oxidant and antioxidant balance (Li et al., 2018). We

therefore assessed the levels of the oxidative stress markers (ROS and
GSH) in the BM, spleen and MPCs after formaldehyde and/or PM2.5

exposure.
In the 160 PM2.5 + 3 FA group, the ROS levels in the BM cells,

spleen and MPCs were all significantly increased compared to the
control group (Fig. 4a, p < 0.01). In comparison with the 160
PM2.5 + 3 FA group, ROS levels in the BM cells, spleen and MPCs in the
160 PM2.5 + 3 FA + VE group tended to decrease, indicating that VE
had a protective effect (Fig. 4c). GSH levels in the 160 PM2.5 + 3 FA
group decreased significantly in the BM cells and in the spleen, while
levels of GSH in the MPCs decreased dramatically (Fig. 4b, p < 0.05).
In comparison with the 160 PM2.5 group or the 3 FA group, the levels of
GSH in the BM cells decreased significantly in the 160 PM2.5 + 3 FA
group (p < 0.01). Moreover, GSH in the spleen of the 160 PM2.5 + 3
FA group also decreased when compared with the 160 PM2.5 group
(p < 0.01). Administration of VE attenuated the decrease in GSH levels
in the BM and spleen of the 160 PM2.5 + 3 FA group ((Fig. 4b,
p < 0.05). Levels of NF-κB mRNA and protein increased significantly
compared with the control group (Fig. 4e, Fig. 4f). Levels of NF-κB
protein in the BM of the 160 PM2.5 + 3 FA group were higher than
those of the 160 PM2.5 group (p < 0.05). Our study confirmed that
formaldehyde and/or PM2.5 exposure induced excessive ROS genera-
tion and GSH depletion in the BM, spleen and MPCs. The decline in GSH

Fig. 2. a Complete blood cell counts, lymphocytes (LYM), monocytes (MON), neutrophilic granulocytes (GRA), red blood cells (RBC) and platelets (PLT); b colony-
forming unit–granulocyte-macrophages (CFU-GM) and burst-forming unit–erythroids (BFU-E) colonies forming from BM; c granulocyte–macrophage colony-sti-
mulating factor (GM-CSF) and erythropoietin (EPO) mRNA expression in BM; d GM-CSF and EPO protein expression in BM. n = 6 for each group, * means p < 0.05,
** means p < 0.01, *** means p < 0.001, compared with the control group; & means p < 0.05, && means p < 0.01, &&& means p < 0.001, compared with the
160 PM2.5 group; $ means p < 0.05, $$ means p < 0.01, $$$ means p < 0.001, compared with the 3 FA group.
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levels reflects a reduction in antioxidant capacity, suggesting that
combined exposure induces oxidative stress. Excessive ROS accumula-
tion, and GSH depletion indicated the imbalance of the body’s oxidants
and antioxidants, demonstrating the occurrence of oxidative damage.
Shen’s study found that ROS accumulation induced the upregulation of
NF-κB, which is consistent with the results described above (Shen et al.,
2017).

Several human panel and mouse studies have demonstrated that
exposure to air pollutants, such as particulate matter, formaldehyde and

ozone, result in adverse health effects. Oxidative stress has been shown
to be one of the most important mechanisms involved in such damage.
VE has been found to play a protective role in preventing deterioration
(Liang et al., 2016). Romieu’s study found that supplementation with
VC and VE might modulate the impact of ozone exposure on the small
airways of children with moderate to severe asthma, and that the levels
of plasma α-tocopherol, an oxidation product of VE, significantly in-
creased after VE supplementation (Romieu et al., 2002). A high-re-
solution metabolomics study showed that traffic-related air pollution

Fig. 3. a Representative images (×400) of H&E stained mouse femurs after formaldehyde and/or PM2.5 exposure, n = 3 for each group. Red arrows: myelofibrosis,
black arrows: megakaryocytes, green arrows: the cavity formed by the reduction of BM cells; b representative images (×400) of H&E stained mice spleen after
formaldehyde and/or PM2.5 exposure. Red arrows: lymphoproliferation, green arrows: macrophages, black arrows: the germinal centre of splenic corpuscle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(TRAP) could activate VE metabolism, and these antioxidants decreased
with TRAP exposure (Liang et al., 2018). Salonen’s study showed that
men who smoked had considerably lowered baseline levels of both
plasma a-tocopherol and ascorbate and that the mean plasma a-toco-
pherol concentration increased after combined supplementation with
reasonable doses of VE and VC. In addition, VE and VC can slow the
progression of common carotid atherosclerosis in men, this preventive
effect may be generalisable to all men (Salonen et al., 2000). Jin’s study
found that the effects of PM2.5 on the progression of leukaemia are
caused by both inflammation and ROS-mediated signal transducer and
activator of transcription 3 (STAT3) activation. The ROS inhibitor,
NAC, inhibits the growth of leukaemia cells and could be a potential

target for intervention (Jin et al., 2016). Maternal exposure to PM2.5

causes progressive senescence of HSCs via the ROS-p38 mitogen-acti-
vated protein kinase (MAPK) pathway and the nuclear factor erythroid-
2 related factor 2 (Nrf2) pathway under the exposure-induced pre-
ferential impairment of the BM microenvironment with age related
phenotypes (Bhattarai et al., 2019). Previous mouse studies have shown
that ROS levels were increased in the BM, spleen and BM-derived CFU-
GM cells of formaldehyde-exposed mice and that ROS played a role in
formaldehyde-induced hematopoietic toxicity (Wei et al., 2017). Re-
sults from our study show that ROS levels significantly increased, and
GSH levels significantly decreased in the BM, spleen and MPCs after the
administration of VE, indicating that VE had an antioxidant effect,

Fig. 4. Oxidative stress in bone marrow (BM), spleen and myeloid progenitor cells (MPCs) and the protective effects of VE. a Reactive oxygen species (ROS) level in
BM, spleen and MPC; b glutathione (GSH) level in BM, spleen and MPCs; c ROS level in BM, spleen and MPCs after VE administration; d GSH level in BM, spleen and
MPC after VE administration; e Nuclear factor kappa-B (NF-κB) mRNA expression, f NF-κB protein expression. n = 6 for each group, * means p < 0.05, ** means
p < 0.01, *** means p < 0.001, compared with the control group; & means p < 0.05, && means p < 0.01, &&& means p < 0.001, compared with the 160 PM2.5

group; $ means p < 0.05, $$ means p < 0.01, $$$ means p < 0.001 compared with the 3 FA group.
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results which are generally consistent with the above-mentioned human
panel studies. In summary, the mechanism by which VE protects against
adverse effects caused by air pollutants is that VE has an effective anti-
oxidative and anti-inflammatory effect, hence blocking the biological
responses that initiate the pathophysiological process and thus averting
downstream adverse health effects.

3.5. The effect of PM2.5 and/or formaldehyde on DNA damage and DNA
repair related to the mTOR pathway

It has been found that some environmental chemicals such as or-
ganophosphate pesticides, benzene and formaldehyde can cause oxi-
dative stress in isolated cells and in different organisms, leading to DNA
damage to cells, including hematopoietic stem cells/progenitor cells
(HSPCs) and consequently inducing hematopoietic toxicity (Bedard and
Krause, 2007; Kolachana et al., 1993; Ojha and Srivastava, 2014; Thys
et al., 2015; Wei et al., 2017). Increased production of DPCs, 8-OH-dG,
γH2AX is a marker for DNA damage. The formation of DPCs is thought
to be the major mode of DNA damage caused by formaldehyde ex-
posure (Ren et al., 2013), while PM2.5 exposure increased the formation
of 8-OH-dG, a biomarker of oxidative DNA damage (Li et al., 2018), and
γH2AX is the biomarker of DNA double-strand breaks (Chan et al.,
2016). We therefore looked for the DPCs, 8-OH-dG and γH2AX bio-
markers, to evaluate the level of DNA damage in the BM, spleen and
MPCs after exposure to formaldehyde and/or PM2.5.

Levels of DPCs in BM cells, spleen and MPCs in the 160 PM2.5 + 3
FA group were significantly increased compared to the control group
(Fig. 5a, p < 0.05). In comparison with the 160 PM2.5 group and the 3
FA group, the level of DPCs in the MPCs in the 160 PM2.5 + 3 FA group
was significantly increased (Fig. 5a, p < 0.05). Levels of 8-OH-dG in
BM cells, spleen MPCs in the 160 PM2.5 + 3 FA group were significantly
increased compared to the control group (Fig. 5b, p < 0.01). In ad-
dition, 8-OH-dG in BM (p < 0.05), spleen and MPCs (p < 0.01) in the
160 PM2.5 + 3 FA group were much higher than those in the 160 PM2.5

group. The level of γH2AX mRNA and protein in the 160 PM2.5 group,
in the 3 FA group, in the 160 PM2.5 + 3 FA group were significantly
increased compared to the control group (Fig. 5c, 5d). Increased levels
of DPCs, 8-OH-dG and γH2AX in the BM, spleen and MPCs indicate
consistently that PM2.5 and/or formaldehyde exposure could lead to
DNA damage.

Under normal circumstances, when DNA damage occurs, the body
activates the DNA repair pathway, where mTOR activates FANCD2
through mTORC1-S6K1, which in turn activates the ATM-Chk2 test site
to repair DNA, thereby reducing DNA damage (Shen et al., 2013). We
were therefore interested in whether exposure to PM2.5 and/or for-
maldehyde activated NF-κB expression, hence suppressing expression of
FANCD2 and DNA repair. To examine this, we measured the mRNA
levels of mTOR, S6K1, FANCD2, ATM and Chk2 in the mTOR signalling
pathway that participates in DNA repair (Fig. 6a). The results indicated
that mRNA expression levels of all five of these molecules decreased
significantly in the BM when compared with the control group
(p < 0.01). The mRNA expression of mTOR in the 160 PM2.5 + 3 FA
group was downregulated in comparison with the 160 PM2.5 group
(p < 0.05). We examined the protein of these molecules using im-
munohistochemistry (Fig. 6b, d, f) and found that the protein expres-
sion of mTOR, FNACD2 and Chk2 in BM decreased significantly com-
pare to the control group and that all of these protein expressions were
upregulated when VE was administered (Fig. 6c, e, g).

Our study found that exposure to PM2.5 and/or formaldehyde causes
DNA damage in bone marrow, the essential hematopoietic organ. We
also observed that the expression of mTOR and FANCD2, a key mole-
cule of the mTOR pathway, were downregulated. Previous studies have
also shown that both PM2.5 and formaldehyde can inhibit the mTOR
signalling pathway. Zhang et al. reported the downregulation of the
mTOR/P70S6K1 signalling pathway after PM2.5 exposure (Zhang et al.,
2019), and Fang et al. found that formaldehyde exposure inhibits the

expression of mTOR in a dose-dependent manner (Fang et al., 2015).
Formaldehyde exposure has been reported to result in DPCs in lym-
phocytes, which was then shown to be reversed by the FANCD2-parti-
cipating pathway (Ren et al., 2013). Coincidentally, FANCD2 was
shown in another study to protect HSCs from formaldehyde-induced
DNA damage (Pontel et al., 2015). Further study confirmed that acti-
vation of FANCD2 by monoubiquitination, is an essential step in the
DNA damage response, during which the activated FANCD2 is trans-
located to the DNA repair centre and interacts with DNA repair pro-
teins, such as the breast cancer susceptibility gene1 (BRCA1) or Rad51
(Deng, 2009). Animal experiments have shown that sustained activa-
tion of NF-κB can be induced by independent exposure to PM2.5 or
formaldehyde (Song et al., 2017b; Zhang et al., 2013). Moreover, Guo's
study showed that NF-κB activated in HSCs can bind to the promoter of
FANCD2, inhibit the expression of FANCD2, and further lead to the lack
of DNA repair. They also found that DNA repair can be restored when
exogenous FANCD2 was applied (Guo et al., 2013). Based on our ex-
perimental findings, as well as the study findings mentioned above, the
order of changes for these molecules could be that mTOR-S6K1 in-
hibition or NF-κB activation takes place first, followed by FANCD2 in-
hibition, which then induces the ATM-Chk2 inhibition.

We therefore assumed that the activation of NF-κB downregulated
the expression of FANCD2 to inhibit DNA repair, leading to irreversible
DNA damage in the BM, spleen and HSCs. The result of increased DNA
damage is consistent with the result of DNA repair inhibition, both
indicated that DNA damage might be caused by two factors: on one
hand, the increase of DNA damage itself caused by the combined ex-
posure of PM2.5 and formaldehyde, and on the other hand, the inhibi-
tion of DNA repair.

3.6. The effect of PM2.5 and/or formaldehyde on inflammatory cytokines

An immunological study found that immune system dysfunction is
associated with the development of leukaemia, since an imbalance
between Th1 and Th2 immune functions was noted in leukaemia pa-
tients (Ersvaer et al., 2010). Wrobel's study showed abnormal expres-
sion and differentiation of Th17 cells, and the cytokine IL-17 in the
peripheral blood of AML patients (Wrobel et al., 2003). Our study
confirmed that ROS could increase in bone marrow, spleen, myeloid
progenitor cells after formaldehyde and/or PM2.5 exposure. The accu-
mulation of ROS can activate NF-κB, which has a series of effects on its
specific binding to DNA transcription, translation and other processes
(Lu et al., 2010; Morgan and Liu, 2011). It is widely known that NF-κB
can control the expression of immune-system, and inflammatory-re-
lated factors such as interleukin-2 (IL-2), interleukin-6 (IL-6), inter-
leukin-8 (IL-8) and interleukin-12 (IL-12), to determine the in-
flammatory response (Tak and Firestein, 2001). Some recent studies
have found that NF-κB has a crucial role in the development of Th2 and
Th17 cells, mainly in the regulation of IL-4 and IL-17A secretion (Oh
and Ghosh, 2013). We therefore measured NF-κB, mRNA and protein
expression, in addition to IL-4, IFN- γ, IL-17A and IL-10 protein ex-
pression in the BM, spleen and MPCs after formaldehyde and/or PM2.5

exposure.
We determined IL-4, IFN- γ, IL-17A and IL-10 protein expression in

BM, spleen and MPCs (Fig. 7). Compared with the control group, the
level of IFN-γ in the 160 PM2.5 + 3 FA group decreased significantly in
the BM (p < 0.05), spleen and MPCs (p < 0.01), while IL-4 and IL-
17A increased markedly (p < 0.01). In comparison with the 160 PM2.5

group, IL-4, IL-17A in the 160 PM2.5 + 3 FA group increased sig-
nificantly (p < 0.01), and the level of IL-10 in the 160 PM2.5 + 3 FA
group decreased significantly (p < 0.01).

Results from our previous study that showed that ROS accumulation
induced by exposure to phthalates led to the upregulation of NF-κB and
promoted the release of IL-4 are consistent with the results described
above (Shen et al., 2017). In the current study, activation of NF-κB after
PM2.5 and/or FA exposure was seen to promote the release of the
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Fig. 5. DNA damage in the bone marrow (BM), spleen and myeloid progenitor cells (MPCs). a DNA–protein crosslinks (DPCs) level in BM, spleen and MPCs; b 8-
hydroxy-deoxyguanosine (8-OH-dG) level in BM, spleen and MPCs; c histone H2AX phosphorylation (γH2AX) mRNA expression; d γH2AX average optical density
analyses; e representative images (×400) of the expression of γH2AX by immunohistochemistry (brown colour stain), nuclei were stained by 4′ , 6-diamidino-2-
phenylindole (DAPI) reagents (blue). n = 6 for each group, * means p < 0.05, ** means p < 0.01, *** means p < 0.001, compared with the control group; &
means p < 0.05, && means p < 0.01, &&& means p < 0.001, compared with the 160 PM2.5 group; $ means p < 0.05, $$ means p < 0.01, $$$ means p < 0.001
compared with the 3 FA group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J. Ge, et al. Environment International 144 (2020) 106050

9



inflammatory cytokines, IL-4 and IL-17A, leading to an imbalance in
Th1/Th2 and Treg/Th17 immune cells and resulting in an in-
flammatory reaction in the BM. In addition, emerging evidence con-
firms that certain inflammatory cytokines significantly affect HSCs in
BM because it can induce HSC exhaustion following which hemato-
poietic malignancies might develop (Schuettpelz and Link, 2013).

Since air pollution comprises a multi-pollutant, combined exposure
system, sometimes either synergistic or antagonistic effects between
pollutants may lead to unpredictable results. In our study, we therefore
investigated the hematopoietic impact of exposure to a combination of
PM2.5 and formaldehyde in addition to the impact of exposure to PM2.5

or formaldehyde at low or high concentrations. We examined the level
of some key molecules in vitro and in vivo, as well as looking for pa-
thological changes in the BM and spleen in experimental animals. The
results confirmed that exposure to PM2.5 or formaldehyde alone had
relatively little effect on the BM and spleen of mice; however, the
combined exposure to PM2.5 and formaldehyde had a significant sy-
nergistic adverse effect. Unfortunately, synergistic effects of the

combined exposure may induce the hygienic or safety concerns that
were not as great when exposed to either PM2.5 or formaldehyde. Our
results are generally consistent with existing findings on combined
exposure to formaldehyde and PM2.5. Liu’s study suggested PM2.5 plus
formaldehyde combined exposure was more likely to induce AD-like
pathologies than exposure to either PM2.5 or formaldehyde alone.
Oxidative stress and inflammation may be involved in the toxic me-
chanisms (Liu et al., 2017). Song et al. showed that combined exposure
to PM2.5 and formaldehyde can greatly aggravate allergic asthma in
mice, as compared to exposure to PM2.5 or formaldehyde alone, and
that the combined exposure indicated a certain synergistic effect (Song
et al., 2017a).

3.7. Potential mechanisms of hematopoietic toxicity induced by PM2.5 and/
or formaldehyde

Previous studies have shown that occupational exposure to for-
maldehyde damages hematopoietic function and causes chromosomal

Fig. 6. mRNA expression of molecules in the mTOR signalling pathway and immunohistochemical staining of mouse bone marrow (×400), nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI) reagents (blue). a mRNA expression of mammalian target of rapamycin (mTOR), ribosomal protein S6 kinase (S6K1), Fanconi
anaemia complementation group D2 (FANCD2), ataxia telangiectasia mutated gene (ATM) and checkpoint kinase (Chk2); b representative images of the expression
of mTOR by immunohistochemistry (brown colour stain); c mTOR average optical density analyses; d representative images of the expression of FANCD2 by
immunohistochemistry (brown colour stain); e FANCD2 average optical density analyses; f representative images of the expression of Chk2 by immunohistochemistry
(brown colour stain); g Chk2 average optical density analyses. n = 6 for each group, * means p < 0.05, ** means p < 0.01, *** means p < 0.001, compared with
the control group; & means p < 0.05, && means p < 0.01, &&& means p < 0.001, compared with the 160 PM2.5 group. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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change-related leukaemia in cultured MPCs (Zhang et al., 2010a). Our
recent studies have found that after formaldehyde exposure, myeloid
progenitor and blood cell counts were lower, followed by a further
decrease in hematopoietic growth factors, as well as the induction of
oxidative stress, inflammation genotoxicity and apoptosis (Wei et al.,
2017; Zhang et al., 2013). Jin’s in vitro and animal study showed that
PM2.5 led to HL-60 and K562 leukaemia cell growth and increased re-
lease of inflammatory cytokines in animal models of leukaemia, sug-
gesting that exposure to PM2.5 promoted the progression of leukaemia
(Jin et al., 2016). To date, however, few comprehensive studies have
been reported regarding combined exposure to PM2.5 and for-
maldehyde, and their potential to cause hematopoietic toxicity. This
study systematically examines hematopoietic toxicity, including BM,
the spleen, and stem/progenitor cells in the BM after PM2.5 and/or
formaldehyde exposure. The results indicate that exposure to for-
maldehyde has a strong inhibitory effect in the BM, spleen and MPCs,

which is similar to that for exposure to PM2.5. Moreover, we found that
PM2.5 induced a weaker effect compared to formaldehyde.

A review of the literature identified several studies that showed that
PM2.5 and formaldehyde might cause hematopoietic toxicity via dif-
ferent mechanisms outlined below. We will explore these in future
work.

Zhang et al. proposed that the possible mechanism of formaldehyde
causing hematopoietic toxicity was that formaldehyde directly induces
DNA damage and chromosome aneuploidy in hematopoietic stem or
early progenitor cells in the BM (Zhang et al., 2010a). In addition,
considering that formaldehyde cannot reach the BM directly, Zhang
suggested that formaldehyde may induce hematopoietic toxicity by
damaging hematopoietic stem/progenitor cells circulating in the per-
ipheral blood or by damaging the primitive pluripotent stem cells
present within the nasal turbinates and/or olfactory mucosa, and then
the damaged stem/progenitor cells return to the BM and become

Fig. 7. a Interferon-γ (IFN- γ) levels in BM, spleen and MPC; b interleukin-4 (IL-4) levels in BM, spleen and MPC; c interleukin-10 (IL-10) levels in BM, spleen and
MPC; d interleukin-17A (IL-17A) levels in BM, spleen and MPCs. n = 6 for each group, * means p < 0.05, ** means p < 0.01, *** means p < 0.001 compared with
the control group; & means p < 0.05, && means p < 0.01, &&& means p < 0.001 compared with the 160 PM2.5 group; $ means p < 0.05, $$ means p < 0.01, $$
$ means p < 0.001 compared with the 3 FA group.
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leukaemia stem cells (Zhang et al., 2009).
Other research found that PM2.5 disrupted the proliferation and

secretion of cytokines in bone marrow mesenchymal stem cells (BM-
MSCs), which destroyed the BM hematopoietic microenvironment
(Abu-Elmagd et al., 2017; Méndez-Ferrer et al., 2010) and further in-
duced progressive senescence and functional defects of HSC, resulting
in hematopoietic toxicity (Bhattarai et al., 2020). Other studies have
found that PAHs and heavy metals in PM2.5 are important components
that cause hematopoietic toxicity. Grevenynghe et al. found that BaP
markedly impair CD34+ cell expansion, and inhibit CD34+ cell dif-
ferentiation into various hematological cell lineages through the cas-
pase-and mitochondrion-related apoptosis process (van Grevenynghe
et al., 2005). A subsequent study found that BM lymphoid and MPCs
were suppressed in DMBA-treated mice and clearly identified the ad-
verse effects of DMBA on BM hematopoiesis (N'Jai et al., 2010). Cad-
mium (Cd) activates the small GTPase cdc42 of the noncanonical Wnt
signalling pathway, and further increases the expression of CCAAT/
enhancer binding protein (C/EBPα), and decreases the expression of
Hhex to impair HSC function (Zhao et al., 2018). Plumbum (Pb) de-
stroys multiple enzyme systems of heme biosynthesis, and impairs the
incorporation of iron into the mitochondrial enzyme, iron chelate en-
zyme, to inhibit BM hematopoietic function (Beier et al., 2015; Khalid
and Abdollahi, 2019). In addition, since heavy metals and PAHs lead to
shorter telomeres in HSC and blood, this may be another mechanism of
hematopoietic toxicity (Hou et al., 2012; Sanders et al., 2009). From the
above, we can conclude that formaldehyde and PM2.5 destroy the
proliferation, differentiation of HSCs and hematopoietic micro-
environment in BM through different mechanisms, inhibit hemato-
poietic function and lead to hematopoietic toxicity.

Regarding mechanisms of hematopoietic toxicity, a dual-pathway,
mediated by NF-κB and NF-κB, can independently activate the ‘immune
imbalance’ pathway (a promotion of the release of IL-4 and IL-17A by
NF-κB, leading to an imbalance of both Th1/Th2 and Treg/Th17, re-
sulting in inflammation in the BM, which in turn induces hematopoietic
toxicity) and suppress the DNA-repair related mTOR pathway (leading
to irreversible DNA damage in both bone marrow and spleen, thus re-
sulting in hematopoietic toxicity) Fig. 8. We propose that these me-
chanisms underlie the hematopoietic toxicity induced by exposure to

formaldehyde and/or PM2.5. Further study is essential to elucidate these
mechanisms.

4. Conclusion

We demonstrated that inhaled formaldehyde and PM2.5 is toxic to
BM (hematopoietic organ), spleen (compensatory hematopoietic organ)
and hematopoietic stem/progenitor cells. While formaldehyde and
PM2.5 are both toxic to BM, spleen and hematopoietic stem/progenitor
cells, we showed that formaldehyde has a stronger effect. Combined
exposure to PM2.5 and formaldehyde leads to more severe hemato-
poietic toxicity in mice. These effects could, however, be largely
blocked by concurrent administration of VE. The increase in oxidative
stress, dysregulation of hematopoietic growth factors, the Th1/Th2 and
Treg/Th17 immune imbalance activated by NF-κB and the suppression
of the DNA-repair related mTOR pathway by NF-κB leading to irre-
versible DNA damage are potential underlying mechanisms of for-
maldehyde- and PM2.5-induced hematopoietic toxicity on mice.
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Fig. 8. Schematic illustration of the poten-
tial mechanism of hematopoietic toxicity
induced by PM2.5 and/or formaldehyde in
mice. (ROS: reactive oxygen species; GSH:
glutathione; NF-κB: nuclear factor kappa-B;
IL-4: interleukin-4; IL-17A: interleukin-17A;
mTOR: mammalian target of rapamycin;
S6K1: ribosomal protein S6 kinase;
FANCD2: Fanconi anaemia complementa-
tion group D2; ATM: ataxia telangiectasia
mutated gene; Chk2: checkpoint kinase;
HSC: hematopoietic stem cells; MPP: multi-
potent progenitor; CMP: common myeloid
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crophage colony-stimulating factor; EPO:
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