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Objective: This study aims to explore the toxic effect of PM2.5 on the hematopoietic microenvironment of the bone marrow, and investigate the effect of PM2.5 on oxidative stress injury, the secretion of inflammatory cytokines and the expression of NF-κB p65 and C x 43 in the bone marrow of mice.
Methods: A total of 615 mice were treated with normal saline, low dose (0.1 mg/ml) PM2.5 suspension, and high dose (0.2 mg/ml) PM2.5 suspension by intratracheal instillation, respectively. The ROS content, activity of total SOD (T-SOD), DNA injury, and the protein expression levels of IL-1 β, IL-6, TNF-α, NF-κB p65 and Cx43 in bone marrow cells (BMCs) of mice were detected in these three groups.
Results: Compared with the normal saline control group, the expression level of reactive oxygen species (ROS) significantly increased in BMCs, while the activity of SOD enzymes significantly decreased in PM2.5 exposed mice. Furthermore, DNA injury significantly increased in PM2.5 exposed mice, and the expression of IL-1 β, IL-6, TNF-α and NF-κB p65 significantly increased, while the protein expression of Cx43 significantly decreased in the PM2.5 exposed mice. The differences were statistically significant (p < 0.05). There were significant differences in ROS content, T-SOD activity, DNA injury (TL, TD and TM), protein expression of IL-1β, IL-6, TNF-α and Cx43 between the high-dose PM2.5 exposure group and low-dose PM2.5 exposure group (p < 0.05), but there was no significant difference in the expression of NF-κB p65 between the high-dose and low-dose PM2.5 exposure groups (p > 0.05).
Conclusion: PM2.5 has toxic effects on the bone marrow of mice. Oxidative stress injury, inflammatory reaction and abnormal intercellular communication may be the underlying mechanism.
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1 INTRODUCTION
In recent years, air pollution has become more and more serious, and smog occurs in more and more places. At present, it has been considered that the particulate matter (PM) floating in the air is the main cause of smog. In particular, PM2.5, which has a particle size of <2.5 μm, cause the most serious injury to the human body. PM2.5 refers to particles with an aerodynamic diameter of ≤2.5 μm in size. The main components of PM2.5 include inorganic components (water-soluble components such as sulfate, nitrate, chloride, etc., water-insoluble components such as K, Fe, AI, etc.) and organic components (organic carbon, aliphatic hydrocarbons, aromatic hydrocarbons, etc.) Polycyclic aromatic hydrocarbons and alcohols, ketones, acids, fats, etc.). Most of it comes from man-made fossil fuel combustion source emissions (mainly coal combustion and motor vehicle exhaust). PM2.5 has a small particle size and large surface area, which is easy to accumulate toxic and harmful substances in the air, and it is easier to accumulate heavy metal elements and volatilize Sex organic compounds (VOC) and polycyclic aromatic hydrocarbons (PAH) can enter the trachea, bronchus, and even cross the blood barrier with human breathing, enter the blood circulation, and are widely distributed in organs and tissues in the body, aggravating or causing various diseases, The components contained in PM2.5 and the proportions of specific components are affected by various factors such as meteorological conditions, specific sources, particle characteristics, and so on. Therefore, the composition of components in different regions is very different. At present, most cities across the country have begun to adopt the gravimetric method and the micro-oscillation balance method to implement PM2.5 detection and use it as an important detection indicator of the local air pollution index. Due to its small particle size, large area and strong activity, it can easily attach to toxic and harmful substances (such as heavy metals, microorganisms, etc.), and has a long stay time and long transportation distance in the atmosphere, making it belong to the category with the greatest harm to the environment and human health.
In 2013, the World Health Organization defined PM2.5 as a new complex form of air carcinogen. It was suggested that PM2.5 can enter the blood system, leading to respiratory, cardiovascular, immune and endocrine diseases (Pfeffer and Mudway, 2018). A large number of epidemiological studies have shown that there is a great relationship between PM2.5 and the occurrence of leukemia (Tamayo- Uria et al., 2018; Puett et al., 2020; Ribeiro et al., 2021). Recent toxicological studies have shown that PM2.5 and its main components, such as polycyclic aromatic hydrocarbons, benzene and leukemia There is a close relationship with the increasing of PM2.5, suggesting that PM2.5 is one of the causes of leukemia. A recent cell experimental study showed that PM2.5 may promote the occurrence and progression of acute myeloid leukemia by affecting the expression of cytokines (Chen et al., 2018). However, the impact of PM2.5 on the hematopoietic system mainly comes from epidemiological investigations of large sample data in different countries and regions. Whether exposure to PM2.5 can affect other hematopoietic tissues and organs such as bone marrow and their physiological There is a lack of sufficient and direct experimental evidence for the negative impact on function and the specific impact pathway.
At present, related research on bone marrow injury caused by direct exposure to PM2.5 remains limited and uncomprehensive, and the specific mechanism and method of causing injury and toxicity remains unclear at present. In the present study, 615 mice were used as animal models to observe the effects of long-term exposure to different doses of PM2.5 on the bone marrow of mice. The characteristic indexes were selected and detected from the aspects of oxidative stress, the level of inflammatory factors, and the intercellular communication between gap junctions (Bekki et al., 2016; Grevendonk et al., 2016). The present study aimed at explore the injury caused by PM2.5 exposure on the bone marrow and the potential mechanism of injury, as well as the experimental basis and biological evidence for the occurrence and development of PM2.5 hematopoiesis toxicity and hematopoiesis-related diseases (Raaschou -Nielsen et al., 2016).
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Experimental Animals and Main Materials
A total of 36 female, 8-week-old 615 mice of specific pathogen-free (SPF) grade, with a body weight of 20 ± 2 g, were purchased from the Experimental Animal Center of the Institute of Hematology, Chinese Academy of Medical Sciences [Certification number: SCXK (Jin)2017.0001]. In addition, the following were also purchased: RBC lysate (Beijing Solarbio Biotechnology Co., Ltd.), total SOD (T-SOD) activity assay kit (WST-8 method; Biyuntian Biotechnology Co., Ltd.), Comet assay kit (Cell Biolabs), ROS fluorescence Probe-DHE (Beijing Vigras Biotechnology Co., Ltd.), BCA protein assay kit (Solarbio Biotechnology, Beijing, China), nuclear factor kappa B (NF-κb) p65 rabbit mAb (Sigma), ELISA Kit (China Yanhui Biology), and C x 43 rabbit mAb (Abcam, United States).
2.1.2 Preparation of Animal Models
2.1.2.1 Animal Grouping
A total of 36 female, 8-week-old 615 mice of SPF grade were randomly divided into three groups, with 12 mice in each group: normal saline control group, low-dose PM2.5 exposure group (0.1 mg/ml), and high-dose PM2.5exposure group (0.2 mg/ml).
2.1.2.2 Preparation of the Models
The section of East Wenming Road (urban center) in Xiashan District, Zhanjiang City, Guangdong Province was selected as the PM2.5 collection site and choose to collect it in winter. PM2.5 was collected using a QJS-100D multi-stage particulate collector for 3 months continuously. The PM2.5 dry powder was prepared by collecting fine particles, soaking, ultrasonic vibration, elution, filtration, and freeze-drying. Then, the PM2.5 suspension was prepared with normal saline at doses of 0.1 mg/ml and 0.2 mg/ml, respectively.
According to the grouping, 36 mice were treated with 50 ul of normal saline, 0.1 mg/ml of PM2.5 suspension, and 0.2 mg/ml of PM2.5 suspension by intratracheal instillation toxication, respectively. These mice were exposed to PM2.5 once a week for 1 month. Detailed steps of animal handling: Tracheal drip method of poisoning: ① Anesthesia: 1% pentobarbital, 10 ml/kg, was injected intraperitoneally to anesthetize the mice. ② Exposure of trachea: After the mice were fully anesthetized, that is, after the mice did not struggle, scratching and other performance, the mice were placed in a supine position, with a thin rope over the upper teeth to fix the head, torso and limbs fixed with tape, fully exposed the neck, so that the head, neck and torso into a straight line. The mouse was disinfected with alcohol, and a 0.5-cm-long incision was made at the cricoid cartilage in the midline to expose the trachea by blunt separation. ③ Tracheal drip dyeing: Use a 4.5-gauge scalp needle to perform subcricoid cartilage tracheal puncture, about 3 mm into the needle, and take 50 ul each of saline, 0.1 mg/ml PM2.5, and 0.2 mg/ml PM2.5 solution according to the experimental group, and inject 0.1 ml of gas from the scalp needle into the trachea, and then continue to inject 0.1 ml of gas to ensure that the liquid fully enters the trachea. ④ Suture: Immediately after gas injection, the scalp needle was withdrawn and the skin was sterilized and sutured.
2.1.2.3 Materials Drawing and Storage
At 1 month after toxication, mice were killed by neck execution, and the marrow cell suspension was collected and stored in the refrigerator at -80°C for future use. Detailed steps of bone marrow cell collection: After the end of staining, the mice were decollated and executed. The mouse was placed in 75% ethanol for 3 min ophthalmic forceps were used to lift the mouse skin along the groin, and ophthalmic scissors were used to cut the groin skin to expose the leg muscles and cut the mouse thigh from the joint. The muscles and soft tissues attached to the bone surface were carefully removed, and the left femur of the mouse was taken and fixed in 10% formalin for pathological examination. The right femur was placed in a sterile Petri dish filled with PBS buffer, and the bone was flushed out of the bone marrow cavity by using forceps to clamp up one end of the bone and aspirating PBS buffer with a syringe, and the bone marrow tissue was flushed out from one end of the bone marrow cavity, repeated 3 times, and then flushed out of the bone marrow in the opposite direction, and repeated 3 times until the femur was clear and the bone marrow cavity flushing solution became clear and bright, and then stopped. Blow the cell suspension in order to disperse the cells, collect the bone marrow cell suspension in a 1.5 ml centrifuge tube and store in a -80°C refrigerator.
3 METHODS
3.1 Detection of the Content of Active Oxygen and SOD Enzyme Activity
The bone marrow cell suspensions collected from the three groups were diluted to approximately 1 × 105/ ml, added with red cell lysate at a ratio of 1:3, and centrifuged at 4°C for 10 min at 450 rpm, and the sediment was taken for re-suspension. Next, 1 ml of the re-suspension liquid taken, 5 μl of ROS fluorescence probe-DHE was added, incubation was performed at 37°C in the dark for 30 min, and the average fluorescence intensity was detected by flow cytometry. Then, 1 ml of the re-suspension was taken, and an ultrasonic cell lyser was used to lyse cells to obtain the cell homogenate. Afterwards, centrifugation at 4°C was performed at 1,000 rpm. The supernatant was taken as a sample to detect the SOD activity of bone marrow cells, according to the procedures of the T-SOD activity assay kit. The SOD activity was calculated according to the following functions: 1) inhibiting percentage = (OD of blank control hole 1—OD of sample)/(OD of blank control hole 1—OD of blank control hole 2) × 100%; 2) SOD enzyme activity unit in the sample = SOD enzyme activity unit in the detecting system = [inhibiting percentage/(1—inhibiting percentage)] units/protein dosage (mg/ml).
3.2 Bone Marrow Detection by Comet Test
After combining with the DNA staining agent, green fluorescence from the DNA in cells was produced under blue excitation (460–485 nm). The DNA of normal cells was not injured, and after cracking the nuclear membrane, the DNA mainly existed in the form of a super helix. Under the action of a current, the large DNA molecules moved for a short distance, and the fluorescence was concentrated in the nucleus (including the large molecular weight DNA). With the aggravation of DNA injury in cells, the DNA broke. Under the action of electric current, fragments (forming the tail of the comet) migrated out of the nucleus (forming the head of the comet). The degree of DNA injury can be indicated by the migration distance and DNA content in the tail of the comet. Procedures of DNA injury detection: 1) slice preparation, 2) glue spreading, 3) lysis, 4) helix unwinding, 5) electrophoresis, 6) washing and staining, and 7) shooting and image capturing.
3.3 Pathological Detection of the Bone Marrow of Mice
The unilateral femurs were randomly selected from two mice in each group. Then, the pathological sections were prepared and stained with hematoxylin and eosin (H&E). Afterwards, the histopathological changes were observed using an optical microscope.
3.4 Assay for IL-1β, IL-6 and TNF-α Secretion
Enzyme-linked immunosorbent assay (ELISA) and the double antibody one step sandwich method (the reagent was provided by China Yanhui biological Co., Ltd.) were used to detect the secretion level of IL-1β, IL-6 and TNF-α.
3.5 Protein Expression of NF-κB p65 and C x 43 in Bone Marrow of Mice by Western Blotting Analysis
Bone marrow cells were collected, and total protein was extracted for protein content determination. For each group, 60 ug of protein samples were taken and ddH2O was added to bring the volume to 8 ul. Then, 2 ul of 5 × SDS sample buffer was added and mixed uniformly. Denatured samples were subjected to electrophoresis (SDS-PAGE) on a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel at a constant current of 250 mA across the membrane, and the corresponding bands of the target and internal reference genes were cut according to the position of the markers. These bands were blocked for 1.5 h at room temperature with a blocking solution prepared from 5% skim milk. Primary antibodies at a 1:1,000 dilution of blocking solution are added to the PVDF membrane and incubated overnight in the refrigerator. The next day the primary antibody is discarded and the corresponding 1:1,000 dilution of secondary antibody is added and incubated for 1.5 h. Then, wash three times with TBS-T. After draining the PVDF membrane, chemiluminescent detection reagents are added and exposed in a Bio-Rad versadoctm 50,000mp system. After exposure, the grayscale values were analyzed using the Gel Pro Analyzer image analysis software and recorded for statistical analysis.
4 STATISTICAL ANALYSIS
SPSS 23.0 software was used for the statistical analysis of data. Measurement data were expressed as mean ± standard deviation (x ± S), and one-way ANOVA was used for comparisons between groups. The LSD-t test was used to compare the mean multiple comparison for homogeneity of variance. Otherwise, Dunnett’s T3 test was used to determine whether the difference was statistically significant, and the test level was α = 0.05.
5 RESULTS
5.1 Effects of PM2.5 on the Content of Bone Marrow Cells Reactive Oxygen Species and Activity of Total SOD Enzyme Activity
After infecting mice with different concentrations of PM2.5, the content of reactive oxygen species in BMCs of mice increased, which was different from that in the control group. The ROS content in the high-concentration group was higher than that in the low-concentration exposure group, and the difference was statistically significant (p < 0.05).
After infecting mice with different concentrations of PM2.5, the SOD enzyme activity of BMCs in mice decreased, and the difference was statistically significant (p < 0.05). The SOD enzyme activity in the high-concentration group was lower than that in the low-concentration exposure group, but the difference was not statistically significant (p > 0.05, Table 1).
TABLE 1 | Effects of different dose of PM2.5 on BMCs ROS and total SOD activity (‾x ± s).
[image: Table 1]5.2 Effects of PM2.5 on Bone Marrow Cells DNA Injury
As shown in Figure 1, Figure 1A demonstrates that the whole morphology of BMCs in mice in the normal saline control group was basically round, and only a small amount of tails could be seen after analysis with the CASP software. Figure 1B shows that in mice in the low-dose PM2.5 exposure group, some of the BMCs were not round, and the tail was visible by the naked eye. Figure 1C illustrates the morphology of BMCs in the high-dose PM2.5 exposure group. It could be observed that most BMCs had long tails, indicating that many DNA fragments migrated to the extracellular under a current. As shown in Figure 1D, the tail length (TL), tail DNA content (TD) and olive tail distance (TM) of cells in each group were analyzed using the CASP software. Through statistical analysis of variance, the difference between the experimental groups and normal saline control group was statistically significant (p < 0.05), and the difference between the high-dose PM2.5 exposure group and low-dose PM2.5 exposure group also had statistical significance (p < 0.05).
[image: Figure 1]FIGURE 1 | comet images of BMCs DNA damage at different dose of PM2.5. (A):Control (0 mg/ml) (20 × ). (B):low-dose group (0.1 mg/ml) (20 × ). (C):high-dose group (0.2 mg/ml) (20 × ). (D): Comet assessment of BMCs DNA damage by PM2.5, including TL, TD, TM. ∗p < 0.05.
5.3 PATHOLOGICAL CHANGES OF BONE MARROW TISSUES AFTER H&E STAINING IN EACH GROUP
As shown in Figure 2, the bone marrow sections in the normal saline control group revealed that the cells were in normal shape, with a small number of scattered megakaryocytes. Furthermore, the number of megakaryocytes in the bone marrow section of mice exposed to low-dose PM2.5 and high-dose PM2.5 significantly changed.
[image: Figure 2]FIGURE 2 | pathological sections of mouse bone marrow tissues (HE staining, 40 x ). (A):Control (0 mg/ml) (40 × ). (B):Low-dose group (0.1 mg/ml) (40 × ). (C):High-dose group (0.2 mg/ml) (40 × ).
5.4 Protein Expression Levels of IL-1β, IL-6, TNF-α, NF-κB p65, and C x 43 in Mice Bone Marrow
Compared with those in the normal saline control group, the expression of IL-1 β, IL-6, TNF-α and NF-κB p65 in the low-dose and high-dose PM2.5 exposure groups significantly increased, while the relative expression of C x 43 significantly decreased, and the difference was statistically significant (p < 0.05). The difference in the protein expression of IL-1β, IL-6, TNF-α, and C x 43 between the high-dose PM2.5 exposure group and low-dose PM2.5 group was statistically significant (p < 0.05), while the difference in the expression of NF-κB p65 between the high-dose and low-dose exposure group was not statistically significant (p > 0.05, Table 2).
TABLE 2 | The expression levels of IL-1β,IL-6,TNF-α,NF-κB p65, Cx43 in mouse bone marrow (‾x ± s).
[image: Table 2]5.5 The Protein Expression Level of NF-κB p65 in the Bone Marrow of Mice
Western blotting was performed to analyze the protein expression of NF-κB p65 in mice bone marrow. After the gray analysis and internal reference correction, the relative protein expression of NF-κB p65 was obtained. The results are presented in Figure 3 and Table 2. Compared with the normal saline control group, the protein expression of NF-κB p65 in these two PM2.5 exposure groups was significantly upregulated, and the difference was statistically significant (p < 0.01). However there was no significant difference in protein expression between the high-dose PM2.5 exposure group and low-dose PM2.5 exposure group (p > 0.05).
[image: Figure 3]FIGURE 3 | Western blotting to analyze the protein expression of NF-κB p65 and the relative protein expression of NF-κB p65. Note: *p < 0.01, vs. control; △p > 0.05, vs. low-dose group.
5.6 C x 43 Protein Expression in the Bone Marrow of Mice by Western Blotting Analysis
Western blotting was adopted to analyze the protein expression of C x 43 in mice bone marrow. After the gray analysis and internal reference correction, the relative protein expression of C x 43 was obtained. The results are presented in Figure 4 and Table 2. Compared with the normal saline control group, the protein expression of C x 43 in these two PM2.5 exposure groups was significantly upregulated, and the difference was statistically significant (p < 0.01). There was no significant difference in protein expression between the high-dose PM2.5 exposure group and low-dose PM2.5 exposure group (p > 0.05; Table 2).
[image: Figure 4]FIGURE 4 | Western blotting to analyze the protein expression of C x 43 and the relative protein expression of C x 43.
6 DISCUSSION
Under normal circumstances, the bone marrow has a hypoxic microenvironment (Snyder and Chandel, 2009), and plays an important role in protecting the normal hematopoietic function of hematopoietic stem cells in the bone marrow (Simon and Keith, 2008). However, the increased production of ROS may cause the abnormal proliferation and differentiation of hematopoietic stem cells, which may lead to the occurrence and progression of malignant tumors (Snyder and Chandel, 2009). In the present study, PM2.5 was infused into mice by tracheal instillation. After a chronic process of exposure, the ROS of bone marrow cells significantly increased, suggesting that PM2.5 could directly or indirectly produce long-distance toxic effects and change the oxidative level of the microenvironment in the bone marrow. The difference between the high-dose PM2.5 exposure group and low-dose PM2.5 exposure group was statistically significant, which suggests that PM2.5 toxicity is dose-dependent. Yuqi Cui et al. (Cui et al., 2015) has proven that fine PM inhibited the proliferation of bone marrow mesenchymal stem cells (BMSCs) in vivo by tracheal toxicity in mice, and detected a significant increase in ROS level in BMSCs, demonstrating that PM inhibited the proliferation of BMSCs by activating the Akt signaling pathway through the ROS regulation mechanism. In addition, it was suggested that the PM2.5-induced autophagy of pulmonary macrophages might be mediated through the P13K/ATK/mTOR pathway caused by oxidative stress (Su et al., 2017). Therefore, it was speculated that the long-term exposure of PM2.5 increased the oxidation level of BMCs and changed the hypoxic microenvironment in the bone marrow, which may be a promoting factor for some hematological diseases.
After 1 month of exposure to PM2.5, the activity of T-SOD in the BMCs of mice was significantly lower than that in the normal saline control group, while the ROS level significantly increased, indicating that PM2.5 inhalation might cause oxidative stress in the bone marrow. There was no difference in T-SOD activity between the low-dose PM2.5 exposure group and high-dose PM2.5 exposure group. This may be attributable to the fact that the high dose of PM2.5 stimulated the whole activation of the anti-oxygen free radical injury system of BMCs. Under the mechanism of free radical induction and body compensation, the antioxidant capacity of BMCs was enhanced. SOD can specifically scavenge O− to obtain the catalytic product H2O2, while the clearance of H2O2 must depend on other enzymes. The inconsistency between the increase in ROS and the decrease in T-SOD enzyme activity suggests that other antioxidants might participate in this process. However, eventually, the balance of oxidative stress might be destroyed, placing BMCs in a state of high oxidation and low anti-oxidation level.
It was suggested by the present study that PM2.5 might arouse DNA injury in BMCs. There were also a small number of comet cells in the normal saline control group, which may have been caused by the injury of cells in the process of cell extraction. The TL, TD and TM of comet cells in the high-dose PM2.5 exposure group were significantly higher than those in the low-dose PM2.5 exposure group, indicating that a high dose of PM2.5 is more toxic, and that DNA injury caused by PM might be dose-dependent. In some studies, it was reported that the tail length of comet cells might not be directly proportional to the dose of toxic substances after exposure. The toxic injury may lead to DNA protein cross-linking, there increasing the quality of broken DNA and shortening the migration distance under the current (Ventura et al., 2013). In the present study, the tail shortening of comet cells was not observed in the high-dose PM2.5 exposure group. It might be inferred that PM2.5 could cause DNA single or double strand breakage, but this is not enough to cause DNA protein crosslinking injury. Thus, it might be speculated that after long-term exposure to PM2.5, the level of ROS in mice BMCs significantly increased, and that the BMC DNA injury was aggravated. PM2.5 may cause DNA injury by inducing oxidative stress injury in BMCs in mice (Vattanasit et al., 2014; Grevendonk et al., 2016).
The occurrence of hematopoietic system diseases usually accompanies the histological changes of the bone marrow. Some abnormal changes in the bone marrow can be used to indicate some diseases. The histopathological assay of the bone marrow can provide direct evidence for the toxic effect of PM2.5 exposure on the bone marrow of mice. It was found that the number of megakaryocytes in the exposed group significantly changed in the present study. However, the abnormal changed in megakaryocytes might lead to the onset of diseases, such as megakaryocytic leukemia, and the main pathological mechanism of which is the abnormal proliferation of megakaryocytes and the fibrosis of the bone marrow (Meira et al., 2008), together with immune thrombocytopenic purpura and other blood system diseases. PM2.5 exposure may increase the incidence of these above diseases. Megakaryocytes are the precursor cells of platelets, and their main function is to produce platelets. Recent studies have shown that they, as important regulatory cells of the hematopoietic microenvironment, can interact with hematopoietic stem cells and leukemia stem cells directly or indirectly, and can change the hematopoietic microenvironment It plays an important role in regulating normal and abnormal hematopoiesis in the body. The imbalance of the hematopoietic microenvironment is closely related to the occurrence of various malignant hematological diseases. After exposure to PM2.5, the levels of TNF-α, IL-6 and IL-1β in mice in the low-dose PM2.5 exposure group and high-dose PM2.5 exposure group significantly increased, which indicates that PM2.5 could cause inflammatory reaction in bone marrow cells, and the difference in the above three levels between the high-dose and low-dose PM2.5 exposure groups was also statistically significant, indicating that the production of inflammatory factors was PM2.5 dose-dependent.
NF-κb is a protein with multidirectional nuclear transcriptional regulation function. Its main structure includes five subunits. The main structure that exerts physiological function in vivo is p50-p65, which plays an important regulatory role in the process of inflammation and oxidative stress. It has been suggested that PM2.5 could increase the level of oxidative stress in cells, activate NF-κB, and further promote the secretion of TNF-α, IL-1β, IL-6 and other inflammatory cytokines (Li et al., 2015; Bekki et al., 2016), thereby eventually leading to the occurrence of inflammatory injury. In the present study, the expression of NF-κB significantly increased after PM2.5 exposure, and the levels of inflammatory cytokines TNF-α, IL-6, and IL-1β also significantly increased, which was consistent with the above results. NF-κB activation is also common in cancer, which is mainly driven by inflammatory cytokines in the tumor microenvironment. In malignant tumors, NF-κB acts on cells in a specific manner, that is, activating the survival genes in cancer cells and promoting inflammation genes in the tumor microenvironment (Didonato et al., 2012). A large number of studies have confirmed that PM2.5 can significantly increase the secretion of IL-1β, IL-2, IL-6, IL-10, IL-17A, TNF-α, and NF-κB by inducing the proliferation of leukemic cells, thereby increasing the tumor volume of human myeloid leukemia in a time- and dose-dependent manner (Jin et al., 2016; Chen et al., 2018). Combined with the results of the present study, it could be speculated that long-term exposure of PM2.5 could lead to inflammation of the bone marrow microenvironment which indirectly leads to various blood system diseases such as anemia, thrombocytopenia, abnormal increase in white blood cells or changes in platelet or white blood cell function, etc.
C x 43 is an important cellular gap junction protein, which is expressed in a variety of normal tissue cells. The C x 43 mediated gap junctional inter-communication (GJIC) is an essential condition for the bone marrow microenvironment to regulate hematopoiesis (Morrison and Scadden, 2014). It has been confirmed by a large number of studies that GJIC mediated by C x 43 plays an important role in the pathogenesis and progression of leukemia. The level of GJIC expression is negatively correlated to the malignancy of the tumor (Liu et al., 2015; Yang et al., 2015). The results reported by Solan et al. (Solan and Lampe, 2009) also indicated that there was a general downregulation or defect of C x expression after the malignant transformation of cells. In the present study, the expression of C x 43 in the bone marrow in the PM2.5 exposure groups was significantly downregulated, when compared to those in the normal saline control group. Hence, the long-term exposure to PM2.5 may lead to the occurrence of blood system diseases.
7 CONCLUSION
The results of this study demonstrate that long-term exposure to PM2.5 produced toxic effects on bone marrow tissues and cells in mice and affected the stability of the hematopoietic microenvironment. The inflammatory response, oxidative stress, and abnormalities in intercellular junctional communication may be the underlying mechanisms. Although the reports related to the toxic effects of PM2.5 exposure on bone marrow tissues and the induction of hematologic disorders are not comprehensive, inflammatory factors in bone marrow tissues and abnormalities in intercellular junctional communication function have been considered as important features in the development and progression of hematologic disorders.
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