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Abstract
In vitro human alveolar models provide a platform to investigate the cellular behavior and activity of
human lung cells for toxicity assays. However, there has been relatively rare research on the new human
alveolar epithelial cell line (hAELVi) for the toxicity induced by heavy metal ions. In this study, hAELVi cells
were exposed to various concentrations of Cd, As, and Zn for 24h. The morphological changes of hAELVi
cells were observed after exposure to heavy metals. A high concentration of Cd, As, and Zn led to cell
death. However, the cytotoxicity was not re�ected by the transepithelial electrical resistance (TEER) value
after exposure to 250 μM of As and Zn. In addition, Cd at a concentration of 200 μM induced the
signi�cant production of TNF-α whereas As and Zn did not induce observable secretion of the cytokine.
On the contrary, a high concentration of Cd, As, and Zn inhibited the production of IL-6. In addition, there
is not a direct relationship between the metal ion cytotoxicity and the ROS production in the hAELVi cells.
Accordingly, this study contributes to elucidating the cytotoxicity, TEER variation, ROS production, and
cytokine secretion of hAELVi cells to acute exposure to heavy metal in vitro. The discrepancy between the
cytotoxicity and the TEER result suggests that hAELVi cell cultured on permeable membrane exhibit very
different behavior, which is worth pursuing.

Introduction
Ambient particulate matters (PM) have critical impacts on air quality deterioration. 1. PM is an aggregate
of a particle and a large number of chemicals and metal materials, and the compositions of PM can
differ by time and place 2. Several studies have indicated that elevated concentrations of inhalable
particles were associated with increased respiratory diseases 3–5. Epidemiological studies have shown
that increases in the ambient nickel (Ni) and vanadium (V) concentrations are signi�cantly associated
with an increased probability of wheezing in young children 6. Increasing concentrations of ambient zinc
(Zn) and iron (Fe) have been associated with decrements in lung function indices (FEV1/FVC) in chronic
obstructive pulmonary disease (COPD) subjects 7. Increases in ambient Zn have been associated with
increases in asthma emergency department visits 8.

To date, ambient PM pollution is still one of the most concerning environmental issues in Taiwan. In a
report by Chen et al., the authors investigated the concentrations and metal compositions of PM2.5 and
PM2.5–10 in Yunlin County, Taiwan, during air quality deterioration. The total mean concentrations of
metals (such as Cd, Sb, Zn, Pb, Se, As, Mo, Cu, Cr, and Ni) with anthropogenic sources in �ne and coarse
particles during the episode period were ~1.5 times higher than those during the non-episode period. The
mean value of �ne-size As (6.67 ng/m3) obtained from the episode period exceeds the air quality
standards in the European Union (6 ng/m3) 9. Previous studies have shown that toxic metals (Cd and As)
are associated with respiratory diseases. The fumes or gaseous forms of cadmium (Cd) may lead to
acute chemical pneumonitis and pulmonary edema or acute tracheobronchitis 10. Cd inhibits the
synthesis and expression of in�ammatory cytokines like IL-1β, IL-4, IL-6, TNF-α, IFN-γ, and ICAM-1leading
to the prevalence of asthma 11. Chronic exposure to arsenic (As) has been associated with impaired lung
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function, chronic lung disease, respiratory infections, and pulmonary in�ammation 12–14. Lung is the
primary target organ of airborne heavy metal-induced toxicity. Alveoli, in which air exchange occurs, are
an important part of the respiratory system in lung. Exposure to air pollution can cause respiratory
diseases (Fig. 1). Therefore, it is important to investigate the effects of heavy metals on the biological
responses of human alveolar cells.

A typical pair of human lungs contain about 480 million alveoli. An adult alveolus has an average
diameter of 200 µm 16. The type I alveolar cell (AT1) cells cover over 95% of the alveolar surface area and
form the epithelial component of the thin air-blood barrier 17. The AT1 cells spread out to be only 0.2 µm
thick and provide a large surface area for gas exchange 18. The alveolar epithelial cells are well known to
form intercellular tight junctions 19. Transepithelial electrical resistance (TEER) is an indicator of the
integrity of epithelial tissues and is an effective tool to assess ion transport and permeability of tight
junctions 20. The widely used cell lines for TEER measurement are A549, 16HBE14o- and Calu-3. However,
the human alveolar cell line A549 is derived from adenocarcinoma and does not exhibit high TEER values
21. The 16HBE14o- and Calu-3 monolayers exhibit typical high TEER values, but they are both of
bronchial origin 22–24. Therefore, the above cells may not be suitable as an alveolar epithelium model.
Models of the outer epithelia of the human lung have found valid applications in both research and
industrial settings as attractive alternatives to animal testing 25. The human alveolar epithelial cell line
(hAELVi – human Alveolar Epithelial Lentivirus immortalized) with AT1 cell characteristics, functional
tight junctions, and high TEER (> 1000 Ω*cm2) 21, may be a good model for an alternative to animal
testing to study the toxicity of heavy metals on pulmonary functions.

Pro-in�ammatory cytokines, such as TNF-α and IL-6 are elevated in acute respiratory distress syndrome
(ARDS) subjects 26. TNF-α is implicated in various pulmonary diseases, such as asthma, chronic
bronchitis (CB), COPD, and acute lung injury (ALI) 27. IL-6 is induced by environmental insults and play
important roles in the respiratory system by stimulating lymphocytes, inducing neutrophils recruitment,
and up-regulating mucin secretion 28–30.These studies shows that the cytokines TNF-α and IL-6 play
important roles that may be affected by heavy metal exposure. The present study aimed to evaluate the
biological responses of heavy metals in hAELVi cells. We examined the effect of heavy metals on the
cellular toxicity, TEER variation, ROS production, and cytokine secretion of human alveolar epithelial
(hAELVi) cells.

Materials And Methods
Cell culture and maintenance. The immortalized human alveolar epithelial cell line CI-hAELVi (Cat. No.
INS-CI-1015) cells were purchased from InSCREENeX (InSCREENeX GmbH, Braunschweig, Germany).
hAELVi cells were grown on the huAEC coating solution (Cat. No. INS-SU-1018) coated cell culture �ask
(Nunc, Roskilde, Denmark) and maintained in hAEC-Medium [Consists of basal medium (Cat. No. INS-ME-
1013) and basal supplements (Cat. No. INS-ME 1013BS)]. All media and reagents for cell culture were
purchased from InSCREENeX (InSCREENeX GmbH, Braunschweig, Germany).
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The cells were placed in an incubator �lled with 5% CO2 atmosphere and maintained at 37°C. The cells
were subcultured every 3–4 days and the cells used in the present study were within 10 to 15 passages.
The TEER of the monolayer formed by the hAELVi cells was measured and the tight-junction formed
among the cells was observed by ZO-1 staining (61-7300, Thermo Fisher Scienti�c). The cultured cells
were routinely tested for mycoplasma using a commercial PCR kit (e-Myco plus, iNtRON Biotech, Korea).
All the cells used in the present study were free of mycoplasma contamination.

In vitro cytotoxicity assay. The cell cytotoxicity was measured using the Live-Dead cell staining kit (ALX-
850-249, Enzo). The kit utilizes Live-dyeTM, a cell-permeable green �uorescent dye (Ex (max): 488 nm; Em
(max): 518 nm), to stain live cells. Dead cells can be easily stained by propidium iodide (PI), a red
�uorescent dye (Ex (max): 488 nm; Em (max): 615 nm).

The hAELVi cells (2 × 104 cells/well) were seeded in 96-well huAEC coating solution-coated black plates
(Corning 3603, Costar) and incubated for 24 h in a complete medium at 37°C in a humidi�ed atmosphere
of 5% CO2. After 24 h incubation, the cadmium chloride (CdCl2, 20899, Fluka, referred to as Cd below),
sodium (meta) arsenite (AsNaO2, S7400, Sigma-Aldrich, referred to as As below), and zinc sulfate
heptahydrate (ZnSO4 7H2O, 204986, Sigma-Aldrich, referred to as Zn below) was added to the 96-well
black plate at different concentrations (20 µM, 40 µM, 80 µM, 100 µM, 200 µM, and 250 µM) and the cells
were further cultured for 24 h at 37°C. The cells in the control group (CTL) were grown in the absence of
heavy metals. After exposure to the heavy metals, the medium was harvested and stored at −20°C for
cytokines analysis. 100 µL of Live-Dead cell staining reagent was added into each well and incubated for
15 min at 37°C. After the incubation, the �uorescence was measured using a �uorescence microplate
reader (SynergyTM 2, BioTek). Results are expressed as the percentage of viable cells compared to
untreated cells (0 µM).

Transepithelial electrical resistance (TEER) measurements and crystal violet assay. The TEER values were
measured using the ECIS TEER24 (Applied BioPhysics, New York, USA). The hAELVi cells (1x105

cells/transwell) were seeded on huAEC coating solution-coated transwell inserts with the permeable
membrane pore size of 0.4 µm and a growth area of 0.33 cm2 (Corning 3470). Wells in a TEER24 plate
(Applied BioPhysics, T24W) were �lled with 1 mL of culture medium. After that, the inserts were put into
the wells and incubated at 37°C in a humidi�ed atmosphere of 5% CO2. After 3 days, the medium in both
the upper and lower chamber was replaced with fresh medium.

Each well exhibit TEER values of typically 2000 Ω across the permeable support after 6 days of culture.
Then, continuous measurement of TEER value after the exposure with 250 µM of the heavy metals (Cd,
As, and Zn) was conducted. To determine the integrity of the cell monolayer, the cellular image was
observed after the cells were stained with 1% crystal violet solution (V5265, Sigma-Aldrich). After 24h of
the heavy metal exposure, the medium was aspirated and replaced by 50 µL of crystal violet stain and
then incubated at room temperature for 20 minutes. Excessive dye was then washed off with
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demineralized water and the cells were observed under an inverted phase-contrast microscope (CKX41,
Olympus).

Cellular reactive oxygen species (ROS) assay. The intracellular ROS production levels were determined
using an oxidation sensitive �uorescent dye, 2´,7´-dichloro�uorescin diacetate (DCFDA, also known as
H2DCFDA and as DCFH-DA) (ab113851, Abcam). The �uorogenic dye measures hydroxyl, peroxyl and
other ROS activity within the cell 31.

The hAELVi cells (2.5 × 104 cells/well) were seeded in 96-well huAEC coating solution-coated black plates
(Corning 3603, Costar) and incubated for 24 h in a complete medium at 37°C in a humidi�ed atmosphere
of 5% CO2. After that, the cells were washed gently with phosphate-buffered saline (PBS) and incubated
at 37°C with 25 µM DCFDA for 45 min in the dark. Then, the cells were washed gently with PBS and
treated with the heavy metals at different concentrations (20 µM, 40 µM, 80 µM, 100 µM, 200 µM, and
250 µM) and further incubated for 24 h. A common inducer of ROS production tert-butyl hydroperoxide
(TBHP), was used as a positive control. The �uorescence of oxidized DCF was measured immediately
after the incubation at an excitation/emission wavelength of 488/535 nm using a �uorescence
microplate reader (SynergyTM 2, BioTek).

Quantitation of cytokines in the culture supernatants. The levels of TNF-α (ab181421, Abcam) and IL-6
(ab178013, Abcam) in the culture medium were measured by ELISA according to the manufacturer’s
instructions. After the exposure to the heavy metals, the medium was harvested and centrifuged at 2000
× g for 10 min to remove �oating cells. The cell culture supernatants were stored at −20°C until analysis.
The absorbance of each well was measured at 450 nm using a microplate reader (SPECTROstarNano,
BMG LABTECH). The data from each exposure condition was from three independent experiments. Each
experiment had three technical replicates. The measurement of each independent experiment was
repeated at least twice to ensure reproducibility and allow for statistical evaluation.

Statistical analysis
Cell viability parameters were analysed as follows:

(1) F(518)sam is the �uorescence at 518 nm in the experimental group, which is labelled with the green
�uorescent dye and PI.
(2) F(518)min is the �uorescence at 518 nm in the control group, where all cells are alive and labelled with
PI.
(3) F(518)max is the �uorescence at 518 nm in the control group, where all cells are alive and labelled with
the green �uorescent dye.
For cell viability analysis, the percentage of live cells was calculated from the �uorescence readings by
the equation:
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For each assay, all conditions were tested in triplicate. All data were expressed as mean ± SEM. Statistical
signi�cance was determined using Student’s t-test. p < 0.05 represents statistical signi�cance. The
asterisk (*) denotes p < 0.05, double asterisks (**) denote p < 0.01 and triple asterisks (***) denote p <
0.001.

Results
Morphological changes of hAELVi cells by heavy metals. The morphological change of hAELVi cells
exposed to heavy metals was evaluated. The hAELVi cells were seeded on the huAEC solution-coated 96-
well plate, and the cell morphology was observed using an inverted phase-contrast microscope. The
hAELVi cells were treated with increasing concentrations of Cd, As, and Zn for 24 h. Judging from the
cellular images, there is no signi�cant reduction in cell adhesion after exposure to 20 µM of the heavy
metals (Fig. 2). The cell morphology remained mostly intact until the concentration exceeded 40 µM
(Fig. 2A), 80 µM (Fig. 2B), and 100 µM (Fig. 2C), respectively. From our observation, at a high
concentration compared to that of the CTL group (Fig. 2), the hAELVi cells show rounded shape,
indicating reduced cell adhesion to the well bottom surface in the 96 well plate.

Cell cytotoxicity of hAELVi after heavy metal exposure. We investigated the effect of heavy metals on the
cellular cytotoxicity of the hAELVi cells after exposure to each metal for 24 h. As shown in Fig. 3,
compared with the CTL group, Cd, As, and Zn decreased the cell viability in a concentration-dependent
manner. At the concentration of 100 µM (Cd) and 250 µM (As), cell viability decreased to about 55%.
However, cell viability was reduced to 45% when Zn reached 100 µM. Moreover, Zn showed a more
signi�cant reduction on the cell viability than do Cd and As at high concentrations.

Effect of heavy metals on TEER values. We examined whether or not the rapid TEER change is useful for
testing the cytotoxicity of heavy metals. The TEER was monitored before, during, and after the exposure
with 250 µM of the heavy metals. After 4h of the Cd exposure, the TEER values decreased signi�cantly
(Fig. 4) and the adhesions among the cells were broken (Fig. 5) On the contrary, there was no signi�cant
TEER difference during, before, and after the As or Zn exposure (Fig. 4) and the integrity of the
monolayers were maintained and observed (Fig. 5) until at least 24 h.

ROS production of hAELVi cells after exposure to heavy metals. For further con�rming whether or not
cytotoxicity is directly or indirectly related to ROS production in hAELVi cells, the ROS levels were detected
by a �uorescence microplate reader at different concentrations of the heavy metals. The ROS level
induced by the heavy metals were shown in Fig. 6. It can be seen that the ROS generation level was
elevated by low concentrations of the heavy metals. DCF �uorescence intensity decreased gradually with
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increasing concentrations of the heavy metals; the cell cytotoxicity was negatively correlated with the
ROS generation.

Effect of heavy metal exposure on cytokine secretion from hAELVi cells. The expression levels of
cytokines in hAELVi cells exposed to heavy metals can provide information on the possible role of heavy
metals on respiratory illnesses due to in�ammation. TNF-α and IL-6 released or suppressed in hAELVi
cells after the heavy metal exposure was further evaluated. The Cd-induced secretion of TNF-α in hAELVi
cells were shown in Fig. 7. The absence of basal levels of TNF-α measured in the controls suggests that
this pro-in�ammatory cytokine is not secreted or present at concentrations lower than 2 pg/ml (the
detection limit for the assay employed). Also, the expression levels of TNF-α were lower than the
detection limit after the As and Zn exposure, and therefore the data is not shown.

The secretion of IL-6 was reduced in the hAELVi cells after the heavy metal exposure. The most
signi�cant effect was observed at the higher concentration of 200 µM (Cd) and 250 µM (As or Zn)
(Fig. 8). The levels of IL-6 at the ion concentrations of 200 µM and 250 µM were signi�cantly lower than
that of the CTL. Zn decreased the release of IL-6 in a concentration-dependent manner. Cd, As, and Zn
suppressed the IL-6 cytokine releases at 200~250 µM, at which concentration these heavy metals also
showed inhibition of cell viability in the cell viability assay.

Discussion
In vitro human alveolar models provide a platform to investigate the cellular behavior and activity of
human lung cells 32. The purpose of this study is to investigate the effect of heavy metals on the cellular
cytotoxicity, TEER variation, ROS production, and cytokine secretion of human alveolar epithelial (hAELVi)
cells in vitro. The responses may be correlated to the observed pulmonary physiological responses raised
by the heavy metals. The human lung carcinoma cells and human bronchial epithelial cells exposed to
heavy metals have been reported 2,33. In the report by Honda et al., the authors have shown that the
biological reaction of human bronchial epithelial BEAS-2B cells to metals in the atmosphere can lead to
airway damage and the exacerbation of respiratory diseases 2. In the report by Mu et al., the authors
determined the biological responses of sodium arsenite on the human alveolar cell line A549 by
monitoring the arsenite-induced toxicity 33. However, the A549 and BEAS-2B are not derived from the
normal lung; therefore, these cells may not be suitable as alveolar epithelium models. The hAELVi cells
are derived from human alveolar epithelial cells and with functional tight junctions 21. The hAELVi cells
may be suitable for an alternative to animal testing to study the toxicity of heavy metals on pulmonary
functions.

In this study, we examined the effect of Cd, As, and Zn on hAELVi cells. The morphological change of
hAELVi cells exposed to Cd, As, and Zn was examined at concentrations of 40 µM, 80 µM, and 100 µM,
respectively (Fig. 2). Signi�cant cytotoxicity of these heavy metals on the cells was observed at a
concentration exceeding 100 µM (Fig. 3). In a report by Takano et al., Cd concentrations causing a 50%
loss in cell viability was 220 µM to 250 µM in alveolar type II cells 34. In our study, we also observed that
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250 µM Cd induced a similar level of cell viability reduction in hAELVi cells. In a report by Mu et al., the
cell viability of A549 cells was decreased to about 70% at the highest concentration of NaAsO2 employed

(80 µM) 33. Our results also indicate that the hAELVi cell viability was similarly reduced to 70% at 80 µM
of As.

Several studies have demonstrated that zinc plays a critical role in diverse cellular functions such as
growth and development, maintenance and priming of the immune system, and tissue repair 35. However,
zinc is also an important environmental pollutant that becomes dangerous after excessive intake or
exposure 36. In a report by Sharif et al., cell growth and viability were decreased by 100 µM of ZnSO4 in

the WIL2-NS human lymphoblastoid cell line 37. In a report by Li et al., the authors have found that ZnSO4

(50 to 150 µM) reduced the cell viability of immortalized murine ovarian granular KK-1 cells 38. As shown
in Fig. 3, we observed that the cell viability of hAELVi cells was decreased to about 45% by Zn at a
concentration of 100 µM. In our present comparative study of the acute cytotoxicity of heavy metals to
hAELVi cells, Zn at concentrations higher than 100 uM was more toxic than the other heavy metals.
These results indicated that the cell viability of WIL2-NS, KK-1, and hAELVi cells was all decreased after
the treatment with Zn. In summary, all the tested heavy metals show signi�cant toxicity to the hAELVi
cells. Zinc ions seemed to be the most toxic metal ions in concentrations higher than 100 µM.

TEER has been widely used to check the level of toxicity of drugs on the epithelial cells 39,40. However,
previous studies have reported that cell viability is a more sensitive indicator of cytotoxicity than TEER
39,41,42. In a report by Calabro et al., the cell viability decreases before the integrity of the monolayer are
compromised. In a report by Konsoula et al., the authors demonstrated that the MTT assay is a more
sensitive indicator of chemical exposure than the TEER measurements. In a report by Mukherjee et al., the
authors have suggested that TEER mainly represents the tight junctions and does not re�ect cell viability.
In this study, we demonstrated that the cell viability was not re�ected by the TEER value after exposed to
250 µM of As and Zn in hAELVi cells (Fig. 3 and Fig. 4). For the Cd exposure, the TEER value decreased to
near zero while the cell viability sustained at 50 %. On the contrary, for the exposure to the other two metal
ions, the TEER values remained virtually unaffected while drastic cell viability deterioration down to ~50
% was indeed observed. The electrical resistance of the monolayers was maintained even while the
cellular viability had been severely reduced. In summary, the measurement of TEER seems not a reliable
method to re�ect the toxicity of heavy metals on the hAELVi monolayers. The discrepant result between
the two assays may rise from the substrate on which the cells adhere.

The integrity shown in Fig. 5, especially for As and Zn, seems to be in contradiction to the deteriorated cell
viability shown in Fig. 2. However, the viability test was done with the cells grown on solid substrate while
the cells in the TEER test was grown on porous membrane, which is supposed to be more relevant to the
niche for the alveolar cells in vivo. The fact that the completeness of the Zn- or As- treated monolayer
(Fig. 5) resembles that in the CTL group explains the observed resilient TEER values (Fig. 4). The result
suggests that the hAELVi cells cultured on the membrane survived the damages caused by the metals.
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The escape from the damage is in consistence with the observation that the level of the cytokine TNF-α
was not elevated by As and Zn, as discussed below.

Our results showed that the heavy metals had a signi�cant cytotoxic effect on the hAELVi cells (Fig. 3).
However, what mechanisms are involved in the metal-induced cell damage needs to be questioned. In this
study, we observed that the ROS level was elevated at low concentrations of 20 µM heavy metals (Fig. 6).
However, there is no signi�cant effect on cell viability at this concentration. A signi�cant effect on cell
viability was observed at higher concentrations of the heavy metals (100~250 µM) (Fig. 3). Some
research efforts suggested that the effect between cytotoxicity and ROS production might not be simple
as direct correlation 43. Previous studies have also reported that the behaviour of some cell lines to ROS-
mediated oxidative stress is strongly dependent on the scavenging enzymes, like SOD, Cat, GPx 44–47.
hAELVi cells are alveolar cells, and in principle, they are expected to have a robust antioxidant system
since these cells are exposed to gas exchanges in vivo. In addition, cell death is one of the many
scenarios that could be initiated via activating mitochondrial or alternative pathway apoptosis, or
in�ammatory phenomenon could exist 48,49. In a report by Shen et al., the authors suggested that
increases in intracellular ROS levels were not the sole cause of cytotoxicity. ROS may be a result of
cytotoxicity rather than a causal factor 50. In summary, the previous reports indicated the biphasic effect
of ROS-induced growth, ROS-induced apoptosis, or necrosis. However, our results indicate that the
cytotoxicity was negatively correlated with ROS generation in the hAELVi cells. Therefore, we suggest that
there is not a direct relationship between cytotoxicity and ROS production on the hAELVi cells, at least by
using the analysis method employed in this study.

Tumor necrosis factor (TNF), a vital cytokine in physiology and pathology processes, involves in cell
differentiation, apoptotic and necrotic cell death, in�ammation, and tumorigenesis 51. High
concentrations of TNF can be deleterious and promotes in�ammation and organ injury 52. Previous report
has shown that human peripheral blood mononuclear cells exposed to CdSO4 (1, 5, and 10 µM) or other

metal ions produces an increase in the levels of TNF-α 53. In our study, the TNF-α showed a signi�cant
dose-dependent increase in hAELVi cells after exposure to a high concentration of Cd (Fig. 7). In addition,
the cell viability decreased after the treatment of the high concentration of Cd (Fig. 3). Previous research
has reported that Taraxacum o�cinale induces cytotoxicity through tumor necrosis factor-α (TNF-α)
secretion in Hep G2 cells 54. Our �nding also suggested that exposure to Cd induced the secretion of TNF-
α by hAELVi cells and the signi�cant increase in cell death and the accompanying drastic TEER decrease.
In our study, As did not induce TNF-α production. Similar study on lung cells is rare. As a comparison, a
study has shown that 2-8 µM of As increased the expression of TNF-α in human uroepithelial cells, while
the expression is decreased under 10 µM As 55. Apparently, the hAELVi cells respond to As very differently
from the uroepithelial cells. Concerning the fact that Zn did not induce TNF-a in the hAELVi cells in this
study, there has been relatively rare research on the Zn’s effect on the production of TNF-α and therefore
is not compared in more depth. Further studies on the toxicity of heavy metal on hAELVi cells are
obviously in need.
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IL-6 is pleiotropic and acts as both an anti-in�ammatory cytokine 56 and a pro-in�ammatory cytokine 29,
which are mediated by classic signaling and by trans-signaling, respectively 57. IL-6 has a wide range of
biological activities, including immune responses, acute-phase response, and in�ammation 58. In our
study, As and Zn at low concentrations (20 µM) increased the levels of IL6. At higher concentrations (250
µM), an opposite effect was seen (Fig. 8), while TNF-α secretion remain un-detectable. A high
concentration of Cd signi�cantly increased the secretion of TNF-α but decreased the secretion of IL6 from
the hAELVi cells (Fig. 7 and Fig. 8), which is very different from the effect by the other two metal ions.

Previous studies have reported that TNF-α and IL-6 production is mutually counter-regulated 59–62. In a
report by Gonzalez et al., the negative relationship between TNF-α and IL-6 in patients with acute stage
liver abscess has been observed 59. In a report by Yimin et al., IL-6 has a suppressive effect on TNF-α
production and down-regulates granulomatous in�ammation reaction 60. In a report by Diao et al., IL-6
plays an important role in the negative feedback of the immune response via suppression of TNF-α
production in Streptococcus pyogenes-infected mice 61. In the report by Yimin et al., it has been shown
that TNF-α and IL-6 production exhibit negatively regulatory effects by each other 62. These results
indicated that the negatively regulated mechanism between IL-6 and TNF-α secretion. In our study, we
also observed that the concentration of 250 µM Cd signi�cantly increased the secretion of TNF-α but
decreased the secretion of IL6. However, for As and Zn, the decrease of IL-6 was not accompanied by the
increase of TNF-α. Previous research efforts suggested that the cytokines assayed were differentially
affected by heavy metal exposure 53. Our results also suggested that the cytokines of hAELVi cells were
differentially affected by heavy metal exposure. Therefore, although signi�cant cell death was indeed
induced by Zn, there was no corresponding TNF-α secretion. It may be in�uenced by other cytokines
released.

In conclusion, we con�rmed that Cd, As, and Zn induced variable extents of cellular toxicity on hAELVi
cells in a dose-dependent manner when the cells were cultured on a solid substrate. However, the
cytotoxicity was not re�ected by the TEER value after exposure to As and Zn. The discrepancy between
the viability assay and the TEER assay may rise from the substrate effect because the TEER was
measured with cells cultured on permeable porous membrane, a niche that resembles in vivo better than
on solid substrate. Further studies observing the cytokine expression from cells cultured on permeable
membrane is worth of pursuing. In addition, we found that there is no direct relationship between the
cytotoxicity and the ROS production in the hAELVi cells. The exposure to Cd, As and Zn result in differing
cytokine secretion of the cells. This study contributes to elucidating the cytotoxicity, TEER values, ROS
production, and cytokine secretion of hAELVi cells to acute exposure to heavy metal in vitro.
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Figures

Figure 1

The respiratory system can suffer effects after exposure to air pollution from factories (modi�ed from
Stedman's Medical Dictionary 15).
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Figure 2

Micrographs of hAELVi cells exposed to heavy metals for 24 h. Cell morphology changes relative to
concentrations (20, 40, 80, 100, 200 and 250 μM) of (A) absence of heavy metals (CTL) (B) Cd, (C) As,
and (D) Zn respectively. All micrographs are at the same magni�cation; Scale bars, 50 μm.
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Figure 3

The cell viability of hAELVi cells after exposure to various doses of air pollution-related heavy metals. The
hAELVi cells were incubated in the presence of Cd, As, and Zn for 24 h.
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Figure 4

TEER values change of hAELVi cells after exposure to 250 μM of heavy metals. The hAELVi cells were
treatment without (CTL) and with Cd, As, and Zn for 24 h.
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Figure 5

The integrity of hAELVi cells monolayers after exposure to 250 μM of heavy metals. The hAELVi cells
were treatment without (CTL) and with Cd, As, and Zn for 24 h. The cells were stained with crystal violet.
All micrographs are at the same magni�cation; Scale bars, 200 μm.
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Figure 6

Production of ROS in hAELVi cells. The hAELVi cells were incubated in the presence of Cd, As, and Zn for
24 h. 50 μM Tert-Butyl Hydrogen Peroxide (TBHP) was used as a positive control.
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Figure 7

Secretion of TNF-α by hAELVi cells treated with CdCl2. The hAELVi cells were incubated in the presence of
Cd for 24 h and TNF-α concentrations measured in the supernatants.
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Figure 8

Secretion of IL-6 by hAELVi cells treated with heavy metals after 24h. The hAELVi cells were incubated in
the presence of Cd, As, and Zn for 24 h and IL-6 concentrations measured in the supernatants.


