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Abstract: Cadmium (Cd) is a heavy metal and environmental toxin. Exposure to Cd has
been associated with a variety of human cancers. In this study, we performed in vitro assays
to examine the effects of cadmium chloride (CdCl2) on A549 cells, a human lung
adenocarcinoma cell line. Cd does not affect proliferation, migration, or apoptosis of
A549 cells at concentrations of 0.1-10 pM. At 0.5 and 1 uM, Cd increases the expression of
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vascular endothelial growth factor (VEGF) (p < 0.05, p < 0.01, respectively), but not basic
fibroblast growth factor (b-FGF) in A549 cells. The conditioned media were collected from
the A549 cells treated with 1 uM Cd and were co-cultured with human umbilical vein
endothelial cells (HUVECSs). Upon treatment with the conditioned media, the proliferation
and migration of HUVECs significantly increased (p < 0.01, p < 0.05, respectively),
while apoptosis remained unchanged. In addition, 1 uM Cd increases the level of hypoxia
inducible factor 1-a (HIF1-a)), which is a positive regulator of VEGF expression. Although
low-dose Cd does not directly affect the growth of lung adenocarcinoma cells, it might
facilitate the development of tumors through its pro-angiogenic effects.
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1. Introduction

Lung cancer is a leading cause of cancer deaths worldwide [1]. Adenocarcinoma, arising from the
epithelial cells of the small bronchi or bronchioles and typically peripherally located, is one of the four
major histological types of lung cancer and has a wide spectrum of clinical and molecular features [2].
Over the past few decades, the incidence of adenocarcinoma has increased to be the most common type
of lung cancer, accounting for about 50% of non-small cell lung cancers (NSCLC) [3]. Due to its
unknown developmental mechanism, early metastasis, and insensitivity to radiation and chemotherapy,
the five-year survival rate of lung adenocarcinoma is low [4].

Cadmium (Cd) is a toxic heavy metal that is widely used in industries that produce batteries and
fertilizers [5]. It was classified as a carcinogen by the International Agency for Research on Cancer in
1993 [6]. Diet, cigarette smoking, and occupational exposure are the main sources of Cd exposure in
humans [5,7]. Once absorbed, Cd travels in the body through the blood circulation, then distributes all
over the body before accumulating in the liver and kidney [8,9]. The mechanisms of Cd-induced
carcinogenesis has been demonstrated to involve multiple processes including aberrant gene expression,
inhibition of DNA damage repair, induction of oxidative stress, and inhibition of apoptosis, depending
on the dose, route, and duration of exposure [10—12]. A correlation between Cd exposure and
adenocarcinoma is found in rodent inhalation studies, which demonstrate that a variety of Cd compounds
produce dose-dependent increases in pulmonary adenocarcinomas [6]. /n vitro, Cd induces inflammatory
and proliferative responses in lung adenocarcinoma cells [13]. Since Cd has been observed to have
biphasic effects depending on the experimental settings, it is not clear how Cd might affect the
progression of lung adenocarcinoma.

Angiogenesis, the formation of new blood vessels from the preexisting vasculature, plays an essential
role in the growth, invasion, and metastasis of solid tumors [14,15]. Under hypoxic conditions,
tumor cells can secrete several angiogenic factors such as vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF) into the tumor microenvironment [16]. These growth factors
bind to their receptors on endothelial cells, including VEGF receptor 2 and FGF receptor 1, and promote
endothelial cell proliferation, migration, and survival [17]. The effect of Cd on tumor angiogenesis is
still controversial. Vascular endothelium could be a primary target of Cd toxicity [9,18-20]. In addition,
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Cd impairs the capability of human breast cancer cells to induce angiogenesis [21]. However,
Cd at concentrations of 5 and 10 uM increases VEGFR2 activity and tube formation in endothelial cells [22].
To date, little is known about the effects of Cd on the angiogenic potential of lung adenocarcinoma cells.

In this study, A549 cells, a human lung adenocarcinoma cell line, were treated with a range of
concentrations of Cd, and assayed for proliferation, migration, and apoptosis. Cd-induced expression
and secretion of VEGF and b-FGF were also examined. The conditioned media derived from A549 cells
treated with Cd were collected and co-cultured with human umbilical vein endothelial cells (HUVEC:),
which were later examined for angiogenic activities. We found that 1 pM Cd specifically upregulates
VEGF expression and secretion in A549 cells, which consequently increases HUVEC proliferation and
migration. In addition, 1 pM Cd increases hypoxia inducible factor 1-a (HIF1-a) in A549 cells.
This study provides insights for understanding the effects of low-dose Cd on the development of lung
adenocarcinoma.

2. Experimental Section
2.1. Cell Culture

The human lung adenocarcinoma A549 cell line was purchased from Cell Resource Center of Life
Sciences (Shanghai, China) and cultured in an RPMI 1640 medium (Corning Inc., Corning, NY, USA)
containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. HUVECs were purchased
from American Type Culture Collection (Manassas, VA, USA) and cultured in EBM-2 medium
supplemented with EGM-2 Single Quotes (Lonza, Walkersville, MD, USA) with 100 U/mL penicillin
and 100 pg/mL streptomycin. All the cells were maintained in a humidified atmosphere of 5% CO: at
37 °C and passaged twice a week by treating with 0.25% trypsin-EDTA (Life technologies, Gibco, CA,
USA). CdCl2 was purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Cell Proliferation Assay

A549 cells’ and HUVECs’ proliferation was evaluated by an MTT assay kit (Cayman Chemical
Company, Ann Arbor, MI, USA) following the manufacturer’s recommended protocol. Briefly,
cells were seeded at a density of 5 x 10° cells/well in a 96-well plate and cultured overnight.
After treatment with CdCl: or conditioned media, cells were washed with PBS and then MTT solution
(10 pL of 5 mg/mL) was added to each well for 4 h. After the addition of 100 uL of Crystal Dissolving
Solution, the formazan crystals were solubilized and the colorimetric intensity was analyzed using a
96-well plate reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 570 nm.
Each experiment was repeated four times.

2.3. Wound-Healing Assay

A wound-healing assay was used to assess the migration process [23]. A549 cells were seeded at a
density of 3 x 10° cells/mL in six-well flat-bottom plates and allowed to adhere overnight.
At 90% confluence, wounds were made using a 10-pL pipette tip and the wells were washed twice with
PBS to remove cellular debris. Then fresh medium with different concentrations of CdCl2 (0, 0.1, 0.5,
1, 5, and 10 uM) was added, and photographs were taken immediately (time zero) through an inverted
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microscope (Leica, Wetzlar, Germany). A549 cells were allowed to migrate for 12 h and photographed
again. The experiments were carried out four times. Measurements were performed on digital images
using the ImageJ software (NIH, Bethesda, MD, USA). At least 10 images per treatment were analyzed.

2.4. Annexin V-FITC/PI Analyses

Apoptosis of A549 cells and HUVECs was detected by Annexin V-FITC and propidium iodide (PI)
staining using an assay kit (Neobiosciences, Shenzhen, China) according to the manufacturer’s protocol.
Briefly, cells were pelleted and washed twice with PBS. Then, 1 x 10° cells were resuspended in binding
buffer. The single cells were stained with Annexin V-FITC (0.025%) for 3 min and PI (20 ug/mL) for
10 min in the dark. Detection of positive staining cells was performed using a FACS Aria™ 1II flow
cytometer (BD Biosciences, San Jose, CA, USA). The data were analyzed by the FACSDiva acquisition
and analysis software.

2.5. Quantitative Real-Time PCR (qRT-PCR)

A549 cells were collected after CdCl2 treatment by Trizol (Invitrogen, Carlsbad, CA, USA).
RNA isolation were performed using the Total RNA Kit I (OMEGA, Norcross, GA, USA) and cDNA
synthesis was performed using the RevertAid First strand cDNA Synthesis kit (Thermo Fisher,
Grand Island, NY, USA). qRT-PCR was performed using a ViiA7 Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA). Reaction conditions were: 95 °C for 5 min, 40 cycles of 95 °C for
10 s, and 60 °C for 32 s. All PCR reactions were repeated in triplicate. Relative expression was calculated
using GAPDH as an endogenous internal control. The primer sequences are summarized in Table 1.

Table 1. qRT-PCR primer sequences.

Gene Sequence Size (bp) Tm (°C)
VEGFA
Sense AAAGGGAAAGGGGCAAAAACGAA 110 60.5
Anti-sense AGGAACATTTACACGTCTGCGG
b-FGF
Sense AGCGACCCTCACATCAAG 106 61
Anti-sense ATCTTCCATCTTCCTTCATAGC
GAPDH
Sense TGATGACATCAAGAAGGTGGTGAAG 240 60
Anti-sense TCCTTGGAGGCCATGTGGGCCAT

Notes: All sequences are in the 5° to 3’ orientation; bp: base pair; Tm: temperature.
2.6. Western Blotting

A549 cells were washed with PBS and lysed in ice-cold RIPA buffer (20 mMTris pH 7.5,
150 mMNacCl, 50 mMNaF, 1% NP40, 0.1% DOC, 0.1% SDS, 1 mM EDTA, 1 mM PMSF, 1 ug/mL
leupeptin). Protein concentration was determined using the BCA assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein were separated by SDS-PAGE (10% polyacrylamide gel) and transferred on
to a PVDF membrane. PVDF membranes were blocked with 2.5% BSA and incubated overnight with a
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primary antibody in PBS-T at 4 °C. Primary antibodies were rabbit anti-VEGF (1:1000;
Abcam, Cambridge, MA, USA), anti-HIF-1a (1:250; Proteintech, Wuhan, China), anti-GAPDH
(1:2000; Cell Signaling Technology, Beverly, MA, USA) and anti-B-actin (1:6000; Proteintech).
Immunoreactivity was visualized with HRP-conjugated secondary antibodies and chemiluminescence
(ECL kit, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Densitometry analysis was performed with
Imagel software (NIH).

2.7. ELISA

A549 cells were grown into confluence and applied with serum/growth factor-free media containing
1 uM CdClz. After 12 h exposure, the media were collected for detection of VEGF or bFGF protein level
using human VEGF Quantikine ELISA kit or human FGF basic Quantikine ELISA (R&D systems,
Minneapolis, MN) following the manufacturer’s protocol. The measurements were performed four times
(n=4).

2.8. Preparation of Tumor-Conditioned Medium (CM)

A549 cells were seeded at a density of 5 x 10° cells/ml in a 65-mm dish with 1640 medium containing
10% FBS overnight. The medium was replaced with serum-free EMB2 medium with/without
1 uM CdClz and the cells were incubated for 12 h. The CM was collected and filtered with a 0.2-um
filter. The aliquots were stored at —80 °C in a freezer.

2.9. Electric Cell-Substrate Impedance Sensing (ECIS) Analysis

A real-time wound healing assay was performed using the ECIS technique (ECIS model 1600;
Applied Biophysics, Troy, NY, USA) [24]. Briefly, eight-well ECIS arrays (§W10E+) were first coated
with fibronectin (Invitrogen). Then, HUVECs were plated at a density that would allow for formation
of confluent mono-layers directly on top of the electrodes. After treatment with control and
Cd-conditioned media, AC current was given to the electrodes and the cells on the electrodes were
killed. The viable cells surrounding the electrodes migrated into the wounded areas and the migration was
measured by recording the trans-endothelial electrical resistance (TEER). Data plots are representative of
triplicate experiments.

2.10. Statistical Analysis

The data are expressed as the mean + standard error. The difference between the two groups was
evaluated using a Student’s #-test (two-tailed). All statistical analyses were performed using SPSS 17.0
statistical software (SPSS Inc., Chicago, IL, USA). A p value < 0.05 was considered significant.
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3. Results

3.1. Low Dose of Cd Has No Significant Effect on Proliferation, Migration, and Apoptosis of A549
Cells

Cd affects the cellular function of multiple types of cells depending on the dose and exposure
time [25-28]. To examine the effects of Cd on A549 cells, CdCl: at the concentrations of 0.1, 0.5, 1, 5,
and 10 uM was applied to the cell culture. MTT assay was performed to determine cell proliferation.
We found that 24-h Cd treatment did not significantly change AS549 cells’ proliferation at all
concentrations (Figure 1A). Cell migration was evaluated by a wound healing assay, and the wound
closure rates were largely unchanged in all Cd-treated groups of A549 cells (Figure 1B, 1C). In addition,
apoptosis was measured with Annexin V-FITC/PI double-labeled flow cytometry. The apoptotic rate
was calculated as the percentage of the early and late apoptotic cells. As shown in Figure 1D and 1E,
no significant change in the apoptotic rate was observed in Cd-treated A549 cells. Thus, up to 10 uM,
Cd treatment does not affect A549 cell proliferation, migration, and apoptosis.
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Figure 1. Proliferation, migration, and apoptosis of A549 cells with Cd treatment. (A) MTT
assay of A549 cells treated with low concentrations (0-10 pM) of CdCl.. n = 6, n.s.,
non-significant. (B) Representative images of wound healing assay of A549 cells with Cd
treatment. Dashed lines indicate 0 h and solid lines indicate 12 h. (C) Bar graph of wound
closure rate of A549 cells. n = 10. (D) Representative image of flow cytometry with
AnnexinV/PI double-staining for A549 cells treated with Cd. (E) Bar graph of A549 cell
apoptotic rate following flow cytometry. n = 3.
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3.2. Low-Dose Cd Upregulates VEGF but Not b-FGF Expression in A549 Cells

VEGEF and b-FGF signaling are the fundamental regulators of angiogenesis [29]. We examined the
expression level of VEGF and b-FGF mRNA in A549 cells treated with different doses of Cd.
When cells were exposed to Cd concentrations of 0.5 uM and 1 pM, the expression of VEGF mRNA
significantly increased (0.5 uM: 1.52 + 0.17-fold, p < 0.05; 1 uM: 2.5 + 0.39-fold, p < 0.01), whereas it
is not significantly affected at 0.1 uM, 5 uM, and 10 puM of Cd treatment (0.1 uM: 1.07 £ 0.04-fold,
p = 0.05; 5 uM: 1.53 + 0.51-fold, p = 0.154; 10 uM: 1.11 + 0.23-fold, p = 0.468) (Figure 2A).
At all concentrations, Cd treatment did not significantly change the mRNA levels of b-FGF in A549
cells (Figure 2B). The concentration of 1 uM Cd was used for the later experiments as it induced the
greatest increase of VEGF mRNA expression in A549 cells.

To examine the effect of Cd on VEGF and b-FGF secretion, A549 cells were treated with 1 uM Cd
in serum free media for 12 h, and the media were collected for ELISA. We found that the level of VEGF
protein in the media was significantly increased (1.58 £ 0.11-fold, p < 0.01) (Figure 2C), while the level
of b-FGF protein remained unchanged (1.05 £ 0.14-fold, p = 0.74) (Figure 2D). In addition, the lysate
of A549 cells treated with 1 uM Cd was collected for examination of the cellular protein level of VEGF
by Western blotting. As shown in Figure 2E, VEGF protein is increased in Cd-treated cells and the
increase was verified by densitometry analysis (Control: 1.11 £+ 0.13; Cd: 1.79 = 0.17, p < 0.05)
(Figure 2F). These results indicate that] uM Cd increases both the expression and secretion of VEGF in
AS549 cells.
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Figure 2. The effects of Cd on VEGF and b-FGF expression in A549 cells. (A) Relative VEGF
mRNA expression in A549 cells treated with CdCl> for 24 h by qRT-PCR. n = 4; ns.,
non-significant; *, p <0.05; **, p <0.01. (B) Relative b-FGF mRNA expression in A549 cells
treated with CdCl: for 24 h by qRT-PCR. n = 4; n.s., non-significant. (C) Relative VEGF
secretion of A549 cells treated with 1 uM Cd for 24 h. n =4; ** p <0.01. (D) Relative b-FGF
secretion of A549 cells treated with 1 uM Cd for 24 h. n = 4; n.s., non-significant.
(E) Representative immunoblot of VEGF and GAPDH in A549 cells treated with 1 uM Cd for
24 h. (F) Densitometry analyses of the blots of VEGF/GAPDH. n = 3;*, p <0.05.
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3.3. Conditioned Media Derived from Cd-Treated A549 Cells Promotes Endothelial Cell Proliferation
and Migration

Stimulation of endothelial cells by tumor cell-secreted angiogenic growth factors is an crucial step in
angiogenesis [18]. Conditioned media (CM) from tumor cells has been widely used in in vitro
angiogenesis assays to mimic in vivo angiogenesis events [30]. The confluent A549 cells were treated
with 1 uM Cd in serum free media for 12 h, and the media were collected for co-culture with HUVECs.
The CM from A549 cells without Cd treatment was used as a control. After being challenged with the
Cd for 12 h, HUVECs were assessed using the MTT assay, which indicated that Cd CM significantly
elevated HUVEC proliferation (1.25 + 0.06, p < 0.01) (Figure 3A). To accurately evaluate the progress
of cell migration, we employed ECIS system, which detects real-time resistance caused by endothelial
cell migration. The transendothelial resistance of HUVECs was significantly increased in Cd CM
(1.64 £ 0.19, p < 0.05), suggesting that cell migration is increased by secretions of A549 cells treated
with Cd. We also examined apoptosis of HUVECs treated with conditioned media by Annexin
V-FITC/PI double-labeled flow cytometry. As shown in Figure 3B and C, the apoptotic rates were
similar in HUVECs treated with control and Cd CM (Control CM: 23.27 + 2.17%; Cd CM:
24.37 + 2.24%, p = 0.742). Taken together, Cd-treated A549 cell CM promotes proliferation and
migration, but does not affect apoptosis of endothelial cells.

3.4. Low-Dose Cd Increases HIF-1o0. in A549 Cells

The expression of VEGF is activated by HIF-1, a transcription factor which regulates the cellular
responses to hypoxia [31]. HIF-1 is a heterodimeric basic helix-loop-helix protein, which consists of a
regulatory subunit, HIF-10, increasing under hypoxic conditions, and a constitutively expressed subunit,
HIF-1B [32]. By Western blotting, we found that 1 uM Cd significantly elevated the level of HIF-a in
A549 cells (Figure 4A.B, p < 0.05). Thus, low-dose Cd might upregulate VEGF expression by
accumulating HIF-1a protein in A549 cells.

4. Discussion

Cd exposure causes a series of severe clinical symptoms and has been proven to be a lung carcinogen [5].
However, its effects on the progression of lung adenocarcinoma are not clear. In this study,
we found that Cd does not affect A549 cell proliferation, migration, and apoptosis at concentrations up
to 10 uM. In addition, low-dose Cd upregulates the expression and secretion of the angiogenic factor
VEGF, but not b-FGF. The conditioned media from Cd-treated A549 cells stimulates endothelial
proliferation and migration. Thus, low-dose Cd might facilitate the development of lung adenocarcinoma
through its pro-angiogenesis effects.
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Figure 3. The effects of a Cd-treated A549 cells-derived conditioned medium (CM) on
HUVECs. (A) MTT assay for HUVECs cells treated with Cd CM. n = 6; **, p <0.01.
(B) Real-time transendothelial electrical resistance (TEER) measurement of HUVEC
monolayer treated with Cd CM. (C) Bar graph of the mean percentage of TEER. n = 4;
* p <0.05. (D) Representative image of flow cytometry with AnnexinV/PI double-staining
for HUVEC: treated with Cd CM. (E) Bar graph of apoptotic rate of HUVECs following
flow cytometry. n = 3; n.s., non-significant.



Int. J. Environ. Res. Public Health 2015, 12 10517

A B = 2.5-
Control Cd § 2.0
HIF-10 === g & 1.5
: =
_ - 1.01
B-actin g = 0.5
: T
Control Cd

Figure 4. The effects of Cd on HIF-1a in A549 cells. (A) Representative immunoblot of
HIF-1a and B-actin in 1 pM Cd-treated A549 cells for 24 h. (B) Densitometry analyses of
the blots of HIF-10/B-actin. n = 3; *, p < 0.05.

Cd is not biodegradable and persists in the body after intake. Prolonged exposure to Cd causes
cytotoxity due to its accumulation in a variety of cell types over time. Short-term Cd exposure affects
cell cycle, proliferation, differentiation, DNA replication, and repair, as well as apoptotic pathways.
In epithelial cells, Cd alters the cellular homeostasis of secondary messengers, such as reactive oxygen
species (ROS) and Ca®". Cd also activates gene expression of c-myc and c-Jun, and inhibits tumor
suppressor genes such as p53 and p27 [33,34]. Depending on the experimental settings, Cd usually
induces disruption of cellular functions at a higher dose or longer exposure time, e.g., Cd upregulates
the proliferative responses of A549 cells after 72 h of exposure [13]. In the human body, short-term and
low-dose exposure to Cd is more common. Our study showed no significant effects on cell proliferation,
migration, and apoptosis when A549 cells were exposed to 0 to 10 uM Cd for 24 h. This suggests that
a low dose of Cd might not have direct effects on the growth of lung adenocarcinoma.

The rapid proliferation and metastatic nature of tumor cells rely upon support from tumor blood
vessels in the form of angiogenesis [35]. VEGF plays a critical role in angiogenesis, and has been found
to be expressed in various human lung cancers including lung adenocarcinoma [36]. By increasing
vascular permeability, VEGF allows leakage of multiple plasma proteins, some of which degrade the
extracellular matrix to create space for cell growth and migration [37]. VEGF is also a potent mitogen
for endothelial cells, which proliferate and migrate into the tumor to form new capillaries [38].
In addition, VEGF serves as a survival factor and inhibits apoptosis of endothelial cells of the newly
formed vasculature [39]. Basic FGF is another pro-angiogenic factor that potently stimulates endothelial
cell proliferation [40]. A549 cells secrete VEGF and b-FGF [41]. In this study, we found that a low dose
of Cd specifically upregulates expression and secretion of VEGF. Expression of VEGF is regulated by
a collection of transcription factors, one of which is HIF-1a [31]. Cd inhibits HIF-1a activities in several
cell types; however, it elevates HIF-1a expression through ROS, ERK, and AKT signaling pathways in
human bronchial epithelial cells [8]. Our study demonstrates that low-dose Cd increases the protein level
of HIF-1a. Thus, HIF-1a might mediate Cd-induced upregulation of VEGF.

At the beginning of angiogenesis, VEGF binds to its receptor VEGFR2 on the membrane of
endothelial cells [17]. VEGFR?2 is phosphorylated and activates the downstream intracellular pathways
that promote endothelial cell proliferation, migration, and survival [42]. In our study, we found that
conditioned media collected from Cd-treated A549 cells promotes proliferation and migration of
HUVECs, which might be the result of a higher level of VEGF and/or other ingredients in the
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conditioned medium. The conditioned medium did not inhibit endothelial cell apoptosis, possibly due to
the relatively short co-culture time. The conditioned medium contains Cd, which may have an effect on
endothelial cells by direct interaction. However, previous studies indicated that Cd induces cytotoxicity
on HUVEC: only at a concentration above 10 uM [43]. We have also reported that 4 uM Cd does not
alter HUVEC growth and viability up to 48 h [9]. Therefore, the altered growth and migration of
endothelial cells were likely induced by segregates from A549 cells, not by Cd itself.

In summary, we demonstrate that a low dose of Cd specifically upregulates VEGF expression,
which might subsequently promote endothelial cell proliferation and migration. Our study suggests that
low-dose exposure to Cd might facilitate the growth of lung adenocarcinoma by promotion of
angiogenesis, and thus provides information important to environmental regulations and occupational
protection, as well as chemotherapy of human lung adenocarcinoma.

5. Conclusions

Low-dose Cd does not affect proliferation, migration, or apoptosis of lung adenocarcinoma cells,
but specifically upregulates the expression and secretion of VEGF. Although low-dose Cd has no direct
effects on the growth of lung adenocarcinoma cells, it might facilitate the development of tumors through
its pro-angiogenic effects.

Acknowledgements

This study was supported by grants from the Science and Technology Development Plan of Shandong
Province (2013GSF11805) and a Shandong Taishan Scholarship (to Ju Liu).

Author Contributions

Ju Liu, Youichiro Wada, Carolyn M. Kapron, and Yan Li conceived and designed the experiments;
Fuhong Liu, Bei Wang, Yan Li, Fengyun Dong, Liqun Li, Xiaocui Chen, and Xiuzhen Dong performed the
experiments; Bei Wang and Fuhong Liu analyzed the data; and Ju Liu, Yan Li, and Carolyn M. Kapron
wrote the paper.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 2014, 64, 9-29.

2. Kadara, H.; Kabbout, M.; Wistuba, II. Pulmonary adenocarcinoma: A renewed entity in 2011.
Respirology 2012, 17, 50—65.

3. Simon, G.; Ginsberg, R.J.; Ruckdeschel, J.C. Small-cell lung cancer. Chest Surg. Clin. N. Amer.
2001, /7, 165-188.

4. Ren, Y. Li, Y. Tian, D. Role of the abcel gene in human lung adenocarcinoma. Oncol. Rep. 2012,
27,965-970.



Int. J. Environ. Res. Public Health 2015, 12 10519

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Jarup, L.; Berglund, M.; Elinder, C.G.; Nordberg, G.; Vahter, M. Health effects of cadmium
exposure—A review of the literature and a risk estimate. Scand. J. Work Environ. Health 1998, 24
1-51.

International Agency for Research on Cancer. Cadmium and cadmium compounds. JARC Monogr.
Eval. Carcinog. Risks Hum. 1993, 58, 119-237.

Jarup, L.; Akesson, A. Current status of cadmium as an environmental health problem. Toxicol.
Appl. Pharmacol. 2009, 238, 201-208.

Jing, Y.; Liu, L.Z,; Jiang, Y.; Zhu, Y.; Guo, N.L.; Barnett, J.; Rojanasakul, Y.; Agani, F.; Jiang, B.H.
Cadmium increases Hif-1 and Vegf expression through ros, erk, and akt signaling pathways and induces
malignant transformation of human bronchial epithelial cells. Zoxicol. Sci. 2012, 125, 10-19.

Dong, F.; Guo, F.; Li, L.; Guo, L.; Hou, Y.; Hao, E.; Yan, S.; Allen, T.D.; Liu, J. Cadmium induces
vascular permeability via activation of the p38 MAPK pathway. Biochem. Biophys. Res. Commun.
2014, 450, 447-452.

Satarug, S.; Garrett, S.H.; Sens, M.A.; Sens, D.A. Cadmium, environmental exposure, and health
outcomes. Environ. Health Perspect. 2010, 118, 182—190.

Joseph, P. Mechanisms of cadmium carcinogenesis. Toxicol. Appl. Pharmacol. 2009, 238, 272-279.
Waisberg, M.; Joseph, P.; Hale, B.; Beyersmann, D. Molecular and cellular mechanisms of cadmium
carcinogenesis. Toxicology 2003, 192, 95-117.

Kundu, S.; Sengupta, S.; Bhattacharyya, A. Egfr upregulates inflammatory and proliferative
responses in human lung adenocarcinoma cell line (A549), induced by lower dose of cadmium
chloride. Inhal. Toxicol. 2011, 23, 339-348.

Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182-1186.
Eberhard, A.; Kahlert, S.; Goede, V.; Hemmerlein, B.; Plate, K.H.; Augustin, H.G. Heterogeneity
of angiogenesis and blood vessel maturation in human tumors: Implications for antiangiogenic
tumor therapies. Cancer Res. 2000, 60, 1388—1393.

Rofstad, E.K.; Halsor, E.F. Vascular endothelial growth factor, interleukin 8, platelet-derived
endothelial cell growth factor, and basic fibroblast growth factor promote angiogenesis and
metastasis in human melanoma xenografts. Cancer Res. 2000, 60, 4932-4938.

Shibuya, M. Structure and function of VEGF/VEGF-receptor system involved in angiogenesis.
Cell. Struct. Funct. 2001, 26, 25-35.

Ye, J.; Yuan, L. Inhibition of p38 MAPK reduces tumor conditioned medium-induced angiogenesis
in co-cultured human umbilical vein endothelial cells and fibroblasts. Biosci. Biotechnol. Biochem.
2007, 71, 1162—-1169.

Kolluru, G.K.; Tamilarasan, K.P.; Geetha Priya, S.; Durgha, N.P.; Chatterjee, S. Cadmium induced
endothelial dysfunction: Consequence of defective migratory pattern of endothelial cells in
association with poor nitric oxide availability under cadmium challenge. Cell. Biol. Int. 2006, 30,
427-438.

Helmestam, M.; Stavreus-Evers, A.; Olovsson, M. Cadmium chloride alters MRNA levels of
angiogenesis related genes in primary human endometrial endothelial cells grown in vitro.
Reprod. Toxicol. 2010, 30, 370-376.



Int. J. Environ. Res. Public Health 2015, 12 10520

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pacini, S.; Punzi, T.; Morucci, G.; Gulisano, M.; Ruggiero, M. A paradox of cadmium:
A carcinogen that impairs the capability of human breast cancer cells to induce angiogenesis.
J. Environ. Pathol. Toxicol. Oncol. 2009, 28, 85-88.

Kim, J.; Lim, W.; Ko, Y.; Kwon, H.; Kim, S.; Kim, O.; Park, G.; Choi, H.; Kim, O. The effects of
cadmium on vegf-mediated angiogenesis in huvecs. J. Appl. Toxicol. 2012, 32, 342—-349.

Guo, L.; Dong, F.; Hou, Y.; Cai, W.; Zhou, X.; Huang, A.L.; Yang, M.; Allen, T.D.; Liu, J.
Dihydroartemisinin inhibits vascular endothelial growth factor-induced endothelial cell migration
by a p38 mitogen-activated protein kinase-independent pathway. J. Pharmacol. Exp. Ther. 2014, 8,
1707-1712.

Dong, F.; Zhou, X.; Li, C.; Yan, S.; Deng, X.; Cao, Z.; Li, L.; Tang, B.; Allen, T.D.; Liu, J.
Dihydroartemisinin targets Vegfr2 via the NF-KAPPAB pathway in endothelial cells to inhibit
angiogenesis. Cancer Biol. Ther. 2014, 15, 1479—1488.

Jiang, G.; Duan, W.; Xu, L.; Song, S.; Zhu, C.; Wu, L. Biphasic effect of cadmium on cell
proliferation in human embryo lung fibroblast cells and its molecular mechanism. Toxicol. In Vitro
2009, 23, 973-978.

Siewit, C.L.; Gengler, B.; Vegas, E.; Puckett, R.; Louie, M.C. Cadmium promotes breast cancer cell
proliferation by potentiating the interaction between eralpha and C-JUN. Mol. Endocrinol. 2010,
24, 981-992.

Liu, J.; Kapron, C.M. Differential induction of map kinase signalling pathways by cadmium in
primary cultures of mouse embryo limb bud cells. Reprod. Toxicol. 2010, 29, 286-291.

Li, L.; Dong, F.; Xu, D.; Du, L.; Yan, S.; Hu, H.; Lobe, C.G.; Yi, F.; Kapron, C.M.; Liu, J. Short-
term, low-dose cadmium exposure induces hyperpermeability in human renal glomerular
endothelial cells. J. Appl. Toxicol. 2015, doi:10.1002/jat.3168.

Farhat, F.S.; Tfayli, A.; Fakhruddin, N.; Mahfouz, R.; Otrock, Z.K.; Alameddine, R.S.; Awada, A.H.;
Shamseddine, A. Expression, prognostic and predictive impact of VEGF and BFGF in non-small
cell lung cancer. Crc Crit. Rev. Oncol. Hematol. 2012, 84, 149-160.

Liu, J.; Yuan, L.; Molema, G.; Regan, E.; Janes, L.; Beeler, D.; Spokes, K.C.; Okada, Y.; Minami, T.;
Oettgen, P.; et al. Vascular bed-specific regulation of the von willebrand factor promoter in the heart
and skeletal muscle. Blood 2011, 117, 342-351.

Forsythe, J.A.; Jiang, B.H.; Iyer, N.V.; Agani, F.; Leung, S.W.; Koos, R.D.; Semenza, G.L.
Activation of vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1.
Meth. Mol. Cell. Biol. 1996, 16, 4604—4613.

Semenza, G.L.; Agani, F.; Booth, G.; Forsythe, J.; Iyer, N.; Jiang, B.H.; Leung, S.; Roe, R.; Wiener, C.;
Yu, A. Structural and functional analysis of hypoxia-inducible factor 1. Kidney Int. 1997, 51, 553-555.
Jin, P.; Ringertz, N.R. Cadmium induces transcription of proto-oncogenes C-JUN and C-MYC in
rat 16 myoblasts. J. Biol. Chem. 1990, 265, 14061-14064.

Fang, M.Z.; Mar, W.; Cho, M.H. Cadmium affects genes involved in growth regulation during
two-stage transformation of BALB/3t3 cells. Toxicology 2002, 177, 253-265.

Hida, K.; Kawamoto, T.; Ohga, N.; Akiyama, K.; Hida, Y.; Shindoh, M. Altered angiogenesis in the
tumor microenvironment. Pathol. Int. 2011, 61, 630-637.

IThan, N.; Ilhan, N.; Deveci, F. Functional significance of vascular endothelial growth factor and its
receptor (Receptor-1) in various lung cancer types. Clin. Biochem. 2004, 37, 840—-845.



Int. J. Environ. Res. Public Health 2015, 12 10521

37.

38.

39.

40.

41.

42.

43.

Ferrara, N. Vascular endothelial growth factor as a target for anticancer therapy. The oncologist
2004, 9, 2-10.

Ferrara, N.; Gerber, H.P.; LeCouter, J. The biology of Vegf and its receptors. Nature Med. 2003, 9,
669—676.

Alon, T.; Hemo, L.; Itin, A.; Pe’er, J.; Stone, J.; Keshet, E. Vascular endothelial growth factor acts
as a survival factor for newly formed retinal vessels and has implications for retinopathy of
prematurity. Nature Med. 1995, 1, 1024—1028.

Liu, J.; Deutsch, U.; Jeong, J.; Lobe, C.G. Constitutive notch signaling in adult transgenic mice
inhibits BFGF-induced angiogenesis and blocks ovarian follicle development. Genesis 2014, 52,
809-816.

Shenberger, J.S.; Zhang, L.; Powell, R.J.; Barchowsky, A. Hyperoxia enhances VEGF release from
a549 cells via post-transcriptional processes. Free Radical Biol. Med. 2007, 43, 844—852.
Brekken, R.A.; Thorpe, P.E. Vascular endothelial growth factor and vascular targeting of solid
tumors. Anticancer Res. 2001, 21, 4221-4229.

Prozialeck, W.C.; Edwards, J.R.; Woods, J.M. The vascular endothelium as a target of cadmium
toxicity. Life Sci. 2006, 79, 1493—1506.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



