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Recent studies have demonstrated that variation between particulate
matter compositions have universally adverse effects on cells and living tissues. Carbon black
and titanium dioxide are two such particulates that we are continuously exposed to, yet there
is limited research to examine the potential deleterious effects on living tissue. The objective
of this study is to characterize the effect of carbon black (CB) and titanium dioxide (TiO,)
particulates on A549 human alveolar epithelial lung cells. CB and TiO, powders were dispersed
throughout a solution of water and bovine serum albumin by high-powered sonication. The
effects of these particulates on A549 cells were analyzed through fluorescent microscope
imaging, DAPI nuclear fluorescent staining, western blotting, H,DCFDA fluorescent staining.
Death assays with DAPI revealed that both particulate types exhibit toxicity to cells and induce
apoptosis. Live cell imaging showed perinuclear localization of both CB and TiO, particulates.
The human A549 cells were tested for reactive oxygen species (ROS) levels, which revealed a
significant increase in ROS production induced by CB, but lowered ROS induction by TiO.,.
Interplay between ROS and intracellular calcium was examined; 2-APB, a calcium blocker was
added to cells treated with CB. Results indicated that 50uM 2-APB provided notable protection
to cells by decreasing ROS induction levels. Further research is required to determine through
which apoptotic signaling pathway CB causes cell death and to definitively identify the
signaling pathways involved in TiO, associated toxicity. Further investigation of the explicit
involvement of the ER in particulate induced apoptosis is a promising direction for future
research.

The endoplasmic reticulum (ER) is an organelle within eukaryotic cells that extends
outward from the nucleus through the cytoplasm. It is the site of protein folding and
modification, including glycosylation and formation of disulfide bonds, as well as the site of
storage of free calcium, Ca%*. In the event of altered homeostasis of the conditions in the
ER lumen, proteins may stop folding correctly, which leads to the accumulation of unfolded
proteins, and activates the unfolded protein response (UPR) [10]. There are three ER stress
sensor transmembrane proteins, ATF6a, PERK, and IRE1a, bound to ER chaperone protein
78 kDa glucose-regulated protein/binding immunoglobulin protein (GRP78/BiP), which
activates the sensors when dissociating from them. When BiP dissociates, ATF6a is
activated and will translocate to the Golgi, where proteases release a cytosolic fragment
that will co-activate transcription. PERK dimerizes and becomes autophosphorylated, and
then phosphorylates elF2a, which eventually results in a halt in protein translation.

Inositol requiring enzyme 1a (IRE1a) becomes dimerized and trans-autophosphorylated,
which then splices a 26 base intron out of X-box binding protein 1 (Xbp1), which allows
Xbp1 to begin translating proteins needed in the UPR [11]. The IRE1la — Xbp1 splicing
mechanism is peculiar because RNA splicing is usually completed within the nucleus of the
cell. If the UPR cannot amend the stress occurring in the ER, a series of death caspases are
activated ultimately resulting in apoptosis, programmed cell death.

Recent studies have demonstrated a link between cigarette smoke and particulate matter
(PM) pollution in the air to the increase in cardiovascular linked death and diseases by
impacting ER stress signaling pathways within cells. Cigarette smoke consists of a mixture
of gases and particulate matter including reactive oxygen species (ROS). Pollution
particulate matter may consist of metals, salts, carbonaceous material, and is primarily
caused by traffic-related combustion. The molecular pathways through which both
cigarette smoke and PM cause cytotoxicity and illnesses are not well understood [4,5]. It is
known that PM causes increased levels of activated ATF6a, GRP78/BiP, and
phosphorylated elF2a, but curiously, lower levels of spliced Xbp1 [5]. It is also known that
cultured cells exposed to cigarette smoke exhibit higher levels of phosphorylated elF2a and

GRP78/BiP, lower levels (and thus activation of) ATF6a, and yet again, lower levels of
spliced Xbp1 [6].

It has been shown that cells, especially human lung epithelial cell, absorb small particulate
matter, and ultra fine particles that are cytotoxic to cells. However, the endocytic
mechanism is still largely unknown [16]. Carbon black (CB) is mostly pure, ultra-fine carbon
material found in the air due to pollution by combustion and industry, and it is known to be
one of the main components of atmospheric pollution particles. Titanium dioxide (TiO,) is
a naturally occurring mineral, but industries use an ultra fine powder form as a pigment in
many cosmetic products such as sunscreen and toothpaste.

While our cells are exposed to cytotoxic ultra fine particulates on a daily basis, our cells
have developed an advanced defense mechanism to ameliorate the stress induced by
common toxic particles, CB and TiO,. NRF2, a transcription factor in the cytosol, has been
shown to be activated as a result of a redox imbalance, which can be characterized as an
accumulation of ROS in the cytosol, ER and mitochondria [9]. As a result of the
accumulation of free radicals, NRF2 is activated by ROS directly and proceeds to translocate
to the nucleus where it binds to the ARE, antioxidant response element, and upregulate
enzymes for scavenging ROS and general synthesis of essential glutathione: HO-1, NADPH
and GCLc [2]. However, there have been contradictory findings in the activity of these NRF2
target genes. It is expected that the enzymes and antioxidants would be upregulated under
particulate induced stress, however, there has not been consistent evidence to support this
theory. If HO-1, NADPH ad GCLc cannot mitigate the cell’s redox dysfunction, the apoptotic
intrinsic pathway through the mitochondria is activated resulting in cell death[11].

The aim of this study is to characterize the affects of CB and TiO, on A549 human alveolar
lung cells and the particle’s ability to induce oxidative stress, caspase activation and
apoptosis. Furthermore, we will be evaluating the cell’s defense response to the toxic
particles by investigating Nrf2 activation as well as the antioxidants and enzymes
downstream of the vital redox transcription factor.

Sarah Alvarado, Brianna Manes, Dr. Jay Brewster
Summer Undergraduate Research in Biology, 2013
Pepperdine University, Malibu, California 90263
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Fig. 1 Probe sonication techniques distribute carbon
black and titanium dioxide in solution on the
nanoparticle scale. A mixture of particles (CB or TiO,) at 1
mg/mL, bovine serum albumin (BSA) in PBS at 6.5 mg/mlL,
and distilled water was sonicated for 5 minutes at 20%
amplitude of a 500 W ultrasonic probe. CB particles
exhibited the largest range of diameters from 76.2 nm to
755.6 nm. (a) CB (b)TiO,
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Fig. 4 Cell protection through antioxidant defense
mechanisms induced by oxidative stress. Reactive oxygen
species directly interacts with NRF2 and causes the
dissociation of NRF2 from KEAP1 and translocation to the
nucleus, where its binds the ARE binding domain resulting
in upregulation of enzymes and antioxidants responsible
for returning the cell to redox homeostasis.

Fig. 8 Executioner
caspase 3 is activated
due to CB exposure
for 36 hours. A549
human alveolar
epithelial cells were
grown on poly-lysine
treated coverslips,
poisoned for 36 hours,
stained with an anti-
active caspase 3
antibody, mounted
with Antifade Gold
with DAPI mounting
media, and imaged on
a Nikon Eclipse Tl
microscope. (a) A549
cells treated with
vehicles of sonicated
protein and DMSO. (b)
A549 cells treated
with 100 pg/mL CB.
(c) A549 cells treated
with 1 uM Brefeldin A,
an ER stressor that
inhibits protein
translocation from the
ER to the golgi,
resulting in ER stress
and activation of the
UPR and stress-
induced apoptosis.
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Carbon Black Induced Cell Death Fig. 2 Carbon black and titanium dioxide

particulates cause cell death. A549 cells
were seeded into a 24-well plate and
poisoned for 0, 12, 24, and 36 hours. The
select cells were fixed in four percent
paraformaldehyde, stained with DAPI
nuclear fluorescent stain, and imaged on a
, Nikon Eclipse Tl microscope. At least two
Iﬂﬁi I images were taken and at least 500 live and
i e dead cells were counted per well. (a) Carbon
black was probe sonicated and treated to
cells at multiple concentrations. The highest
percentage of cell death with carbon black
occurred with 100 pg/mL after 36 hours. (b)
.
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Titanium dioxide was probe sonicated and
treated to cells at multiple concentrations;
«om || however, no trend toward cell death by
Loem I titanium dioxide was observed. Values
represent +SE, ANOVA *p<0.05, **p<0.01,
CB: n=4, TiO,: n=3, significance shown is
treated compared to control at each time .
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Fig. 3 Carbon black, titanium
dioxide, and ER stressor
Brefeldin A cause cell death.
As described in Figure 2., cells
were seeded and poisoned,
fixed and imaged, and the
most death seen is with
Brefeldin A after 36 hours.
However, both titanium
dioxide and carbon black cause
significant levels of cell death
as well as seen here.
Condensed, brightly
fluorescing nuclei are
considered apoptotic while
flat, wide nuclei are
considered to be alive.

(A) Control, (B) Brefeldin A, (C)
TiO,, (D) CB.

Fig. 5 Carbon black induces
significant levels of reactive
oxygen species. A549 cells
were treated with sonicated
carbon black and titanium
dioxide, as well as hydrogen
peroxide, for 6 and 9 hours.
The cells were loaded with
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Fig. 6 Calcium release blocker

2-APB decreases CB induced

ROS accumulation. A549 cells

treated with varying oo
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Fig. 7 Carbon black causes upregulation of HO-1. A549 cells were treated with sonicated
CB and TiO,, as well as hydrogen peroxide, for 3 and 6 hours. At each timepoint, plates
were scraped with lysis buffer, triturated, and run on a western blot. The blots were then
washed in primary antibodies conjugated to HO-1 and tubulin, then fluorescent secondary
antibodies, and scanned on a LICOR infrared scanner. Hydrogen peroxide and CB seemed
to cause the highest levels of HO-1, a marker of ARE activation.

CB and TiO, were dispersed in solution resulting in aggregates with size
ranges beginning at 76 and 172 nm in diameter, respectively, through probe
sonication. The nanoparticles are stable in solution as measured by zeta
potential; CB -31.63 and TiO, -10.85 mV.

Carbon black concentrations ranging from 50-100 pg/mL causes significant
cell death after 24 and 36 hours whereas equivalent TiO, concentrations do
not.

Carbon black treatment ranging from 50-100 pg/mL results in the
accumulation of ROS.

Preliminary results display a trend of 50 uM 2-APB protection against carbon
black induced ROS accumulation, indicating the involvement of the ER in
particulate induced apoptosis.

HO-1, a marker of the antioxidant response element, is upregulated after
treatment with 25 and 50 pg/mL CB at 3 and 6 hours; however, TiO, did not
display HO-1 activity.

Executioner caspase 3 is active after treatment with CB for 36 hours.
Assessment of other stress signaling pathways is underway.
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