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Abstract
PMs 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. The
synergistic effects of CB and Cd were less investigated in previous study. In our research, we deciphered
the combination of CBs and Cd enhanced the cytotoxicity in BEAS-2B cells in vitro and in vivo. In the
molecular level, the intracellular level of Cd increased, as a result of the cell membrane damage, causing
high expression of MT-1 in BEAS-2B cells. Moreover, the expression of BAX increased, and the expression
of BCL-2 decreased. Collectively, our data suggests the apoptosis effect of synergistic effects of CB and
Cd exposure.

Introduction
In recent years, particulate matter (PM) is a hot topic in public health research. Epidemiological studies
have revealed a negative correlation 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. Fine particulate matter (PM2.5; aerodynamic diameter, < 2.5 µm) is a well-known
air pollutant that threatens public health. Exposure to high levels of PM2.5 in the air has been linked to
the risk of atherosclerosis (Woo et al. 2020), respiratory 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. Moreover, its complex
composition, often adsorption of toxic substances, including endotoxins, polycyclic aromatic
hydrocarbons, sulfate and heavy metals, will also cause toxic effects, among which cadmium, black
carbon is found to be more toxic, the most serious impact on health components. Since environmental
problems cannot be fully addressed immediately, it is important to identify targeted prevention and
treatment strategies to protect the human respiratory system from PM-induced lung injury.

Air, soil and even water contain heavy metals, such as free radicals that cause aging, �ne particles that
harm the skin, dust in the air, automobile exhaust, etc. 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 are also
one of them. The accumulation of heavy metals can be quite harmful to human health. Cadmium
inhalation was reported to induce pulmonary damage, such as emphysema, �brosis, et al (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, �uffy 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. 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 dyspnea and with changes in pulmonary function, especially forced
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vital capacity (FVC) and forced expiratory volume in 1 second (FEV1) (Wong et al. 2016; Zhao et al.
2015).

Previous work has shown that CB exposure can trigger systemic in�ammation and lead to a range of
respiratory diseases including lung injury (Jia et al. 2020; Yang et al. 2018). However, the effects of CB
combined with cadmium exposure on alveolar epithelial cells have not been reported. Therefore, in this
study, we explored whether the combined exposure of CB and cadmium can signi�cantly enhance the
toxicity of lung cells and the related mechanism of action, providing theoretical basis for the prevention
or treatment of air pollution diseases in the future. From the perspective of lung cell injury, this study puts
forward a higher concern on environmental health and safety (EHS) of atmospheric particulates.

Materials And Methods
1.1 Preparation and characterization of black carbon and cadmium

The carbon black powders (Printex U and SB4A) are purchased from Degussa Inc. Corp. The carbon black
was adjusted to 2 mg/ mL and ultrasonically with 100 Hz, 200 W water bath for 2 h. The morphology of
the CB samples was tested with The transmission electron microscope (TEM). To test the hydrated
particle size of the CB samples, Zeta-sizer was carried out. Afterwards, X-ray photoelectron spectroscopy
(XPS) was tested to identify the surface functional groups.

1.2 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 cells were cultured in phenol red-free RPMI-1640 medium (Gibco BRL Life
Technologies Inc, USA), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(Invitrogen) in the humidi�ed incubator with 5% CO2 at 37 ˚C, as reported (Li et al. 2019).

1.3 Cytotoxicity assay

Cytotoxicity of CBs (SB4A/ Printex U) was tested according to the manufacturer’s protocol of Cell
Counting Kit-8 (CCK-8) (Solarbio Science & Technolo Co., Ltd., Beijing, China). 2,000 BEAS-2B cells were
inoculated into 96-well plates, and lung epithelial cells were subjected to different concentration of CBs
10, 20, 20, 100, 200 μg/ml and Cadmiun (0.1, 0.5, 1, 2, 5 μM) at different concentration for 24 h. The cell

viability of cells was determined following the provided reagents as previous reported (Zhu et al. 2020).

1.3 Confocal assay

BEAS-2B cells were seeded into 6-well plates, exposed with CBs at concentration of 20μg/ml, following
with/without Cd treatment for 24 h. BEAS-2B cells were then incubated with PI staining for 20 min at
room temperature. PI �uorescence of PI was tested with TCS SP5 microscope (excited at 488 nm and
visualized at 630 nm). The photographs of lung cells were taken at random �elds with (n=4).
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1.4 Flow cytometric apoptotic cell death analysis by annexin V FITC- PI staining

BEAS-2B cells (1×105) were stained with anti-annexin V and propidium iodide (PI) antibody, according to
the manufacturer’s protocol (KeyGen Biotech, Nanjing, People’s Republic of China). Afterwards, apoptosis
ability of BEAS-2B cells were analyzed in the �uorescence-activated cell sorting (BD, Franklin Lakes, USA).
Percentage of death cells were corresponded to annexin V+–PI+, and the percentage of apoptotic death
cells was shown with annexin V+–PI−.

1.5 Western blot analysis

Various proteins in cells protein concentrations were performed with Western blot analysis as previously
described (Wang et al. 2019). Cells were harvested, and then lysed in RIPA lysis buffer for 30 min. After
measured with BCA protein assay kit, equal amounts of protein were subjected to SDS-PAGE
electrophoresis, followed by Western blotting. Afterwards, proteins were transferred to PVDF membranes
(Millipore). The primary antibodies (Abs) and the secondary antibodies were shown in Fig. S1. β-actin
was used as a loading control for normalization with software Image J.

1.6 RNA expression analysis by real-time quantitative PCR (RT-qPCR)

BEAS-2B cells were treated with CBs (0, 20, 50 μg/ml) at different concentrations for 24 h. Expression of
RNA was tested with Real-time PCR as previously described (Gao et al. 2020). β-actin was used as the
invariant control. Results were from experiments in triplicate. All of the primer sequences for PCR analysis
are presented in Table S1.

1.7 Animal experiment

BALB/C male mice (6–8 weeks old) were purchased from the Beijing Vital River Laboratory Animal
Technology, and housed in aseptic animal facility under speci�c pathogen-free (SPF grade). BALB/C
male mice were divided into 6 groups (5 mice in each group). CBs (2.5 mg/kg) and Cd (10mg/L) were
intratracheally instilled into mice with lung exposure after intraperitoneal anesthesia (pentobarbital
sodium). For the combination of CBs and Cd, mice were treated with CBs following with Cd after 24 h.
Mice were sacri�ced 24 h post administration for 4 weeks, and mice were sacri�ced 24 h post the last
administration. As positive control, lipopolysaccharide (LPS) was intratracheally instilled into the lungs
with 2.5 mg/kg body weight. All animal experimental protocols were approved by the Animal Ethics
Committee at the Research Center for Eco Environmental Sciences, Chinese Academy of Sciences.

1.8 Histological analysis and immunohistochemistry analysis

Lung tissues were �xed with 10% formaldehyde solution in PBS after sacri�ced. After embedded in
para�n, the lung tissue specimens were sliced into sections at thicken of 4μm following with
hematoxylin-eosin (H&E) staining with standard protocols. Brie�y, slices were pictured with optical
microscope (Axio Scope A1, Carl Zeiss, Inc., Germany). The photographs of �elds on each slide were
taken at random �elds with (n=10).
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1.9 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
signi�cant with *: P < 0.05 and #: P < 0.001.

Results And Discussion
1. Characterization of two black carbon materials

All carbon black nanomaterial were characterized with TEM. The TEM images (Fig. 1A) showed the
grape-like morphology nanoparticles of carbon black. The hydrodynamic size in culture media was 195.4
nm for SB4A, and 196.7 nm for Printex U. XPS spectra were also teste to determine functional groups in
the CB samples. Together, our CB samples contained similar functional groups, which might cause
approximate biological effects.

2. Screening and ascertaining the combined exposure concentration of cadmium and black carbon

To study the effects of CBs and Cd on lung epithelial cells, the toxicity of CBs and Cd to BEAS-2B cells by
measuring the cell apoptosis by CCK-8 assay. CBs (SB4A and Printex U) showed no obvious cytotoxicity
in the assay at a concentration range from 10 to 100 µg/L, as shown in Fig. 2. CBs signi�cantly affected
cell proliferation at high concentration (200 µg/L), inhibiting growth more than 20% (Fig. A and B),
thereby suggesting the exposure concentration of CBs was lethal doses, as demonstrated previously (Ren
et al. 2019). There was no signi�cant difference apoptosis cell ratio between SB4A and Printex U at the
same exposure concentration. Also, Cd reduced the viability of BEAS-2B cells compared to the NC
signi�cantly with high concentration (5µM). High concentration of CB and Cd were not further
investigated, for the high concentrations would cause signi�cantly cell death and was not
environmentally relevant. Thus,concentration of CBs and Cd in subsequent experiments was selected at
level of 100 µg/L and 1µM, respectively.

3. BCs synergizes with Cd for apoptosis in vitro
The loss of membrane integrity leads to a compromised cytoskeletal meshwork(Xu et al. 2016), elevating
cellular uptake of metal ions, resulting in cell death. To test whether CB pre-treatment caused loss of
membrane integrity, the membrane permeability of BEAS-2B cells was assessed upon CB treatment.
Lactate dehydrogenase (LDH) was present in the cytoplasm, thus concentration of LDH in culture
medium is a common method for detecting cell membrane damage (cell membrane permeability) (Gissel
and Clausen 2001; Kumar et al. 2018). Therefore, concentration of LDH was biomarker for ensuring
normal function integrity of cell membrane. CBs caused LDH release of BEAS-2B cells at concentration of
100 µg/L at 24 h (Fig. S6). Consistent with our suppose, treatment of CBs may cause the collapse of the
cell membrane, thus the permeability of BEAS-2B cells increased.
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Disruption of cell membrane structural might lead to the loss of defense against Cd,resulting high level of
Cd in cytoplasm. In our research, high concentration of CBs suppressed the development of BEAS-2B
cells, we supposed whether CBs synergizes with Cd for apoptosis in vitro. In the research of potential
mechanism of the sequential exposure of CBs and Cd, we intentionally used sublethal doses of CBs and
Cd (100 ug/L and 1uM). To verify our hypothesis, BEAS-2B cells were pre-treated with CBs at 100 µg/L for
24 h, afterwards we replaced culture medium with Cd (1µM) for 24 h (Fig. 3A). Cytotoxicity assay was
tested with CCK-8, our data re�ected CBs synergizes with Cd effectively 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. In agreement with our hypothesis, apoptosis of BEAS-2B cells was determined by confocal assay
(PI staining) and �ow cytometric (Annexin-V FITC and PI staining). CBs and Cd increased cell death only
slightly at low concentration. Interestingly, pre-treatment of BCs signi�cantly induced cell death than Cd
alone in the experiment of �ow cytometric, 1.8 fold of SB4A and 1.7 fold of Printex U respectively
(Fig. 4S4 and S5). Similar results were observed with confocal assay (Fig. 5).

4. Combined exposure of BCs and Cd cause lung damage

PM2.5 is now public health research, mainly caused by tra�c-related pollution. 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 in�ammatory cells in�ltration (Wu et al. 2020), alveolar thickening and swelling (Ping et
al. 2016). To evaluate the in vivo effect of CBs synergizes with Cd, we used mice exposed of CBs and Cd.
As shown in Fig. 6, the histological characterization revealed the structure of lung tissue. The dispersed
particles in lung tissues could be seen in mice, the BCs and Cd treated group showed no signi�cant lung
in�ammation when compared with control group. There were no obvious in�ammatory cells in�ltration,
alveolar thickening and swelling. Interestingly, the combined exposure of BCs and Cd caused much more
signi�cant in�ammation of lung than BCs and Cd alone, verifying our suppose. The results of related
animal experiments showed that the lung tissues were signi�cantly damaged after the combined
exposure of black carbon and cadmium.

5. Synergy of CBs and Cd attributable to production of intracellular ROS

To explore the mechanism of our results, our data demonstrate that CB can signi�cantly induce the low-
dose non-toxic concentrations of Cd, pretreatment of CB signi�cantly elevate intracellular nonessential
metal ions, causing cell death with increased ROS. To con�rm the hypothesis of our hypothesis, we exam
the relatively molecular targets of BAX and BCL-2(Hassan et al. 2014; Zhang et al. 2006), serving as
clinical apoptosis biomarkers. As shown in Fig. 7, protein expression levels of BCL2 were signi�cantly
down-regulated in BEAS-2B cells treated with combined exposure of BCs and Cd. Moreover, intracellular
level of BAX was up-regulated when BEAS-2B cells were pretreated with CBs and Cd. These results also
re�ected the intracellular level of Cd play an important role for apoptosis of lung epithelial cells. It is
plausible to consider that CB synergy with Cd could signi�cantly promote lung cell damage. The
enhanced accumulation of intracellular metal ion due to CB pre-treatment, which lead to increased
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cytotoxicity and apoptosis subjected to high intracellular Cd, shown in Fig. 7B. Taken together, our data
underscore strong theoretical basis for the environmental pollutant, CB, enhancing cell damage to lung
cells. Overall, our data propose a new perspective to explore the mechanism of airborne particles synergy
with Cd.

Conclusions
To summarize, present study uncovers the cytotoxicity of CB towards lung cells, inducing cell apoptosis
at high concentration. In our research, our data demonstrate that CB can signi�cantly induce the even at
low-dose non-toxic concentrations, CB can signi�cantly elevate intracellular nonessential metal ions,
inducing cell death with increased oxidative stress. Besides, targeting molecular targets, including MT1,
BAX and BCL-2, may also serve as clinical apoptosis biomarkers of lung cells. It is plausible to consider
that CB synergy with Cd could signi�cantly promote cell damage of patients. Taken together, our data
underscore strong theoretical basis for the environmental pollutant, CB, enhancing cell damage to lung
cells. Overall, our data propose a new perspective to evacuate the risks of airborne particles synergy with
Cd.
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Figures

Figure 1

physicochemical characterization of CB nanomaterial. SEM image of CB nanomaterial SB4A and Printex
U. The scale bar is 100 nm.



Page 11/16

Figure 2

BEAS-2B cells were treated with CB nanomaterial and Cd at different for 24 h (0, 10, 50, 100, 200 μg/L for
CB nanomaterial) CCK8 assay was measured for cell viability (2A, B and C). Cell viability of BEAS-2B cells
after treatment of CBs and Cd or combination of both (2D). The experiment was repeated �ve times, and
data are reported as the means ± SD.



Page 12/16

Figure 3

Cellular status of BEAS-2B cells after treatment of CB materials. (3A) The experimental processes of
combination exposure of both CB materials. (3B) Morphological changes of the cells after exposure to
CBs and Cd or combination of both CB materials.
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Figure 4

Synergistic apoptosis of CBs and Cd on BEAS-2B cells. Flow cytometry assay of apoptosis in BEAS-2B
cells after treatment of CBs, Cd and combination of both.
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Figure 5

Synergistic apoptosis of CBs and Cd on BEAS-2B cells. Phasecontrast images with PI staining of BEAS-
2B cells after treatment of CBs, Cd and combination of both.
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Figure 6

Histological examination of the Cd with or without CBs pretreatment mice. Mice were exposed to various
particles followed by histological examination of the lungs.
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Figure 7

High intracellular concentration of Cd increased apoptosis with CB pre-treatment. (7A) ROS was
increased with combination of CBs and Cd (7B) Gene expression of MT-1 in BEAS-2B cells that were pre-
treated with after treatment of CBs, Cd and combination of both (n = 5). ) (7C) Protein levels of BAX and
BCL-2 in BEAS-2B cell lines after treatment of Cd with or without CBs pretreat.
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