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A B S T R A C T   

Particulate matter 2.5 (PM2.5) has adverse biological effects on major living organs in the body, including lungs. 
The complex composition of PM2.5, including carbon black and heavy metals, cause toxic effects to the lung. 
Nonetheless, there exists considerable knowledge gaps regarding the impact of carbon black (CB) on environ-
mental health and safety (EHS). Thus far, the synergistic effects of CB have not gained much attention in past 
decades. Here, we showed that combined exposure of CB and Cadmium (Cd) enhance the cytotoxicity by altering 
the state of cell membrane. Specially, CB caused cell membrane collapse and increased the permeability of cells, 
and remarkedly enhanced the metal Cd toxicity. Furthermore, upon pre-treatment sublethal-dose CB, the 
increased intracellular Cd brought about a significantly amount of lactate dehydrogenase (LDH) and high 
expression of metallothionein-1 (MT-1) in human lung epithelial cell line (BEAS-2B) cells, and ultimately 
resulted an increased cellular toxicity. The lung of mice exposed CBs and Cd presented remarkably inflammation 
than Cd alone. Mechanistic exploration deciphered that CB pre-treatment triggered cell damage via apoptosis due 
to Cd exposure. Collectively, our findings reveal a novel path for understanding the impact of CB on EHS with its 
synergistic effects, through which nanomaterials might exert detrimental effects on organisms.   

1. Introduction 

In recent years, particulate matter 2.5 (PM2.5) is a hot topic in public 
health research. Epidemiological studies have revealed a negative cor-
relation between PM inhalation and life expectancy (Aboubacar et al., 
2018; Dziubanek et al., 2017). In addition, PM has adverse biological 
effects on several major living organs in the body, such as lungs 
(Al-Hamdan et al., 2017). Fine particulate matter (PM2.5; aerodynamic 
diameter, <2.5 µm) is a well-known air pollutant that threatens public 
health (Brauer et al., 2016). Exposure to high levels of PM2.5 in the air 
has been linked to the risk of atherosclerosis (Woo et al., 2021), respi-
ratory diseases (Pun et al., 2017) and lung cancer (Yang et al., 2020). 
The toxicity of PM2.5 is mainly due to its small size, which allows it to 
escape the body’s inherent defense mechanism, enter the bronchi and 
eventually reach the alveoli (Al-Hamdan et al., 2017; Karottki et al., 
2013). Moreover, its complex composition tends to adsorb toxic 

substances, including endotoxins, polycyclic aromatic hydrocarbons, 
sulfates and heavy metals, resulting in toxic effects (Dong et al., 2020; 
Faraji Ghasemi et al., 2020). Among them, cadmium (Tinkov et al., 
2018) and black carbon (Bove et al., 2019; Paunescu et al., 2019) were 
found to be more toxic and have the serious impact on environmental 
health. Since environmental problems cannot be fully addressed 
immediately, it is important to identify targeted prevention and treat-
ment strategies to protect the human respiratory system from 
PM-induced lung injury (Xing et al., 2016). 

Air, soil and even water contain heavy metals, such as free radicals 
that cause aging, fine particles that harm the skin, dust in the air, 
automobile exhaust, etc (Hogervorst et al., 2007). Even tap water brings 
heavy metals to the skin, and some heavy metal raw materials such as 
cadmium in skin care products such as moisturizers (Borowska and 
Brzoska, 2015) are also one of them. The accumulation of heavy metals 
can be quite harmful to human health. Cadmium inhalation was 
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reported to induce pulmonary damage, such as emphysema, fibrosis, etc. 
(Niewoehner and Hoidal, 1982; Snider et al., 1988). Black carbon is 
composed of elemental carbon, which is generated hydrocarbon through 
incomplete combustion and vapor phase pyrolysis (Gardiner et al., 
1992). It is black, fluffy and powdery. Black carbon particles, which 
have a large surface area and can aggregate in sizes ranging from 10 
nanometers to a few hundred nanometers, are one of the components of 
PM2.5 (Janssen et al., 2011). Particles of this size can easily enter the 
respiratory tract and induce respiratory symptoms (Falcon-Rodriguez 
et al., 2016), including cough, sputum production, wheezing and dys-
pnea and with changes in pulmonary function, especially forced vital 
capacity (FVC) and forced expiratory volume in 1s (FEV1) (Wong et al., 
2016; Zhao et al., 2015). Previous evidences has shown that CB exposure 
can trigger systemic inflammation and lead to a range of respiratory 
diseases including lung injury (Jia et al., 2021; Yang et al., 2018). 
However, the synergistic effects of CB combined with cadmium expo-
sure on alveolar epithelial cells have not been reported. 

To this end, we first proved the concept that low-dose CB exposure 
could impair cell membrane integrity despite no remarkable cytotox-
icity, which subsequently might be vulnerable to other stimuli. After-
wards, we selected Cd to subject CB-exposed cell and mouse model, and 
further uncovered that such synergistic effect caused lung cell and tissue 
damage via apoptotic event. Collectively, our results provide an un-
precedented evidence that nontoxic low-dose CB treatment could 
significantly impair cell membrane integrity, resulting in an increased 
sensitivity to Cd-induced injuries. This study brings about a higher 
concern on environmental health and safety (EHS) of atmospheric par-
ticulates, and provides theoretical basis for preventing and treating air 
pollution related-disorders in the future. 

2. Materials and methods 

2.1. Preparation and characterization of carbon black 

The carbon black (CB) powders (Printex U and SB4A) are purchased 
from Degussa Inc. Corp. CBs were adjusted to 2 mg/ mL and dispersed by 
an ultrasonic vibrator with 100 Hz, 200 W water bath for 2 h. The 
morphology of CBs was visualized by the transmission electron micro-
scope (TEM, Hitachi H-7500, Japan). CBs were suspended in Milli-Q 
water with 15% fetal bovine serum (FBS, Hyclone, USA) to examine 
the hydrodynamic diameter and zeta potential using a Zetasizer (Mal-
vern Nano series, Malvem, U.K.). 

2.2. Cell line and cell culture 

The human lung epithelial cell line (BEAS-2B) was purchased from 
the American Type Culture Collection (Manassas, VA, USA) and were 
cultured in phenol red-free RPMI-1640 medium (Gibco BRL Life Tech-
nologies Inc, USA), supplemented with 10% FBS and 1% penicillin/ 
streptomycin (Invitrogen) in the humidified incubator with 5% CO2 at 
37 ◦C, as reported (Li et al., 2019). 

2.3. Cytotoxicity Assessment by CCK8 assay 

Cytotoxicity of CBs (SB4A/ Printex U) was tested according to the 
manufacturer’s protocol of Cell Counting Kit-8 (CCK8, Solarbio Science 
& Technolo Co., Ltd., Beijing, China). BEAS-2B were seeded in 96-well 
plates at a density of 2 × 103/well, and then subjected to different 
concentration of CBs（10, 20, 20, 100, 200 μg/mL）and Cadmiun (0.1, 
0.5, 1, 2, 5 μM) for 24 h, respectively. For co-treatment group with CB 
and Cd, 2000 BEAS-2B cells/well were treated with CBs (SB4A/ Printex 
U) at concentration of 100 μg/mL, following with or without Cadmium 
for 24 h. Cell viability was determined by CCK8, as previous reported 
(Zhu et al., 2020). 

2.4. Confocal assay 

BEAS-2B cells were seeded into 6-well plates, exposed with CBs at 
concentration of 100 μg/mL, following with or without Cd (1 μM) for 24 
h. For Cd group, BEAS-2B cells were selected at level of 1 μM. BEAS-2B 
cells were then incubated with propidium iodide (PI) staining for 20 min 
at room temperature. Afterward, cells were observed and imaged using a 
TCS SP5 confocal microscope (Olympus, Japan). 

2.5. Cell death analysis through flow cytometry 

For cell death analysis, BEAS-2B cells were treated with CBs (SB4A 
and Printex U) at 100 μg/mL in combination with or without Cd (1 μM) 
for 24 h. For Cd group, BEAS-2B cells were selected at level of 1 μM. Cells 
harvest by trypsin were collected by centrifugation at 1000 rpm and 
washed with phosphate buffered saline (PBS) for three times. Then, cells 
(1.0 × 105) were stained with Annexin-V FITC (5 μL) and PI (5 μL) so-
lutions, and incubated for 1 h at room temperature in the dark, ac-
cording to the manufacturer’s instructions (BD Biosciences). Afterwards, 
2.0 × 104 cells were analyzed by a flow cytometry (ACEA, BIO, China). 
Percentage of death cells were corresponded to annexin V+–PI+, and the 
percentage of apoptotic death cells was shown with annexin V+–PI− . 

2.6. Western blot analysis 

BEAS-2B cells were treated with CBs (SB4A and Printex U) at 100 μg/ 
mL in combination with or without Cd (1 μM) for 24 h. For Cd group, 
BEAS-2B cells were selected at level of 1 μM. BEAS-2B cells were har-
vested and lysed in RIPA lysis buffer (Pierce IP Lysis Buffer, USA) con-
taining protease inhibitor cocktail (Roche, Switzerland) for 30 min. 
Protein concentrations were measured with BCA protein assay kit 
(Solarbio Science & Technology Co., Ltd., Beijing, China), and then 
equal amounts of protein were subjected to SDS-PAGE electrophoresis, 
followed by Western blotting. Afterwards, proteins were transferred to 
PVDF membranes (Millipore, Bedford, MA, USA). The primary anti-
bodies (Abs) were as follows, anti-β-actin Ab (1:5000 dilutions, Pro-
teintech, China), anti-BAX Ab (1:1000 dilutions, Proteintech, China), 
anti-P53 (1:1000 dilutions, Proteintech), anti-caspase-8 (1:1000 di-
lutions, 1G12, Enzo Life Sciences) and anti-BCL Ab (1:1000 dilutions, 
Proteintech). The second Abs were as follows: HRP-conjugated goat 
anti-rabbit IgG (1:4000 dilutions, Proteintech,) and goat anti-mouse IgG 
(1:4000 dilutions, Proteintech). Here, β-actin was used as a loading 
control for normalization. The band intensity was analyzed with the 
ImageJ software. 

2.7. RNA isolation and real-time quantitative PCR (RT-qPCR) 

Total RNA was isolated from BEAS-2B cells treated with CBs (100 μg/ 
mL) with or without Cd (1 μM) for 24 h using Trizol reagent following 
the manufacturer’s instructions (Invitrogen, USA). 2 μg total RNA was 
reverse-transcribed into complementary deoxyribonucleic acid (cDNA) 
with cDNA Synthesis Master Mix (Thermo, USA). Gene expression levels 
were detected on a CFX96TM Real-Time System (Bio-Rad Inc., CA, USA) 
using SYBR Green qPCR master mix (Promega, USA). β-actin was used as 
the invariant control. Details of primer sequences used in this study were 
that we first searched the primer sequences on the website of Primer-
Bank based on gene ID and further blasted sequence on NCBI website. 
Then, we selected optimal sequence based on the length and position of 
amplified fragment. All of the primer sequences for PCR analysis are 
presented in Table S1. Results were from experiments in triplicate. 
Relative gene expression levels were analyzed by the standard ΔΔCt 
method. 

2.8. Reactive oxygen species (ROS) determination 

BEAS-2B cells were seeded on 96-well plates at 1.0 × 104 cells/well 
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and then pre-incubated with 10 μM dichloro fluorescein-diacetate (DCF- 
DA, C369, Invitrogen, USA) for 30 min. Afterwards, cells were treated 
with CBs (SB4A and Printex U) at 100 μg/mL in combination with or 
without Cd (1 μM) for 24 h, and then washed with PBS for three times. 
The DCF fluorescence intensity was thereafter determined at excitation 
wavelength of 488 nm and emission wavelength of 525 nm on a plate 
reader (Thermo Fisher Scientific Inc., USA). 

2.9. LDH experiment 

Lactate dehydrogenase (LDH) concentration was tested with com-
mercial LDH kit (CytoTox-ONE homogeneous membrane integrity assay, 
Promega, USA). BEAS-2B cells were seeded in 96-well plates, followed 
with CBs (SB4A and Printex U) at 100 μg/mL for 24 h. Afterwards, cells 
were incubated with 100 μL CytoTOX-ONE reagent for 10 min, and stop 
solution was added. Fluorescence was measured by Varioskan Flash 
Multimode plate reader (Thermo Fisher Scientific, USA), with excitation 
wavelength at 560 nm and emission wavelength at 590 nm. 

2.10. Animal experiment 

All animal experimental protocols were approved by the Committee 
of the Ethics Animal Experiments of State Key Laboratory of Environ-
mental Chemistry and Ecotoxicology (AEWC-RCEES-20190047). Male 

Balb /c mice (6–8 weeks old, body weight around 20 g) were purchased 
from the Vital River Laboratory (Beijing, China), and housed in a stan-
dard animal facility with specific pathogen-free (SPF grade) under a 12- 
h light/dark cycle. Mice were grouped randomly in 6 groups, including 
Control, SB4A, Printex U, Cd, combination of SB4A and Printex U with 
Cd, respectively (n = 5/group). They were subjected to CBs (2.5 mg/kg) 
or CdCl2 (10 mg/kg) intratracheally instilled after intraperitoneal 
anesthesia (pentobarbital sodium). For the combination of CBs and Cd, 
mice were treated with Cd pretreated with CBs after 24 h. Negative 
control mice received solvent only. After 4 weeks, mice were sacrificed 
with CO2 asphyxiation and lung tissues were harvested for the following 
experiments. 

2.11. Histological analysis 

All histological examinations were performed according to standard 
laboratory procedures. Briefly, Lung tissues from 5 mice were fixed with 
4% formaldehyde solution and embedded in paraffin blocks. The lung 
tissue specimens were sliced into 4-μm thicknesses, following with 
hematoxylin-eosin (H&E) staining with standard protocols. Afterwards, 
the stained sections were visualized and imaged by optical microscope 
(Axio Scope A1, Carl Zeiss, Inc., Germany). 

Fig. 1. Physicochemical characterization of CB nanomaterial. TEM image of CB nanomaterial SB4A and Printex U. The scale bar is 100 nm.  

Fig. 2. Sublethal concentration screening of 
carbon black and cadmium in BEAS-2B cells. 
(A, B and C) BEAS-2B cells were treated with CB 
nanomaterials (SB4A and Printex U) and Cd at 
different concentrations (0, 10, 50, 100, 
200 μg/mL for CB nanomaterial, 0, 0.1, 0.5, 1, 
2, 5 μM for Cd) for 24 h, followed by cell 
viability analysis through CCK8 assay (n = 5). 
(D) Indicated BEAS-2B cells were treated CBs 
or/and Cd, and cell viability was measured by 
CCK8 kit. The experiment was repeated five 
times, and data are presented as the means 
± SD.   
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2.12. Statistical analysis 

All data were represented in terms of the mean ± standard deviation 
(SD). Statistical analysis was performed with independent t-test or One- 
Way ANOVA test. Values were considered to be statistically significant 
with *: P < 0.05 and #: P < 0.001. 

3. Results and discussion 

3.1. Characterization of two carbon black nanomaterials 

Prior to toxicity assessment, all carbon black nanomaterials were 
characterized with transmission electronic microscope (TEM). The TEM 
images (Fig. 1A) showed two kinds of CB nanoparticles were prone to 
present as grape-like morphology on account of agglomeration. To 
better determine the size of CBs, the hydrodynamic diameter was 
measured in water. As shown in Fig. S1, the hydrodynamic size was 
calculated to be 195.4 nm for SB4A, and 196.7 nm for Printex U, 
respectively (Fig. S1). Together, our CB samples (SB4A and Printex U) 
showed comparable morphology and size. 

3.2. Screening and ascertaining sublethal concentration of carbon black 
and cadmium 

To study the effects of CBs and Cd, BEAS-2B cells (human bronchial 
epithelial cells) were subjected to cytotoxicity screening upon CBs and 
Cd treatment, respectively. As shown in Fig. 2, CBs (SB4A and Printex U) 
showed no obvious cytotoxicity in the assay at concentrations range 
from 10 to 100 μg/mL, but significantly affected cell proliferation at 
high concentration (200 μg/mL), inhibiting growth more than 20% 
(Fig. A and B), thereby indicating the exposure concentration of CBs was 
lethal doses, as demonstrated previously (Ren et al., 2019). There was no 

significant difference in cell death between SB4A and Printex U at the 
same exposure concentration. Also, Cd significantly reduced the 
viability of BEAS-2B cells at the concentration of 5 μM compared to the 
negative control. High concentration of CBs and Cd led to markedly cell 
death and was irrelevant to environment health, so that such doses were 
not further investigated. Given that significant cell death caused by high 
concentrations of CBs and Cd might complicate the exploration of the 
interaction between them and cell membrane, sublethal doses of them 
were selected for CBs (100 μg/ mL) and Cd (1 μM) in subsequent ex-
periments, respectively. 

3.3. CBs synergizes with Cd to promote apoptosis in vitro 

Loss of membrane integrity leads to a compromised cytoskeletal 
meshwork, which elevated the cellular uptake of metal ions and 
consequently caused cell death (Xu et al., 2016). To test whether 
low-lose CB treatment caused membrane integrity impaired, LDH assay 
was performed to assess cell membrane permeability with presence of 
CBs in BEAS-2B cells. Notably, we observed that CBs caused LDH release 
of BEAS-2B cells at concentration of 100 μg/ mL (Fig. S4). Under nor-
mally conditions, LDH, which exists in the cytoplasm, is a biomarker to 
ensure the normal function of cell membrane. Therefore, detection of 
leaked LDH in culture medium is a common method to assess cell 
membrane integrity (Gissel and Clausen, 2001; Kumar et al., 2018). 
Consistent with our suppose, treatment of CBs may cause cell membrane 
collapse, thus the permeability of BEAS-2B cells increased. 

Disruption of structural membrane disables the defense against 
external heavy metal ions, causing them to accumulate in the cytoplasm 
(Hong et al., 2004). Thus, we determined the cellular uptake of Cd by 
BEAS-2B cells after low-dose CB pre-treatment. In our research, high 
concentration of CBs suppressed the viability of BEAS-2B cells (Fig. 1A), 
we supposed whether Cd promote apoptosis pretreated with CBs in 

Fig. 3. Cellular status of BEAS-2B cells after treatment of CB materials. (A) A schematic diagram deciphers the experimental processes of CBs pretreatment and the 
subsequent Cd exposure. (B) Morphological changes of the cells after exposure to CBs or / and Cd. 
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Fig. 4. Synergistic apoptosis of CBs and Cd on BEAS-2B cells. (A) Phase contrast images with PI staining (in red) of BEAS-2B cells treated by CBs（100 μg/ mL） or / 
and Cd (1 μM). Cell death analysis of BEAS-2B cells upon Cd with CBs pre-treatment. (B) PI positive cell number of A. (C) BEAS-2B cells were treated with CBs 
(100 μg/ mL for SB4A, 100 μg/ mL for PrintexU) or / and Cd at 1 μM, and cell death was detected by flow cytometry using Annexin-V-FITC and PI (n = 5). 

Fig. 5. Histological examination of the Cd with or without CBs pretreatment mice. (A) Animal experiment of CBs, Cd and combination of both in vivo. (B) Mice were 
exposed to various particles followed by histological examination of the lungs. Yellow arrowhead indicates CBs in lung of mice. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 
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vitro. To gain insight into potential mechanism of the sequential expo-
sure to CBs and Cd, we intentionally used sublethal doses of CBs and Cd 
(100 μg/mL and 1 μM) in following experiments. BEAS-2B cells were 
pre-treated with CBs at 100 μg/mL for 24 h, afterwards we replaced 
with culture medium containing Cd (1 μM) for 24 h (Fig. 3A). cytotox-
icity assessment by CCK8 assay was tested by CCK-8, which indicated 
CBs synergized with Cd suppressed the viability of BEAS-2B cells (20% 
of SB4A and 25% of Printex U), compared to that of Cd alone at low 
concentration in Fig. 2D. Next, cell death of BEAS-2B cells was assessed 
by confocal assay (PI staining) and flow cytometry (Annexin-V FITC and 
PI staining). In line with CCK8 results, CBs and Cd increased cell death 
only slightly at low concentration (Fig. 4). Interestingly, pre-treatment 
of CBs combined Cd significantly induced cell death than CB alone, by 
approximately 1.8 folds of SB4A and 1.7 folds of Printex U, respectively 
(Fig. 4C and S3). Similar results were observed by confocal assay 
(Fig. 4A and B). Thus, our results revealed the critical contribution of 
CBs exposure to cell death, achieved by damaging cell membrane 
integrity. 

3.4. Combined exposure of CBs and Cd cause lung damage 

PM2.5 is currently public health, mainly caused by traffic-related 
pollution (Jiang et al., 2016; Lawal et al., 2016). Nanoparticle of 
PM2.5 is a complex mixture of gaseous and particulate, of which black 
carbon is the key component (Secrest et al., 2016). Previous studies have 
showed the damage effect of invading particles, including CB and Cd, as 
characterized by inflammatory cells infiltration (Wu et al., 2020), 
alveolar thickening and swelling (Ping et al., 2016). To evaluate the 
effect of CBs synergized with Cd in vivo, mice were exposed with CBs 
(100 μg/mL) and Cd (1 μM). As shown in Fig. 5B, the histological 
characterization showed that groups of CBs and Cd only presented no 
significant lung inflammation compared with control group. There were 
no obvious inflammatory cells infiltration, alveolar thickening and 
swelling. Interestingly, the combined exposure of CBs and Cd caused 

remarkably inflammation in lung than CBs and Cd alone, which verifies 
our suppose. In line with results of in vitro, the combined toxicity 
induced by CBs and Cd enhanced, suggesting an increased Cd uptake. 

3.5. Synergy of CBs and Cd ascribes to the intracellular reactive oxygen 
species (ROS) production 

Previous studies have reported that a large amount of ROS can be 
stimulated by inhalation of PM2.5, which causes oxidative stress, 
inflammation, etc. (Libalova et al., 2018; Wang et al., 2017). To inter-
pret the molecular mechanisms underlying CBs and Cd-induced lung 
damage, cellular ROS level was detected in BEAS-2B cells followed by 
CBs and Cd treatment. Our data demonstrated that CB could signifi-
cantly induce the low-dose non-toxic concentrations of Cd, pretreatment 
of CB significantly elevated intracellular nonessential metal ions, 
causing cell death with increased ROS, as shown in Fig. 6A and B. 
Furthermore, we examined the expression levels of MT-1. As shown in 
Fig. 6B, the expression level of MT-1 in CB combined with cadmium 
exposure cells were significantly high expression compared to those in 
the control and Cd group. Overall, similar to the apoptosis results, for 
BEAS-2B cells, expression of intracellular metal ion-related gene 
expression was found upon CBs combined with cadmium exposure 
treatment, with 2.6, 2.8 folds increase compared with Cd only group 
(Fig. 6B, P < 0.01), 10.4 and 11.0 folds increase compared with control 
group (Fig. 6B, P < 0.001). Next, we examined the relatively molecular 
targets of BAX (Hassan et al., 2014; Zhang et al., 2006), BCL-2 (Dietrich, 
1997), P53 (Wang et al., 2015) and caspase-8 (Fritsch et al., 2019), 
which serve as characteristic indicator of apoptosis. As shown in Fig. 6C, 
CBs pre-treatment greatly promoted BAX, P53, and caspase-8 activation 
in Cd-treated cells, which protein expression levels of BCL2 were 
significantly down-regulated compared to cells receiving CBs and Cd 
only. Also, these results indicated that the intracellular level of Cd play a 
vital role in apoptotic process of lung epithelial cells. It is plausible to 
confirm that CBs synergized with Cd could promote lung cell damage. 

Fig. 6. High intracellular concentration of Cd increased apoptosis with CB pre-treatment. (A) ROS was increased with combination of CBs and Cd. (B) Indicated 
BEAS-2B cells were treated with CBs (100 μg/ mL) or / and Cd (1 μM)) for 24 h. The mRNA expression of MT-1 was assayed by RT-qPCR, and is normalized to GAPDH 
(n = 5). (C) Protein levels of BAX, BCL-2, P53 and Caspase 8 in BEAS-2B cell lines after treatment of Cd with or without CBs pretreat. 
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The enhanced accumulation of intracellular metal ion due to CB 
pre-treatment, lead to an enhanced cytotoxicity and apoptosis subjected 
to high intracellular Cd, shown in Fig. 6B. Taken together, our data 
underscore strong theoretical basis for the environmental pollutant, CB, 
causing cell damage to lung cells, which propose a new perspective to 
explore the mechanism of airborne CB particles synergized with heavy 
metal. 

4. Conclusions 

To summarize, we uncover the previously unknown cytotoxicity of 
CB synergized with Cd towards lung cells. Our data demonstrate that CB 
can significantly undermine the permeability of cell membrene, even at 
low-dose non-toxic concentrations. Based on these biological changes, 
CB-pretreatment increase Cd cellular uptake, resulting in ROS genera-
tion, cell death through regulating apoptosis-related gene expression, 
including BAX, BCL2, P53 and caspase 8. Overall, our findings propose a 
new perspective to evacuate the risks of airborne CB particles synergized 
with heavy metal. 
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