1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 July 02.

-, HHS Public Access
«

Published in final edited form as:
Toxicol Appl Pharmacol. 2013 November 01; 272(3): 879-887. d0i:10.1016/j.taap.2013.08.004.

Unfolded protein response (UPR) signaling regulates arsenic
trioxide-mediated macrophage innate immune function
disruption

Ritesh K. Srivastava?, Changzhao Li2, Sandeep C. Chaudhary?, Mary E. BallestasP, Craig A.
Elmets?, David J. Robbins¢, Sadis Matalon9, Jessy S. Deshane®, Farrukh Afag?, David R.
Bickersf, and Mohammad Athara”

aDepartment of Dermatology and Skin Diseases Research Center, University of Alabama at
Birmingham, Birmingham, AL, USA

bDepartment of Pediatrics Infectious Disease, Children’s of Alabama, School of Medicine,
University of Alabama at Birmingham, AL, USA

¢Department of Surgery, Molecular Oncology Program, Miller School of Medicine, University of
Miami, Miami, USA

dDepartment of Anesthesiology, University of Alabama at Birmingham, Birmingham, AL, USA

eDepartment of Medicine, Division of Pulmonary, Allergy and Critical Care Medicine, University of
Alabama at Birmingham, Birmingham, AL, USA

fDepartment of Dermatology, Columbia University Medical Center, New York, USA

Abstract

Arsenic exposure is known to disrupt innate immune functions in humans and in experimental
animals. In this study, we provide a mechanism by which arsenic trioxide (ATO) disrupts
macrophage functions. ATO treatment of murine macrophage cells diminished internalization of
FITC-labeled latex beads, impaired clearance of phagocytosed fluorescent bacteria and reduced
secretion of pro-inflammatory cytokines. These impairments in macrophage functions are
associated with ATO-induced unfolded protein response (UPR) signaling pathway characterized
by the enhancement in proteins such as GRP78, p-PERK, p-elF2a, ATF4 and CHOP. The
expression of these proteins is altered both at transcriptional and translational levels. Pretreatment
with chemical chaperon, 4-phenylbutyric acid (PBA) attenuated the ATO-induced activation in
UPR signaling and afforded protection against ATO-induced disruption of macrophage functions.
This treatment also reduced ATO-mediated reactive oxygen species (ROS) generation.
Interestingly, treatment with antioxidant N-acetylcysteine (NAC) prior to ATO exposure, not only
reduced ROS production and UPR signaling but also improved macrophage functions. These data
demonstrate that UPR signaling and ROS generation are interdependent and are involved in the
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arsenic-induced pathobiology of macrophage. These data also provide a novel strategy to block the
ATO-dependent impairment in innate immune responses.
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Introduction

Chronic exposure to arsenic-contaminated drinking water is a significant global
environmental and public health problem (Abhyankar et al., 2012; Brown et al., 2002;
Hughes et al., 2011). Arsenic exposure has been associated with increased risk of cancer
affecting skin, bladder, kidney, lung and prostate (Benbrahim-Tallaa and Waalkes, 2008;
Gibb et al., 2011; Mink et al., 2008). At the same time, this metalloid as arsenic trioxide
(ATO) is also known for medication in the treatment of refractory and relapsed acute
promyeloid leukemia (APL) (Beauchamp and Uren, 2012; Shen et al., 1997). ATO is also an
industrial chemical and recently be classified as a chemical war threat agent (http://
www.newenv.com/resources/chemical_and_biological_agents).

In addition to its carcinogenic effects, arsenic is also known to possess immunosuppressive
properties. Environmentally relevant levels of arsenic inhibit the ability of innate immune
system to eliminate bacterial and viral infection. Employing various murine models,
exposure to arsenic has been shown to inhibit the cutaneous contact hypersensitivity
response (Patterson et al., 2004; Zhou et al., 2006). Its administration to animals results in
impaired T cell functions (Burchiel et al., 2009; Martin-Chouly et al., 2011). Inhalation of
ATO has been shown to decrease pulmonary antibacterial defense in mice (Aranyi et al.,
1985; Burchiel et al., 2009). In an in vitro study, ATO was found to enhance the HIV-1
infection (Pion et al., 2007). Another study showed that arsenic exposure is associated with
an exacerbated risk of influenza A (H1N1) infection and-associated lung function
impairment (Kozul et al., 2009a, 2009b). Similar immunosuppressive effects of arsenic also
occur in fish. Exposure to arsenic (2—-10 ppb) resulted in a greater than 50-fold increase in
viral load and at least 17-fold increase in bacterial load in zebra fish embryos (Nayak et al.,
2007). Parallel to the observations in experimental animal models, human arsenic poisoning
is also associated with an increased risk of infections. For example, in Bangladesh lower
respiratory tract infections and diarrhea are more common among arsenic-exposed human
populations, particularly in children (Mazumder et al., 2000; Rahman et al., 2011; Raqib et
al., 2009; Smith et al., 2011). Patients’ receiving arsenic trioxide (ATO) treatment also
showed impaired immune functions. In this regard, Nouri et al. observed recurrent herpes
simplex and herpes zoster in patients with multiple myeloma and colon cancer treated with
ATO (Nouri et al., 2006).

The exact molecular mechanism by which arsenic impairs immune functions is not known.
However, arsenic affects the functions of various immune regulatory cell populations. For
example, it alters neutrophil functions and also induces apoptotic cell death in these cells
(Binet et al., 2010). In patient population receiving ATO treatment for APL, myelocyte-like
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cells showing partial differentiation have been noticed in bone marrow and peripheral blood.
ATO treatment also affects survival of human monocytes during macrophage differentiation
(Lemarie et al., 2006a, 2006b). Recently, arsenic was found to decrease cystic fibrosis
transmembrane conductance regulator (CFTR)-mediated chloride secretion which results in
a diminished clearance of respiratory pathogens (Bomberger et al., 2012). Macrophages
which are important regulator of innate immunity have been shown as an important cellular
target population of arsenic toxicity (Burchiel et al., 2009; Lemarie et al., 2006a; Sakurai et
al., 2005). Macrophages derived from chronically arsenic-exposed human populations show
changes in their phenotype. Significant loss of cell adhesion capacity, impaired phagocytic
activity and decreased expression of CD54/F-actin were noticed with these immune
regulatory cells (Lemarie et al., 2006a).

In response to disturbed endoplasmic reticulum (ER) homeostasis, signaling pathways
known as unfolded protein response (UPR) signaling are induced to restore the protein
folding capacity of ER. These signaling pathways are transduced by three sensor proteins
PERK, IREla, and ATF6a to restore protein folding in a translational-and transcriptional-
dependent manner (Wiseman et al., 2010). In addition to this fundamental chaperon
function, UPR is found to be associated with the pathogenesis of various diseases/disorders
such as inflammation, obesity, diabetes, atherosclerosis and neurodegeneration (Cnop et al.,
2012; Wang and Kaufman, 2012; Zhang, 2010; Zhang and Kaufman, 2008). Earlier, we
demonstrated a role of all three UPR signaling pathways in arsenic-induced cutaneous
inflammatory responses in SKH-1 mice (Li et al., 2011). Based on published reports and our
own observations, we tested whether arsenic-modulated innate functions in macrophages are
regulated through this signaling pathway.

In this study, we unraveled the molecular mechanism by which ATO disrupts macrophage
functions. We demonstrate that ATO alters UPR signaling pathway which mediates
impairment in the ability of macrophage to engulf and clear phagocytosed bacteria and
produce cytokines. Treatment with chemical chaperone, 4-phenylbutyric acid (PBA) or
antioxidant, N-acetylcysteine (NAC) blocks ATO-mediated impairment in macrophage
functions. Both of these agents are FDA approved for arsenic-unrelated conditions and
therefore, provide an opportunity to repurpose them for attenuating arsenic toxicity.

Material and methods

Cell culture, reagents and exposure

Mouse macrophage cell line RAW 264.7 (TIB-71™) was obtained from the ATCC and
maintained in DMEM medium containing 10% fetal bovine serum (FBS) (Gibco, NY,
USA), 1% antibiotic—antimycotic solution at 37 °C in 5% CO, incubator. Arsenic trioxide
(202673), N-acetylcysteine (NAC, A7250), lipopolysaccharides from Escherichia coli (LPS,
L6529), thapsigargin (TG, T9033) and 4-phenylbutyric acid (PBA, P21005) were obtained
from Sigma Aldrich (MO, USA). 2°,7’-Dichlorofluorescin diacetate (DCFH-DA, D-399),
Hoechst 33342 (H21492) and E. coli (K-12 strain) bioParticles® fluorescents conjugated
bacteria (E-2861) were obtained from Life Technology (NY, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (M92050-1.0) was
purchased from Research Product International Corp. (IL, USA). NE-PER nuclear and
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cytoplasmic extraction kit (78833) was procured from Thermo Scientific (IL, USA).
Phagocytosis assay kit (500290) containing latex beads-rabbit IgG-FITC complex was
purchased from Cayman Chemicals Company (M, USA). Primers used in the study were
obtained from Invitrogen (Supplementary Table S1). Primary antibodies and horseradish
peroxidase (HRP) conjugated secondary antibodies were purchased as described in
Supplementary Table S2. Prior to conducting experiments, cells were checked for their
viability using trypan blue dye exclusion assay as described earlier (Srivastava et al., 2013).
Cells showing viability more than 95% were used in the experiments.

The experimental design includes exposure to ATO at concentrations 0.2—2 uM for a period
ranging between 1.5 and 48 h as described for individual experiments. NAC (10 mM, 2 and
24 h) and PBA (1 mM, 24 h) were used as a pre-treatment.

The non-cytotoxic concentration range of ATO was determined by MTT assay. ATO-
exposed cells were washed with PBS and incubated with MTT (0.5 mg/ml) for 3 h at 37 °C.
At the end of incubation period, the reaction mixture was replaced with 200 pl of DMSO to
dissolve formazan crystals and plates were read at 490 nm using 1420 multilable counter
VICTOR3™-V (Perkin Elmer, Shelton, CT, USA). Saline-treated sets of cells were also run
under identical conditions and served as basal control.

Morphological changes

Morphological changes were assessed in 4% paraformaldehyde fixed cultured cells and
observed for any phenotypic alteration (cell roundness, cell blebbing) from the normal
morphology under the Phase contrast microscopy (Olympus1X-S8F2, Japan).

RNA isolation and reverse transcriptase PCR

Total RNA was extracted from cells using TRIzol method (Invitrogen). mRNA (1 ug) was
reverse-transcribed into cDNA by iScript cDNA synthesis kit (Bio-Rad, CA, USA). PCR
products were run on 1.5% agarose gels and the relative quantification was done using Gel
Documentation System (Bio-Rad Laboratories, Segrate, Italy). 18sSRNA was used as
endogenous control. Further details regarding primers and condition used in this study are
described in Supplementary Table-S1.

Quantitative real time PCR (gRT-PCR)

gRT-PCR analysis was carried out using either SYBR Green (Bio-Rad, CA, USA)
fluorescent dye or TagMan (Applied Biosystems, NY, USA) PCR master mix. Total cDNA
(250 ng) was used in a 20 pl reaction mixture with sequence specific primers. qRT-PCR
were carried out in triplicate using 7500 fast Real-Time PCR system (Applied Biosystems,
NY, USA). Cycling conditions were 20 s at 95 °C followed by 40 cycles at 95 °C for 3 s and
60 °C for 30 s. Relative quantification of the steady state target mMRNA levels was calculated
after normalization of total amount of cDNA to B-actin endogenous reference. TagMan
Primers employed in this study are listed in Supplementary Table S1.
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Fractional studies

Cytoplasmic and nuclear extracts from ATO-treated and non-treated Raw 264.7 cells were
prepared and fractionated as per manufacturer’s protocol using the NE-PER nuclear and
cytoplasmic extraction reagent kit (Thermo Scientific, USA) and were analyzed by western
blotting.

Protein quantification and western blot (WB) analysis

Lysate of cells receiving various treatments were prepared using an ice cold lysis buffer (50
mmol/l Tris, pH 7.5 Triton X-100, 0.25% NaF, 10 mmol/l B-glycerolphosphate, 2 mmol/l
EDTA, 5 mmol/l sodium pyrophosphate, 1 mmol/l NazgVOyg4, 10 mmol/l DTT and protease
inhibitor) followed by centrifugation at 5000 rpm for 10 min to obtain a clear supernatant.
Protein assay was done using a DC kit (Bio-Rad). Lysate were mixed with 5x sample buffer
(312.5 mM Tris—HCI, pH-6.8, 5% B-mercaptoethanol, 10% SDS, 0.5% bromophenol blue,
50% glycerol), boiled for 5 min at 95 °C and subjected to SDS-PAGE. Proteins were
electrophoretically transferred to polyvinylidene difluoride membrane and then nonspecific
site was blocked with 5% nonfat dry milk in Tris buffer saline Tween-20 (TBST) (25 mmol/I
Tris—HCI, pH-7.5, 150 mmol/l NaCl, 0.05% Tween-20) for 1 h at room temperature
followed by probing with primary antibody overnight at 4 °C or 2 h at room temperature.
After washing, the membranes were incubated for 1.5 h with respective (anti-mouse, anti-
rabbit or anti-goat immunoglobulin) HRP conjugated secondary antibody. The blots were
developed with enhanced chemiluminescence (ECL) according to manufacturer’s
instructions (Amersham Bioscience, NJ, USA). The integrated density of bands was
measured with Image J. software.

Immunofluorescence (IF) staining

Cells were cultured in four wells chamber slide (Bio-Tek, VT, USA). After completion of
ATO treatment cells were washed with PBS two times, fixed in methanol for 30 min,
permeabilized with 0.1% Triton X-100 for 15 min followed by PBS wash, and blocked for 1
h with 2% bovine serum albumin (BSA). Cells were then incubated with primary antibodies
overnight at 4 °C. After three times of PBS wash, cells were incubated with fluorescein-
conjugated secondary antibodies for 1 h at room temperature. After a second rinsing step
with PBS, the cells were incubated with Hoechst 33342 for 5 min at room temperature to
counterstain cell nuclei. Labeled cells were examined with upright fluorescence microscopy
(Olympus 1X-S8F2, Japan).

Reactive oxygen species (ROS) generation

ROS generation was assessed using fluorescent dichlorodihydrofluorescein di-acetate
(DCFH-DA) dye. In brief, (1 x 10 cells per well) were seeded in 96-wells black bottom
culture plates and allowed to adhere them for 24 h in CO5 incubator at 37 °C. Following
various treatments for the desired time interval cells were incubated at a final concentration
of 2.5 uM of DCFH-DA in serum-free medium for 20 min at 37 °C. The reaction mixture
was then aspirated, washed and replaced by 200 pl of PBS in each well. Fluorescence
intensity was measured at excitation wavelength at 485 nm and emission wavelength at 528
nm. Saline-treated sets were also run under identical conditions and served as basal control.
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In a parallel experiment, 2.5 x 10 cells in 6 well tissue culture plates were analyzed for
intracellular fluorescence imaging using upright fluorescence microscope (Olympus 1X-
S8F2, Japan).

Latex bead phagocytosis assay

Cayman’s Phagocytosis assay kit (IgG FITC) that employs latex beads coated with
fluorescently labeled rabbit-1gG was used as a probe for the identification of phagocytosis
process in saline-treated or ATO-treated (alone as well as in combination with PBA, NAC
and siRNA transfection) Raw 264.7 cells as per instructions provided by the manufacturer.
In brief, following completion of exposure period, cells were incubated with 30 pl of latex
beads coated with fluorescently labeled rabbit-1gG for 1 h at 37 °C. Cells were then washed
three times with assay buffer followed by trypan blue quenching solution. The engulfed
fluorescent-beads were observed using a fluorescent microscope at excitation at 485 and
emission at 535 nm. Bead engulfment was also confirmed by flow cytometry at 488 nm. A
negative control was performed in parallel by incubating cells with latex beads at 4 °C
instead of 37 °C.

Clearance of phagocytized bacteria

For studying the kinetics of clearance of engulfed bacteria by Raw 264.7 cells, we used
opsonized E. coli (K-12 strain) BioParticles® fluorescents conjugated bacteria. Briefly, 2 x
10° cells were plated in 6 well tissue culture plates and the next day cells were pretreated
with PBA and NAC followed by ATO treatment. At the completion of respective treatments
cells were incubated with 6.66 pl (Bacteria:cells 50:1 ratio) of fluorescent tagged E. coli
bacteria at 37 °C for 2 h. Cells were then washed three times with warm PBS and imaged by
fluorescent microscopy to capture the baseline. Cells were further incubated at 37 °C to
complete the process of bacterial clearance. After 24 h, cells were recaptured for fluorescent
imaging.

Inflammatory cytokine levels

Inflammatory cytokine levels were determined by real time PCR using SYBR Green
methodology as described under quantitative real time PCR subheading. Primers for
cytokines used have been listed in Supplementary Table S1.

Statistical analysis

Results were expressed as mean + standard error of mean (SEM). Statistical analysis
between two groups was performed using Student’s ftest. In all cases, #/*P < 0.05, ##/**P <
0.01 and ###/***P < 0.001 were considered to be statistically significant.

Results

ATO alters cell phenotype and viability in a dose- and time-dependent manner in murine
macrophage Raw 264.7 cells

To determine the suitable concentrations and time-point for this study, we first conducted
MTT assay (Supplementary Fig. 1A) at various concentrations (0.0-2 uM) and time-points
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(6—48 h). From this data, we selected 0.2 and 2 UM concentrations which had no detectable
effects on cell viability up to 6 h. However, at 24 and 48 h time-points a dose- and time-
dependent decrease in cell viability occurred. Morphological changes began at 12 h (data not
shown) but significant changes could be seen at 16 h (Supplementary Fig. 1B). These
alterations include cell rounding, loss of cell adhesion and blebbing. Based on these data, we
concluded that the molecular changes occurring at early time intervals are involved in the
pathophysiological derangements observed in these cells at later time-points, ultimately
leading to cell death. We therefore, selected ATO concentrations 0.2 and 2 uM for majority
of experiments in this study.

ATO activates PERK/ATF4 and XBP-1 branch of UPR signaling in murine macrophage Raw

264.7

First we tested whether UPR signaling plays a key role in the functional disruption of
macrophage. Since, UPR signaling pathways are transduced by the three sensor proteins
PERK, IREla and ATF6a, we examined the effects of ATO on these three UPR signaling
pathways. Reverse transcriptase PCR analysis of ATO-treated cells showed that GRP78,
GRP94, ATF4, CHOP, HRD-1 and spliced XBP-1 were upregulated in a dose- and time-
dependent manner (Fig. 1LA). In this study, the graphs represent densitometry analysis of
band intensity of UPR genes (Fig. 1A). Consistently, western blot analysis confirmed the
result of PCR analyses. A dose-dependent increase in the expression of p-PERK, p-elF2a,
ATF4, CHOP and spliced XBP-1 was observed (Fig. 1B and Supplementary Fig. 1D-I)
which peaked at 3 h though at other early time-points gradual increases in these proteins
were noted (Supplementary Fig. 1C). Immunofluorescence staining of ATF4 and spliced
XBP-1 showed that ATO-treatment dose-dependently induced nuclear translocation of both
ATF4 and spliced XBP-1 (Fig. 1C and Supplementary Fig. 1E-I). Western blot analysis of
cytoplasmic and nuclear fractions showed that treatment of Raw 264.7 cells with ATO-
induced nuclear translocation of ATF4 and also enhanced the protein expression of its
downstream molecule CHOP (Fig. 1D). However, there were no discernible changes seen in
ATF6a expression either in the western blot analysis or by immunofluorescence staining of
ATO-treated cells (Supplementary Fig. 1D-I1 & E-II). These results indicate that ATO-
induced UPR signaling in murine macrophage cells occurs mainly via PERK/ATF4 and
XBP-1.

ATO-mediated ROS production and UPR signaling activation are interdependent

Fluorescent microscopy and plate reader based analysis using DCFH-DA fluorescent probe
revealed that ATO enhances ROS generation dose-and time-dependently (Fig. 2A-1 & 11).
This was further confirmed by studies showing that antioxidant, NAC abrogated ATO-
dependent ROS generation in these cells (Fig. 2A-1 & I1). Since ROS generation is known to
induce UPR signaling, we also determined whether ATO-dependent alterations in this
signaling are ROS-mediated. Pretreatment with NAC (2 and 24 h) significantly attenuated
the ATO-induced expression of p-PERK, GRP78, GRP94, p-elF2a, and CHOP (Fig. 2B and
Supplementary Fig. 2A). A similar protective effect of NAC on CHOP expression was also
observed at the transcriptional level (Supplementary Fig. 2B). We found that NAC protects
against the ATO-mediated decreases in cell viability as determined by both MTT assay and
cell morphology assessment (data not shown). Next, we investigated whether ATO-mediated
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ROS production and ATO-dependent decreases in cell viability are regulated by UPR
signaling. For this, we employed a chemical chaperon PBA (1 mM for 24 h). PBA has been
demonstrated to attenuate UPR signaling in other biological systems (Li et al., 2012, 2013;
Wang et al., 2012). As confirmed by western blot analysis, PBA acts in similar manner in
macrophage as shown in Fig. 2C, while thapsigargin (Tg), an ER stress inducer, augmented
these effects. Then, we determined whether blocking UPR signaling activation by PBA can
afford protection against ATO-induced decrease in cell viability. Pretreatment with PBA
resulted in the recovery of the phenotypic alterations observed in ATO-exposed cells
(Supplementary Fig. 1B). This was accompanied by a significant reduction in the ATO-
mediated ROS production in PBA-treated cells (Fig. 2A-I). These results suggest that ATO-
induced ROS generation and UPR signaling activation are interdependently regulated via a
feedback loop.

UPR regulates ATO-inhibited bacterial engulfment and clearance of engulfed bacteria by
murine macrophage

Next, we ascertained whether ATO could alter the functions of macrophage. In this regard,
first we assessed the pathogen-engulfment activity of macrophage. ATO treatment dose-
dependently reduced the engulfment of fluorescently labeled (IgG FITC) latex beads as
compared to PBS-treated control cells (Fig. 3A). Similar to its effects on UPR signaling and
ROS production, pretreatment with PBA significantly improved the engulfment activity of
ATO-treated murine macrophage (Fig. 3A). Essentially, identical results were obtained when
assessed by plate reader based assay or flow cytometry analyses (Fig. 3B and Supplementary
Fig. 3). Similar to PBA, the antioxidant NAC also afforded protection against ATO-induced
impairment in the pathogen engulfment activity of the macrophage (Fig. 3B and
Supplementary Fig. 3). After demonstrating its effect on bacterial engulfment, we further
investigated the effects of ATO on the ability of macrophage to regulate clearance of
engulfed bacteria using Phagotest, which is a functional assay for demonstrating
phagocytosis of bacteria (Lemarie et al., 2006a). We observed that PBS-treated control cells
effectively cleared the fluorescence tagged £. colibacteria within 24 h (Fig. 3C-I). However,
ATO-treated macrophage were not efficient to clear the engulfed bacterial load and
continued to show the presence of fluorescent tagged opsonized bacteria over a period of 24
h observation (Fig. 3C-11). Interestingly, pretreatment of macrophage with PBA and NAC
restored ATO-impaired clearance/phagocytosis of engulfed bacteria (Fig. 3C-I11 and 1V).

ATO-mediated dampening in LPS-induced cytokine production by macrophage is under
the control of UPR

Another most important function of macrophage is to produce cytokines in response to
pathogens. Therefore, employing real time gRT-PCR, we determined whether ATO affects
the ability of macrophage to induce inflammatory cytokine production. This was done in
both unstimulated and LPS-stimulated cells. ATO-treatment diminished the baseline
production of IL-1p (0.30 fold), TNFa (0.46 fold), TGFp (0.69 fold), and 1L-10 (0.27 fold)
in comparison to PBS-treated control cells (Fig. 4A). Pretreatment with ATO also
significantly reduced the LPS-induced cytokine production (Fig. 4A). However, interestingly
LPS-stimulated cells when subsequently treated with ATO further induced cytokine
production (Supplementary Fig. 4). These results were similar to those published earlier (Liu
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et al., 2012). Pretreatment of cells with PBA significantly attenuated the ATO-impaired
production of cytokines (Fig. 4A).

Discussion

Phagocytes such as neutrophils and macrophages effectively engulf and eliminate invading
microorganisms (Sarantis and Grinstein, 2012). These cells provide an important component
of the innate immune system’s first line of defense against infections (Akira et al., 2006).
Since it is known that various inorganic arsenicals such as sodium arsenite and arsenic
trioxide impair innate immune responses both in exposed human populations (Parvez et al.,
2010; Ragqib et al., 2009; Smith et al., 2011) and in experimental animal models (Aranyi et
al., 1985; Burchiel et al., 2009; Nayak et al., 2007), we sought to determine the molecular
mechanism by which inorganic arsenic deranges these functions. We found that arsenic
impairs both bacterial engulfment ability of macrophages as well as their ability to digest the
engulfed bacteria. These changes were accompanied by the impaired production of
cytokines. It is known that in response to infection these cells often produce copious
amounts of pro-inflammatory cytokines which under certain conditions lead to a life
threatening condition called septic shock (Qi et al., 2012). Our data suggest that arsenic-
mediated alterations in innate immune functions of macrophage are related to the ability of
arsenic to suppress multiple biological functions of macrophages.

We also demonstrate here that the mechanism of these alterations is related to the activation
of UPR signaling pathway. Although arsenic is known to induce UPR signaling in multiple
cell-types (Binet et al., 2010; Lu et al., 2011; Oh et al., 2012; Yen et al., 2012), it was not
shown whether arsenic can induce UPR signaling in macrophages and whether activated
UPR signaling plays key role(s) in arsenic-induced impairment of macrophage functions.
The demonstration in the present study that chemical chaperone PBA protects against
arsenic-induced alterations in macrophage functions and survival by attenuating UPR
signaling provides a novel mechanism by which arsenic mediates its toxicity to disrupt
innate immune functions. Earlier, PBA was shown to act by functionally rescuing misfolded
proteins (Li et al., 2013; Wang et al., 2012) and to afford protection against ER stress-
induced alterations in neuronal functions (Wiley et al., 2011). We and others have shown
that arsenic acts by elaborating ROS production (Li et al., 2011; Yen et al., 2012). However,
the exact mechanism by which arsenic-mediated ROS production is regulated remains
unclear. Studies as described here also provide first evidence that arsenic-induced ROS and
UPR signaling are co-regulated in macrophage as treatment with the known antioxidant
NAC reduces arsenic-induced UPR signaling and PBA treatment impedes ROS production
(Fig. 2). In this regard, it is known that ROS augments ER stress (Li et al., 2011; Liu et al.,
2013; Yen et al., 2012). However, co-regulation of UPR signaling and ROS during the
manifestation of immune-toxicity of arsenic provides a novel approach to block multiple
disruptive biological effects of arsenic by attenuating UPR signaling.

In summary, these data provide evidence that arsenic trioxide treatment disrupts macrophage
functions by activating UPR signaling pathways particularly by PERK/ATF4 regulated
signaling. Attenuation of arsenic-mediated activation of UPR signaling by administering
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chemical chaperon, PBA or by antioxidant, NAC protects against arsenic-mediated
disruption of macrophage functions as depicted in Fig. 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Avrsenic trioxide activates UPR signaling in murine macrophage Raw 264.7 cells. Reverse
transcriptase PCR analysis of UPR responsive genes in ATO-treated Raw 264.7 cells was
performed. For this, cells were treated with ATO at two different concentrations (0.2 and 2
uM) for 60 and 180 min. Band intensity showing transcriptional expression levels of GRP78
and GRP94 (A-1), CHOP and ATF4 (A-I1) and spliced XBP-1 and HRD1 (A-I111) is depicted.
Graphs indicate the densitometry analysis of band intensity in terms of fold change. 18sSRNA
was used as endogenous control. (B-1) Western blots analysis of UPR signaling proteins (p-
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PERK, p-elF2a, ATF4 and CHOP) in ATO (0.2 and 2 pM)-treated Raw 264.7 cells for 3 h.
(B-I1) Relative densitometry analysis of band intensity expressed in terms of fold change. -
Actin was used as an endogenous control. (C) Immunofluorescence staining showing
nuclear localization of ATF4 in ATO (0.2 and 2 uM for 3 h)-treated Raw 264.7 cells. Nuclei
were stained with Hoechst 33342 dye. Arrows indicate the migration and localization of
ATF4 from cytosol to nucleus in ATO-treated cells as compared to saline-treated control
cells. (D) Western blot analysis of ATO-induced translocation and activation of ATF4 and its
downstream molecule CHOP. Fraction purity was confirmed by a/p-tubulin and TATA
binding protein for cytoplasmic and nuclear fractions respectively. Data are expressed as
Mean + SE of at least three independent samples. Statistical significance was determined
using Student’s ftest. *P > 0.05, **P > 0.01 and ***P > 0.001 show significance levels.
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dependent. ROS generation was assessed using fluorescent DCFH-DA dye. (A-1) Raw 264.7
cells were exposed to ATO (0.2 and 2 pM) treatment for 1.5 and 3 h alone as well as in the
presence of NAC (10 mM for 24 h) and PBA (1 mM for 24 h). Fluorescence intensity was
measured at excitation wavelength at 485 nm and emission wavelength at 528 nm by micro-

plate reader and changes were calculated as percent of control. (A-11) Representative
microphotographs showing ATO-induced ROS generation in Raw 264.7 cells. Images

were

snapped using upright fluorescence microscope. The positive control (Post. control) group
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consisted of Raw 264.7 cells pretreated (1 h) with 500 uM of H,0,. (B) Cells were pre-
incubated with NAC (10 mM for 2 h and 10 mM for 24 h) followed by ATO (2 uM for 3 h)
treatment. UPR regulating proteins p-PERK, GRP78, GRP94, p-elF2a and CHOP were
assessed by western blot analysis. (C-1) Raw 264.7 cells were pretreated with PBA and co-
treated with thapsigargin at concentrations 1 mM and 2.5 uM for 24 h and 3 h respectively.
Following various pretreatments/co-treatments, cells were incubated with ATO (2 pM for 3
h) and levels of proteins including p-PERK, GRP78, p-elF2a and CHOP were examined by
western blot analysis. (C-11) Relative densitometry analysis of band intensity expressed in
fold change. B-Actin was used as an endogenous control. Saline-treated cells served as
control in all experiments. Data are expressed as Mean + SE of at least three independent
samples. Statistical significance was determined using Student’s ftest. #,*P > 0.05, ##,**P >
0.01 and ###,***P > 0.001 show significance levels. * indicates significant level when
compared to saline-treated control cells. # indicates significant level when compared to
ATO-treated cells.
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UPR signaling regulates arsenic trioxide-inhibited bacterial engulfment and clearance of £.
coli (K-12 strain) BioParticles® fluorescents conjugated bacteria by murine macrophage.
(A) Raw 264.7 cells were treated with ATO (2 uM for 16 h) alone as well as in combination
of PBA (1 mM for 24 h) followed by incubation with latex beads coated with fluorescently
labeled rabbit-1gG for 45 min at 37 °C. Engulfed fluorescent-beads were observed using a
fluorescent microscope. Intensity of green fluorescence indicates the engulfed beads. (B)
Mean fluorescence intensity (MFI) of engulfed fluorescence beads were recorded in 96
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wells black bottom plate at excitation 485 nm and emission at 535 nm by microplate reader.
Saline-treated cells receiving an identical treatment with similar procedure as described
above except for the incubation temperature which was 4 °C instead of 37 °C served as
negative control. (C) Infection load of opsonized £. coli (K-12 strain) BioParticles®
fluorescents conjugated bacteria in Raw 264.7 cells-treated with ATO (2 uM for 24 h) in the
presence and absence of PBA and NAC were observed under fluorescent microscopy. At the
end of treatment, cells were incubated with fluorescent tagged £. colibacteria (Bacteria:cells
50:1 ratio) at 37 °C for 2 h and baseline was imaged under the fluorescent microscope. Cells
were further incubated at 37 °C to complete the process of bacterial clearance. After 24 h,
cells were recaptured for fluorescent imaging. (C-1) Saline-treated control cells effectively
cleared the fluorescence tagged E£. colibacteria within 24 h. (C-11) ATO-treated macrophage
could not clear this bacterial load and continued to show the presence of fluorescent tagged
opsonized bacteria. (C-111 & IV) PBA and NAC pretreatment of Raw 264.7 cells restored the
ATO-impaired clearance/phagocytosis of engulfed bacteria.
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Fig. 4.

Digminished cytokine production in ATO-treated Raw 264.7 cells was dependent on UPR
signaling: Cytokine production was quantified by real time quantitative PCR (QRT-PCR)
using SYBR Green methodology. Transcription levels of IL-1p, TNF-a, IL-6, TGF-B, and
IL-10 were determined and presented in terms of fold change. (A) Cells received five
different treatments. (1) Control-treated with normal saline, (2) LPS-treated with 250 ng/ml
for 3 h, (3) ATO-treated with 2 uM for 3 h, (4) pre-treated with ATO followed by LPS, and
(5) pretreated with PBA (1 mM for 24 h) followed by ATO and LPS. ATO-treatment to
murine macrophage reduced the cytokine production alone as well as in combination of LPS
stimulation. PBA pretreatment to the macrophage restored the cytokine production of ATO
and LPS-induced cytokine production. Data are expressed as Mean + SE of at least three
independent samples. Statistical significance was determined using Student’s ftest. #,*P >
0.05, ##,**P > 0.01 and ###,***P > 0.001 show significance levels. * indicates significant
level when compared to saline-treated control cells. # indicates significant level when
compared to LPS-treated cells. @ indicates significant level when compared to ATO + LPS-
treated cells.
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Fig. 5.
Arsenic treatment impaired macrophage functions are UPR regulated: ATO which causes

endoplasmic reticulum stress, induces UPR signaling and ROS concomitantly in
macrophage. In addition, ATO-treated macrophage show impairment in innate immune
functions including diminished phagocytosis of FITC-labeled latex beads, impaired
clearance of phagocytosed fluorescent bacteria and reduced secretion of pro-inflammatory
cytokines. However, treatment of macrophage with a chemical chaperon, 4-phenylbutyric
acid attenuated both UPR signaling and ROS generation in these cells. Furthermore, this
treatment afforded significant protection against ATO-mediated impairment of macrophage
functions. Similar protective effects against ATO-mediated impairment in innate immune
functions were noted following treatment of these cells with antioxidant NAC. Interestingly
the mechanism by which NAC affords protection against immunotoxicity of ATO also
involves diminution in UPR signaling pathway.
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