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Abstract

Chronic arsenic exposure to humans is considered immunosuppressive with augmented 

susceptibility to several infectious diseases. The exact molecular mechanisms, however, remain 

unknown. Earlier, we showed the involvement of unfolded protein response (UPR) signaling in 

arsenic-mediated impairment of macrophage functions. Here, we show that activating transcription 

factor 4 (ATF4), a UPR transcription factor, regulates arsenic trioxide (ATO)-mediated 

dysregulation of macrophage functions. In ATO-treated ATF4+/+ wild-type mice, a significant 

down-regulation of CD11b expression was associated with the reduced phagocytic functions of 

peritoneal and lung macrophages. This severe immunotoxicity phenotype was not observed in 

ATO-treated ATF4+/−heterozygous mice. To confirm these observations, we demonstrated in Raw 

264.7 cells that ATF4 knock-down rescues ATO-mediated impairment of macrophage functions 

including cytokine production, bacterial engulfment and clearance of engulfed bacteria. Sustained 

activation of ATF4 by ATO in macrophages induces apoptosis, while diminution of ATF4 

expression protects against ATO-induced apoptotic cell death. Raw 264.7 cells treated with ATO 

also manifest dysregulated Ca++ homeostasis. ATO induces Ca++-dependent calpain-1 and 

caspase-12 expression which together regulated macrophage apoptosis. Additionally, apoptosis 

was also induced by mitochondria-regulated pathway. Restoring ATO-impaired Ca++ homeostasis 

in ER/mitochondria by treatments with the inhibitors of inositol 1,4,5-trisphosphate receptor 

(IP3R) and voltage-dependent anion channel (VDAC) attenuate innate immune functions of 

macrophages. These studies identify a novel role for ATF4 in underlying pathogenesis of 

macrophage dysregulation and immuno-toxicity of arsenic.
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1. Introduction

Arsenic exposure through contaminated drinking water is a worldwide public health 

problem (Brown et al., 2002; Abhyankar et al., 2012; McClintock et al., 2012). Its exposure 

has been associated with increased risk of cancer in kidney, skin, bladder, lung, prostate and 

other organs (Mink et al., 2008; Gibb et al., 2011; McClintock et al., 2012). In addition to its 

carcinogenic effects, arsenic also suppresses the immune system. As a consequence, elevated 

levels of arsenic in the environment can hinder innate immune responses against bacterial 

and viral infections. Illustrating this idea, a significant decrease in pulmonary antibacterial 

defense was noted in mice exposed to arsenic trioxide (ATO) (Aranyi et al., 1985; Burchiel 

et al., 2009). An exacerbated risk of influenza A (H1N1) infection and -associated lung 

function following arsenic exposure were also reported in other independent studies (Kozul 

et al., 2009a; Kozul et al., 2009b). ATO exposure enhanced human immunodeficiency virus 

type-1 (HIV-1) infection in an in vitro study (Nayak et al., 2007; Pion et al., 2007). 

Similarly, in a zebrafish model, 2–10 ppb arsenic levels in water augmented the viral load by 

50-fold and bacterial load by 17-fold suggesting the immunosuppressive effects of arsenic 

(Nayak et al., 2007). Lower respiratory tract infections and diarrhea are more common in 

arsenic-exposed human populations, particularly among children from Bangladesh and other 

countries where high levels of arsenic in drinking water have been reported (Mazumder et 

al., 2000; Raqib et al., 2009; Rahman et al., 2011; Smith et al., 2011). Increased mortality 

from pulmonary tuberculosios has been reported in Chile from drinking arsenic-

contaminated water (Smith et al., 2011).

The higher incidence of opportunistic infections, allergy and asthma in arsenic-exposed 

human populations likely results from failure to maintain an equilibrated immune response. 

In this regard, arsenic exposure has been shown to inhibit proliferative response of T cells 

and alters their cytokine secretion profiles (Biswas et al., 2008). Arsenic also reduces the 

proportion of T helper cell (CD4) relative to T cytotoxic cells (CD8) ratio (CD4/CD8) in 

exposed children (Soto-Pena et al., 2006). Pre-natal exposure to arsenic significantly reduces 

thymic function via oxidative stress and apoptosis (Ahmed et al., 2012) and alters DNA 

methylation (Kile et al., 2014), which collectively are thought to contribute to 

immunosuppression in childhood. Furthermore, impaired T cell functions have also been 

reported in experimental animals subjected to arsenic (Burchiel et al., 2009; Martin-Chouly 

et al., 2011). Cutaneous contact hypersensitivity response is impaired in mice exposed to 

arsenic (Patterson et al., 2004; Zhou et al., 2006), and chronic arsenic exposure of mice 

significantly decreases adhesion property and phagocytic activity of splenic macrophages 

(Bishayi and Sengupta, 2003).

In addition to the deleterious effects of environmental arsenic, ATO is a food and drug 

administration (FDA) approved chemotherapeutic agent and is used for the treatment of 

promyelocytic leukemia (PML) (Lengfelder et al., 2012). ATO treatment of patients with 

Srivastava et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple myeloma and colon cancer, as well as those with PML, has been reported to 

contribute to recurrent herpes simplex and herpes zoster virus infection (Tanvetyanon and 

Nand, 2004; Nouri et al., 2006; Yamakura et al., 2014; Cardenas et al., 2015). T cell 

mediated immunity is attenuated in these arsenic-treated cancer patients by induction of 

regulatory T cells (Tohyama et al., 2013).

The precise molecular mechanism by which arsenic impairs immune functions is yet to be 

defined. We demonstrated earlier that in vitro treatment of murine macrophage, Raw 264.7 

cells with ATO diminished phagocytic functions. These effects were suggested to involve the 

unfolded protein response (UPR) signaling as 4-phenylbutyric acid (PBA), a chemical 

chaperone alleviated markers of UPR signaling, including GRP78, p-eIF2α, and CHOP, and 

afforded protection against ATO-mediated changes in these innate immune cells (Srivastava 

et al., 2013). ATF4 increases the expression of CHOP which is also a UPR transcriptional 

regulator that has been shown to play an important role in the pathogenesis and survival of 

mycobacterium in mouse macrophage cells (Lim et al., 2011). ATF4 plays key roles in 

diverse biological and patho-biological processes such as bone formation (Wang et al., 

2012), hepatic steatosis (Jo et al., 2012) and glutamine-regulated cancer cell survival/

apoptosis (Qing et al., 2012). Recent evidence indicates that ATF4 also participates in 

signaling of the toll like receptors 4 (TLR4), which in turn regulates cytokine production 

(Woo et al., 2009). In this study we determined that ATF4 is a central target involved in 

dampening of immune responses in arsenic exposed experimental animals. Our data provide 

novel in vitro and in vivo evidence for the involvement of ATF4 in ATO-mediated 

impairment of immune regulation.

2. Materials and methods

2.1. Cell culture

Mouse macrophage cell line Raw 264.7 (Cat no. TIB-71TM) were procured from American 

Type Culture Collection (Manassas, VA). Cells were cultured in DMEM medium containing 

10% fetal bovine serum (FBS) (Sigma, St. Louis, MO) and 1% penicillin-streptomycin 

solution (Mediatech, Manassas, VA) at 37 °C in CO2 incubator.

2.2. Animal studies

ATF4+/+ wild-type (WT) and ATF4+/− heterozygous mice in the C57BL/6j background were 

purchased from Jackson laboratory (Bar Harbor, ME; http//www.jax.org). Selection of 

ATF4+/− heterozygous mice was based on the fact that ATF4−/− null mice are reported to be 

mostly neonatal lethal, and surviving animals are dwarf and display severe phenotypes in 

adulthood (Masuoka and Townes, 2002; Wang et al., 2009; Cornejo et al., 2013). To define 

the role of ATF4 on the susceptibility of animals for infection, twenty mice of each genotype 

(aged 5–6 weeks) were divided into two groups (10 mice/group). Group-1 received saline 

whereas group-2 received parental administration of ATO (50 μg/mouse in 200 μl PBS, 

intra-peritoneal; daily for 10 days). Each of these two groups was sub-divided into two 

subgroups. One subgroup received intratracheally (i.t.) saline, while the other subgroup 

received i.t. fluorescent E. coli bioparticles (2 × 107 E. coli in 30 μl PBS) as shown in 

Supplemental Fig. S1A. Fluorescent E. coli were administrated 3 h prior to euthanasia. 
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Briefly, the tongue of mice was gently extended in isoflurane-anesthetized mice, and the 

fluorescent E. coli was deposited into the oropharynx as described earlier (Bae et al., 2011). 

All animal experiments were performed according to the protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Alabama at 

Birmingham.

2.3. siRNA transfection

Raw 264.7 cells were transfected with either ATF4 siRNA (Sigma, St. Louis, MO) or 

scrambled siRNA obtained from Ambion, Life Technologies, (Grand Island, NY) at final 

concentration 10 nM. Transfection with siRNA was carried out using Opti-MEM-I reduced-

serum medium (Invitrogen, Grand Island, NY) and lipofectamine 2000 transfection reagent 

(Sigma, St. Louis, MO).

2.4. Inflammatory cytokine levels

Inflammatory cytokine mRNA expression was determined by real time PCR using SYBR 

green methodology as described earlier (Srivastava et al., 2013). Primers used in this study 

are listed in Supplementary Table-SI.

2.5. Latex beads phagocytosis assay

Latex beads coated with fluorescently labeled rabbit-IgG was used as a probe to assess the 

phagocytic capacity of murine macrophages. The experiment was performed using 

Cayman’s phagocytosis assay kit (IgG FITC) (Ann Arbor, MI) according to manufacturer’s 

instructions. Briefly, Raw 264.7 cells transfected with either ATF4 or scrambled siRNA were 

treated with either saline or ATO (2 μM for 14 h). Cells were then incubated with 30 μl of 

latex beads coated with fluorescently labeled rabbit-IgG for 45 min. at 37 °C and then 

washed three times with assay buffer followed by incubation with trypan blue quenching 

solution. The engulfed fluorescent beads were quantitated through ELISA-based microplate 

reader at excitation 485 and emission at 535 nm. Cells incubated with latex beads at 4 °C 

instead of 37 °C served as negative controls (Srivastava et al., 2013).

2.6. Bacterial clearance assay

For studying the kinetics of clearance of engulfed bacteria by Raw 264.7 cells, we used 

fluorescently labeled opsonized E. coli (K-12 strain) bioparticles (Invitrogen, Grand Island, 

NY). ATF4 siRNA transfected Raw 264.7 cells were treated with either saline or ATO (2 μM 

for 14 h). Following these treatments, cells were incubated with at 37 °C for 2 h with E. coli 
bioparticles (Bioparticles:cell 50:1 ratio). The fluorescence of bioparticles conjugates that 

are bound to the surface but not internalized were quenched by trypan blue and imaged by 

fluorescent microscopy to capture the base line fluorescence of engulfed E. coli by Raw 

264.7 cells at 2 h. After this, these cells were further incubated at 37 °C in CO2 incubator to 

study the clearance of these engulfed E. coli. Cells were imaged again at 24 h to capture the 

differences in fluorescence of engulfed E. coli between various treatments of Raw 264.7 

cells.
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2.7. ATO treatment studies using peritoneal macrophages isolated from WT and ATF4+/− 

heterozygous mice

Peritoneal macrophages were harvested from the peritoneal cavity of WT and 

ATF4+/−heterozygous mice by injecting 5 ml of sterile saline using 20-G needle. Cells were 

aspirated from the peritoneum and dispersed into 50 ml centrifuge tube. Following 

centrifugation at 400 ×g for 10 min, cells were resuspended in DMEM-F12 medium 

supplemented with 10% FBS, 1% penicillin and streptomycin. These peritoneal cells were 

then incubated in tissue culture plates at 37 °C and 5% CO2 in incubator for 6–8 h to allow 

adherence of the cells. All non-adherent cells were removed by washing with PBS. The 

adherent cells were confirmed to be macrophages by morphology identification and 

immunostaining for F4/80, a known and widely-used marker of murine macrophage 

populations (Austyn and Gordon, 1981). These macrophages were then treated with either 

saline or ATO (2 μM for 14 h), processed for flow cytometry analysis of CD11b expression. 

Similar experiments were also performed by infecting these macrophages with fluorescently 

labeled E. coli bioparticles. For this study, following treatment with ATO, peritoneal 

macrophages from the two mouse genotypes were incubated with E. coli (Bacterial:cell, 

50:1 ratio) at 37 °C for 2 h followed by incubation with trypan blue quenching solution. 

After this, these cells were further incubated at 37 °C for 24 h to study the clearance of these 

engulfed E. coli. Peritoneal macrophages were processed for flow cytometry analysis.

2.8. Isolation of lung tissue and flow cytometry analysis

Immune cells from the mouse lung tissues were isolated as described previously (Deshane et 

al., 2011). Briefly, contamination of isolated lung cells with blood was reduced by perfusion 

of the pulmonary circulation with PBS via the right ventricle following euthanasia and 

thoracotomy. Infiltrating leukocytes were isolated from minced lung tissue by treatment with 

collagenase-B (2 mg/ml, Roche, Indianapolis, IN) and DNase I (0.02 mg/ml, Sigma, St. 

Louis, MO) in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 1 mM 

sodium pyruvate, 2 mM L-glutamine, 10 μg/ml penicillin-streptomycin, 25 μM 2-

mercaptoethanol and 0.1 mM non-essential amino acids (Life Technologies, Grand Island, 

NY) at 37 °C for 30 min. This was followed by the addition of an equal volume of IMDM 

containing 20% FBS. Cell suspensions were filtered using 40-μm cell strainer, washed with 

PBS, treated with ACK lysis buffer (Quality Biologicals Inc., Gaithersburg, MD) and then 

pretreated, for 20 min., in FACS staining buffer (PBS + 3% FBS) containing 2.0 μg/ml of the 

mAb 2.4G2 (BD Pharmingen, Franklin Lakes, NJ) at 4 °C. These cells were then stained to 

identify E. coli containing CD11b+ lung cells. Cells were washed twice with PBS before 

analysis. Flow cytometry acquisitions and analyses were carried out using Becton Dickinson 

LSR II with FACS Diva software (BD Biosciences, San Jose, CA). Data were further 

analyzed using FlowJo 10 (Tree Star, Ashland, OR) and percentages of CD11b+ lung cells 

which contained E. coli population were determined.

2.9. Detection of Ca++ levels

Fluo-4 Direct™ calcium assay kit (Invitrogen, Grand Island, NY) was used to determine the 

intracellular Ca++ levels as per instructions provided by the manufacturer. Briefly, 10,000 

cells were plated in 96 well black bottom tissue culture plates for 24 h. Following ATO 
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treatments cells were washed with PBS and labeled with the Fluo-4 for 1 h (by incubating 

30 min. at room temperature and 30 min. at 37 °C) in direct calcium assay buffer containing 

pro-benecid, which blocks the efflux of intracellular dyes. The fluorescence emitted by the 

cells at excitation wavelength 494 nm and emission wavelength 516 nm was recorded using 

ELISA-based microplate reader and expressed as mean of relative fluorescence intensity.

2.10. Protein quantification and western blot analysis

Protein quantification and western blot analysis were performed as described earlier 

(Srivastava et al., 2013). Cell lysates from ATO-treated cells were prepared using an ice cold 

lysis buffer, followed by centrifugation at 5000 rpm for 10 min to obtain a clear supernatant. 

Protein concentrations were determined using a DC kit (Bio-Rad, Hercules, CA). Equal 

amounts of protein lysates were mixed with 4× sample buffer boiled for 5 min at 95 °C and 

subjected to SDS-PAGE. The separated proteins were electrophoretically transferred to 

polyvinylidene difluoride membrane and then nonspecific sites were blocked with 5% nonfat 

dry milk in Tris buffer saline tween-20 (TBST) for 1 h at room temperature, followed by 

probing with primary antibody overnight at 4 °C. After washing, the membranes were 

incubated for 1.5 h–2 h with HRP conjugated secondary antibody (Pierce, Thermo Fisher 

Scientific, Pittsburg, PA). The blots were developed with enhanced chemiluminescence 

(ECL) according to manufacturer’s instructions (Amersham Bioscience, Piscataway, NJ). 

Primary antibodies employed in this study are listed in Supplementary Table-SII.

2.11. Mitochondrial ROS (mROS)

mROS generation was assessed using MitoSOX red mitochondrial superoxide indicator dye 

(Invitrogen, Grand Island, NY) following manufacturer’s protocol. Images of mROS 

production were captured using upright fluorescence microscopy (Olympus1X-S8F2, 

Japan).

2.12. ATP determination

ATP concentrations were determined using an ATP determination kit (Invitrogen, Grand 

Island, NY). Briefly, 2.5 × 106 cells were plated to 100 mM disc and allow them to adhere 

for 24 h. Cells were then treated with different concentrations of ATO (0.5–2 μM) for 24 h, 

followed by cell lysis. Assays were performed according to manufacturer’s protocol.

2.13. Mitochondrial membrane potential (MMP)

MMP was detected using a cationic dye JC-1 (Sigma, St. Louis, MO). In intact 

mitochondria, JC-1 forms aggregates emitting red fluorescence, whereas loss of MMP leads 

to accumulation of JC-1 monomer that emit green fluorescence. Following various 

treatments, cells were incubated with JC-1 dye (10 μM) for 15 min at 37 °C followed by 

PBS wash. Cells were imaged and analyzed using upright fluorescence microscopy to assess 

the changes in the ratio of red (dye aggregates) to green (monomer) fluorescence.

2.14. Immunofluorescence (IF) staining

Immunofluorescence staining was performed as described earlier (Srivastava et al., 2014). 

Following ATO treatments, cells were washed with PBS, fixed in paraformaldehyde (4%) 
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for 10 min, permeabilized with Triton X-100 (0.5%) for 10 min followed by PBS wash, and 

blocked (1 h) with bovine serum albumin (2%). Cells were then incubated with primary 

antibodies overnight at 4 °C. After washing with PBS (three times), cells were incubated 

with fluorescein-conjugated secondary antibodies for 1.5 h at room temperature and then 

rinsed with PBS. These cells were incubated with DAPI at room temperature to counterstain 

cell nuclei and examined with upright fluorescence microscopy (Olympus1X-S8F2, Japan) 

or confocal microscopy (Zeiss LSM 710 confocal software 63× water corrected objective). 

In some experiments mitotracker dye was used to stain mitochondria performed before 

fixing.

2.15. Flow cytometry analysis of cell death

Cell death was measured by assessing subG0 populations of cell cycle as described earlier 

(Srivastava et al., 2014). Briefly, Raw 264.7 cells were seeded in 6-well plates and incubated 

overnight. Following various treatments cells were detached from plates with trypsin/EDTA, 

washed in PBS, and fixed with methanol for 4 h. Cells were again washed with PBS and 

incubated with RnaseA (Sigma, St. Louis, MO) at 37 °C for 1 h. Cells were pelleted by 

centrifugation and suspended in DNA staining solution, propidium iodide (10 μg/ml) 

(Sigma, St. Louis, MO) for 1 h and processed for flow cytometry analysis. Data were 

evaluated as percentage of cells present in different phases of the cell cycle.

2.16. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay

TUNEL assays were performed by using the in situ DNA fragmentation assay Kit (Roche 

Diagnostics, Indianapolis, IN) according to the manufacturer’s instructions. Briefly, cells 

were treated with ATO for 24 h, followed by a PBS wash, methanol fixing, and 

permeabilization with 0.1% Triton X-100. Cells were then washed three times and layered 

with 50 μM TUNEL reaction mixture, incubated for 1 h at 37 °C in a humid chamber, and 

visualized using fluorescence microscopy.

2.17. Cell fractionation

Cytoplasmic and mitochondrial extracts from ATO-treated and saline-treated cells were 

prepared as described earlier (Attardi and Ching, 1979). Briefly, harvested cells were 

suspended in ice-cold cell homogenization medium (150 mM MgCl2, 10 mM KCL, 10 mM 

Tris HCl, pH −6.7). After homogenization, nuclei were collected by centrifugation for 5 min 

at 1000 ×g. The supernatant was subsequently subjected to centrifugation at 5000 ×g to 

collect the mitochondrial pellet. The mitochondrial pellet was suspended in mitochondrial 

suspension medium (0.25 M sucrose, 10 mM Tris-base, pH −7) for further processing and 

were analyzed by western blot analysis.

2.18. Statistical analysis

Data are expressed as mean ± standard error of mean (SEM). Data were analyzed for 

statistical significance using unpaired Student’s t-test for comparison between two groups or 

one-way analysis of variance (ANOVA) followed by either Dunnett’s or Bonferroni post-hoc 

test to compare multiple groups. Two-way ANOVA with Bonferroni post-test comparison 

was performed between genotypes (WT and ATF4+/− heterozygous mice) and treatment 

Srivastava et al. Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



groups. The statistical analysis was performed using GraphPad Prism, version 6.00. In all 

case, P < 0.05 was considered as significant.

3. Results

3.1. ATO-mediated inhibition of cytokines production, bacterial engulfment and clearance 
in murine macrophages are ATF4-dependent

ATF4 is one of the key transcription factors regulating UPR signaling (Cao and Kaufman, 

2012). Following ER stress, there is preferential translation of ATF4, which then translocates 

to the nucleus where ATF4 directs transcription of UPR regulatory genes (Walter and Ron, 

2011). In this study, we first confirmed that ATO treatment induces nuclear translocation of 

ATF4 and its downstream target CHOP in peritoneal macrophages isolated from WT mice, 

and in Raw 264.7 cells (Fig. 1A and Supplemental Fig. S1B).

Next we assessed cytokine gene expression in ATO-treated Raw 264.7 cells upon treatment 

with ATO. There was a significant (P < 0.05) reduction in mRNA expression of IL-1β, 

TNFα, IL-10 and TGF-β upon ATO treatment compared to saline-treated control cells (Fig. 

1B). However, these cytokines were significantly induced in lipo-polysaccharides (LPS)-

stimulated Raw 264.7 cells. LPS was used as a positive control in this experiment. ATO-

treated Raw 264.7 cells also manifested significantly (P < 0.05) reduced engulfment of 

fluorescently labeled latex beads (Fig. 1C) and were not efficient in clearing the engulfed 

bacterial particles load (Fig. 1D). The presence of fluorescent tagged opsonized bacterial 

particles could be visualized over a period of 24 h in ATO-treated cells, whereas saline-

treated control Raw 264.7 cells cleared almost all the fluorescence tagged E. coli 
bioparticles within this time (Fig. 1D and Supplementary Fig. S2A & S2B). These results 

were confirmed further by flow cytometry analysis (Supplementary Fig. S2C).

To investigate the role of ATF4 in ATO-mediated impairment of macrophage functions, we 

knocked down ATF4 expression in Raw 264.7 cells by siRNA transfection. siRNA 

transfection resulted in 70% reduction of ATF4 mRNA and similar reduction of ATF4 

protein compared to scrambled (negative control) siRNA-transfected cells (Supplementary 

Fig. S3A). ATF4 knockdown was further confirmed by downregulation of its downstream 

target proteins CHOP and GRP78 in these cells (Supplementary Fig. S3B). ATF4-depleted 

macrophages were resistant to ATO-induced impairment of the pathogen engulfment activity 

(Fig. 1C). Knockdown of ATF4 also led to improved pathogen clearance (Fig. 1D & 

Supplementary Fig. S2C) and recovery in cytokine production (Fig. 1B).

3.2. ATO-mediated inhibition of CD11b expression is ATF4-dependent

We next asked whether ATO-mediated dysfunction of innate immune response involves 

ATF4-dependent alterations in macrophage functions. CD11b is an integrin molecule that 

has been implicated in macrophage functions including phagocytosis and clearance of 

bacteria and macrophage activation (Pilione et al., 2006). CD11b expression measured as 

mean fluorescent intensity was significantly reduced in ATO-treated peritoneal macrophages 

isolated from WT mice but not from ATF4+/− heterozygous mice (Fig. 2A–I). Similar results 

were also observed in ATO-treated peritoneal macrophages infected with E. coli bioparticles 
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(Fig. 2A–II). Data presented in the line graph (Supplementary Fig. S4) show interaction 

effects of ATO in E. coli infected and non-infected controls in both WT and ATF4+/− 

heterozygous mice.

ATO-mediated inhibition of CD11b+ expression and ATF4-dependent rescue were also 

observed following infection with E. coli bioparticles in the lung (Fig. 2B). Notably, ATO 

exposure followed by infection significantly reduced the percentage of infiltrating 

phagocytic CD11b+ E. coli–FITC+ macrophages in the lung tissue as compared to infected 

but unexposed WT controls (Fig. 2B & 2C). Both percentages and absolute numbers of E. 
coli+CD11b+ cells were significantly reduced in WT mice in response to ATO. Importantly, 

the observed dysfunction of phagocytic ability of macrophages was rescued in ATF4+/− 

heterozygous animals. Taken together, ATO has a direct impact on in vivo macrophage 

infiltration and functions that are regulated by ATF4.

3.3. ATO-mediated sustained activation of ATF4 induces apoptosis in murine macrophages

In addition to the demonstration here that impairment of macrophage functions by ATO is 

dependent on ATF4, we also observed that ATO-induced apoptosis in these target cells 

contributes to the impaired innate immune responses by eliminating these cells. As shown in 

Fig. 3A, ATO-treatment in WT mice induced significant induction of apoptosis in vivo in 

CD11b+ cells in the lung tissue as assessed using Annexin-V flow cytometry analysis. The 

percentage of CD11b+ dead cells was significantly higher in ATO-treated WT mice. These 

dead CD11b+ cells mainly included macrophages and phagocytic neutrophils (data not 

shown) suggesting that apoptosis induction of CD11b+ cells by ATO beside their functional 

impairment in ATF4+/+ mice accounts for the reduced efficiency of E. coli FITC 

phagocytosis as observed in the lung tissues of these mice during infection (Fig. 2B & 2C). 

However, CD11b+ cells were relatively resistant to apoptosis with no significant changes in 

CD11b+ dead cells in ATO-treated ATF4+/− animals (Fig. 3A). These findings were 

confirmed in in vitro setting using Raw 264.7 cells. There was sustained expression of ATF4 

in ATO-treated Raw 264.7 cells, which correlated with increased expression of ATF4-target 

genes CHOP and GRP78. Increased expression of ATF4 and these UPR-target genes were 

followed by enhanced cleaved caspase-3 (Fig. 3B). Knocking down of ATF4 by ATF4 

siRNA diminishes expression of ATO-induced cleaved caspase-3 (Fig. 3C), suggesting that 

the cell death was a consequence of ATF4-mediated apoptosis.

3.4. Ca++ homeostasis dysregulation underlying ATO-induced apoptosis

We next addressed the molecular mechanisms by which ATO induces apoptosis. Since ER 

stress is known to release Ca++ from ER lumen to the cytoplasm, we tested whether Ca++ 

release persists at later time-points up to 14 h following ATO treatment. A significant 

increase in the sustained Ca++ release was noted (Fig. 4A). Additionally, we observed that 

this enhanced cytosolic Ca++ induced calpain-1/cas-pase-12/caspase-3 signaling pathway 

and regulated apoptotic macrophage death (Fig. 4B) via IP3R phosphorylation. These ATO-

mediated Ca++-dependent responses were similar to those induced by ionophore, an 

established calcium inducer (Fig. 4C). Furthermore, pretreatment of macrophages with the 

Ca++ chelator, Quin-2; calpain inhibitor, PD-150,607; or Ca++ channel, IP3R inhibitor, 

2APB; significantly reduced ATO-mediated activation of the calpain pathway and 
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consequent apoptotic death of the macrophages as viewed by the lowered cleaved caspase-3 

(Fig. 4C). These data highlight the importance of ER Ca++ release in regulating macrophage 

survival and viability. It is important to mention here that capase-12 is more relevant to 

murine models as in humans stress functions are known to be regulated by caspase-4 (Roy et 

al., 1990; McIlwain et al., 2013).

To address whether Ca++/calpain-1/caspase-12-caspase-3 is uniquely augmented by ATO 

treatment or other apoptotic death inducing pathways that are also activated in parallel, we 

investigated the signaling pathways in the mitochondria-regulated death. ATO treatment of 

Raw 264.7 cells led to increased mROS production (Fig. 5A), coincident with significant 

decreases in cellular ATP levels (Fig. 5B) that are associated with the loss of MMP (Fig. 

5C). ATO-treated cells manifested monomer form which was detected as green fluorescence 

(Fig. 5C and Supplementary Fig. S5A). The disruption of MMP led to the release of 

cytochrome c from mitochondria to the cytoplasm due to increased permeabilization of the 

outer mitochondrial membrane (Fig. 5D and Supplementary Fig. S5B). BAX is also known 

to induce mitochondrial permeability pore and MMP loss (Narita et al., 1998). In this regard, 

western blot analysis confirmed the localization of BAX from cytoplasm to mitochondria 

and subsequent release of cytochrome c from mitochondria to cytoplasm (Fig. 5E). Here, the 

fractional purity was confirmed by α/β-tubulin and VDAC proteins for cytoplasmic and 

mitochondrial fractions respectively. The released cytochrome c would then trigger 

caspase-3-regulated apoptosis. Increased dead cells were validated by the presence of 

TUNEL positive green cells (Fig. 5F) and induction of Sub-G0 cell populations of cell cycle 

(Fig. 5G). The cell death may be the result of cumulative contributions from both ER and 

mitochondrial-mediated death inducing pathways as Ca++/calpain and mitochondrial 

pathways were simultaneously induced. Since the antioxidant NAC substantially blocked 

macrophage death (data not shown), ROS are likely important effectors for both of these 

pathways.

3.5. Small molecule inhibitors of IP3R and VDAC protect against ATO-mediated 
impairments in macrophage functions by attenuating Ca++ homeostasis

Our in vitro data highlighted the involvement of ER-Ca++ release in ATO-induced 

macrophage death. Thus, we further investigated the role of Ca++ in ATO-impaired 

macrophage functions. It is known that Ca++ channels, IP3R at ER and VDAC at 

mitochondria are physically linked through the molecular chaperone glucose-regulated 

protein 75 (GRP75) which facilitate mitochondrial Ca++ uptake (Szabadkai et al., 2006). To 

show the involvement of Ca++, we blocked both IP3R and VDAC channels by using their 

known inhibitors 2-APB and DIDS respectively. Our data demonstrate that ATO-mediated 

impairment in fluorescence tagged E. coli bioparticles uptake and cytokine release were 

significantly rescued by the pretreatment of Raw 264.7 cells with 2-APB or Quin 2 (Fig. 6A 

& B), indicating that Ca++ homeostasis is important in the regulation of innate immune 

functions of the macrophages. Similar protection was also afforded by the pretreatment of 

these cells with DIDS (Fig. 6A & B). Our data thus demonstrate the importance of ER-

mitochondria regulated Ca++ homeostasis in ATO-mediated impairment of macrophage 

functions and subsequent death.
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4. Discussion

Arsenic is increasingly being recognized as a suppressor of innate immunity (Kozul et al., 

2009a). Environmental exposure to arsenic in adults as well as early life exposures in 

children contribute to the dys-regulated innate immune functions that have been implicated 

in persistent opportunistic bacterial and viral infections in exposed individuals (Mazumder et 

al., 2000; Smith et al., 2006; Raqib et al., 2009; Rahman et al., 2010). However, the 

mechanisms by which arsenic impairs the immune responses remain undefined.

Earlier, we reported involvement of UPR signaling in arsenic-mediated immune 

dysregulation with impaired phagocytic functions (Srivastava et al., 2013). ER stress in host 

cells is known to be associated with bacterial and viral infections (Isler et al., 2005; Tsalikis 

et al., 2015). ER stress is exploited by infectious organisms to enhance the survival of host 

cells to favor the proliferation of infectious organism (Lim et al., 2011; Inacio et al., 2015). 

In this study we identified ATF4, a CREB family transcription factor that facilitates UPR 

signaling, as a central regulator of host innate immune responses to arsenic. Induced 

expression of ATF4 and its sustained activation by arsenic triggers calcium-dependent 

dysregulation of the ER and mitochondria, which is important for the impairment in 

macrophage functions and apoptotic death of these innate immune cells.

Phagocytes are essential components of the innate immune system. Pattern recognition 

receptor-mediated signaling and induction of pro-inflammatory cytokines are pre-requisites 

for efficient phagocytic functions of the macrophages. Our studies show that ATO inhibits 

the production of IL-1β, IL-10, TGF-β and TNF-α by macrophages and the pro-

inflammatory cytokine signaling is rescued in the absence of ATF4 or by interference RNA-

mediated knock down of ATF4 in these cells. ATO-mediated inhibition of IL-1β signaling is 

consistent with the recent observations that inflammasome activation regulated by IL-1β is 

inhibited by ATO (Maier et al., 2014). The impaired innate immune responses resulting from 

inefficient inflammasome activation may account for the significant loss of phagocytic 

activity and pathogen clearance mechanisms of macrophages resulting from ATO exposure.

Importantly, we present a novel role for ATF4 in innate immune regulation following arsenic 

exposure. In our earlier published study, we demonstrated in vitro that arsenic-induced ER 

stress is associated with dysregulation of innate immune functions of macrophage as prior 

treatment of macrophage with a chemical chaperone, 4-PBA afforded protection against 

arsenic-induced impairment in macrophage functions with concomitant diminution of UPR 

signaling pathway (Srivastava et al., 2013). In this regard, it has been reported that viral 

infection often induces ER stress (Isler et al., 2005; Zhang et al., 2010; Finnen et al., 2014; 

Fros et al., 2015). Autophagic responses are also induced by both viral and bacterial 

infections by a process involving activation of ATF4, which helps host cells to survive 

during prolonged infection (Wang et al., 2014). For example, during human cytomegalovirus 

(HCMV) infections, viral protein PUL38 activates the UPR, leading to phosphorylation of 

PERK and eIF2α and robust accumulation of ATF4, which is important in abrogating cell 

death by inhibiting JNK phosphorylation (Xuan et al., 2009). Furthermore, ATF4 depletion 

attenuated virus growth by inhibiting viral gene transcription and DNA synthesis (Qian et 

al., 2012). Infectious bronchitis virus (IBV) also modulates apoptosis of host cells by 
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restricting the activation of PERK pathway in UPR signaling (Liao et al., 2013). Thus, while 

activation of ER stress and ATF4 in host cell following infection enhances survival, our data 

demonstrate that the same UPR pathway in macrophages reduces innate immune functions 

and eliminate host defense cells by inducing apoptotic cell death. By depleting ATF4 level in 

vitro, we demonstrate that arsenic-mediated disruptions of innate functions of macrophage 

are ATF4-dependent.

Promotion of apoptosis in macrophages in response to arsenic exposure occurs by the 

sustained activation ATF4. Since we observed that arsenic induces CHOP expression 

through the PERK/ATF4-dependent pathways, we suggest that the observed apoptotic cell 

death may be related to CHOP induction. Sustained activation of CHOP is known to induce 

apoptosis in various biological systems (Nishitoh, 2012; Quick and Faison, 2012). This 

study points to the involvement of calpain-1, a protease, in the induction of apoptosis. 

Calpain-1 is known to orchestrate apoptosis in various cell types (Nakagawa and Yuan, 

2000). In this regard, we confirmed the involvement of Ca++/calpain-1/caspase-12 pathways 

in triggering arsenic-induced apoptotic murine macrophage death. We and others previously 

reported that arsenic toxicity is regulated by ROS generation and mitochondrial signaling 

(Liu et al., 2001; Le Bras et al., 2005; Liu et al., 2005; Yen et al., 2012). In this manuscript, 

we confirmed that arsenic also induced mROS in macrophages leading to mitochondrial 

apoptosis by release of cytochrome c from mitochondria to cytoplasm. Taken together, 

arsenic induces apoptosis in macrophages by multiple death-inducing signaling pathways.

Thus, ATF4 is an important negative regulator of macrophage innate immune functions as 

depicted in the flow diagram (Fig. 7). Our studies as presented here address a possible 

mechanism for impairment of innate immune responses resulting from early exposure to 

ATO. These studies provide mechanistic models for investigating impaired immune 

regulation during chronic arsenic exposure.
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Fig. 1. 
ATO-inhibited cytokine production, bacterial engulfment and its clearance of engulfed 

bacteria in murine macrophage in ATF4-dependent manner. (A) Immunofluorescence 

staining showing migration and localization of ATF4 (red) from cytosol to nucleus in ATO 

(2 μM for 14 h)-treated Raw 264.7 cells (bar, 50 μm) and in peritoneal macrophages (F4/80, 

green) (bar, 25 μm) isolated from WT mice. Nuclei were stained with DAPI. (B) Histograms 

showing real time PCR analysis of mRNAs expression encoding the indicated cytokines in 

ATF4 siRNA or scrambled siRNA-transfected Raw 264.7 cells treated either with saline 

(control) or with ATO (2 μM for 14 h). Treatment of the cells with LPS (100 ng for 3 h) 

served as a positive control. (C) ATF4 siRNA- or scrambled siRNA-transfected Raw 264.7 

cells were treated either with saline or with ATO (2 μM for 14 h), followed by incubation 

with fluorescently labeled rabbit-IgG coated latex beads with for 45 min at 37 °C. Histogram 

showing mean fluorescence intensity of engulfed fluorescent beads (recorded at excitation 

485 nm and emission at 535 nm by microplate reader). Negative control cells received 

identical treatments as described above except were incubated at 4 °C instead of 37 °C. (D) 

Infection load of fluorescently labeled opsonized E. coli bioparticles in Raw 264.7 cells was 

recorded at 2 h and 24 h using fluorescent microscopy (bar, 200 μm). Arrows indicating the 

presence of E. coli bioparticles. Data are expressed as mean ± SEM. *P < 0.05, compared to 

Srivastava et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control. #P < 0.05 and ##P < 0.01, compared to ATO-treated group. NS-nonsignificant 

compared to control.
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Fig. 2. 
ATO down regulates CD11b expression in ATF4-dependent manner. (A); (A–I) Histogram 

showing mean fluorescent intensity of CD11b expression determined by flow cytometry 

analysis of peritoneal macrophages, isolated from WT and ATF4+/−heterozygous mice. 

These macrophages were treated with either saline (control) or ATO (2 μM for 14 h). (A–II) 

Similar experiments were also performed by infecting (INF) macrophages with E. coli 
fluorescents conjugated bioparticles. For this study, following treatment with ATO (2 μM for 

14 h), peritoneal macrophages were incubated with E. coli (bacterial: cell, 50:1 ratio) at 

37 °C for 2 h and then cells were washed twice with PBS followed by flow cytometry 

analysis. (B) Flow cytometry analysis of lung infiltrates of WT and ATF4+/− heterozygous 

mice treated intraperitoneally with either saline (control) or ATO (50 μg/mouse in 200 μl 

PBS; daily for 10 days) and then intratracheally infected with E. coli-FITC. Representative 

dot plots showing percentages of CD11b + E. coli-FITC+ cells in the lung tissues. (C) 

Histogram showing percent E. coli FITC+CD11b+ cells (top panel) and absolute numbers of 

E. coli-FITC+ CD11b+ cells (lower panel) in lung tissues. Data are expressed as mean ± 

SEM. ***P < 0.001 compared to their respective controls. NS-nonsignificant.
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Fig. 3. 
ATO-induced apoptosis in murine macrophages. Histogram showing the percentage and 

total dead CD11b+ cells in the lung tissues of WT and ATF4+/−heterozygous mice. These 

mice were treated with either saline or ATO (50 μg/mouse in 200 μl PBS, intra-peritoneal; 

daily for 10 days) and then intratracheally infected with E. coli-FITC as referred to the 

Material & methods section. (B); (B–I) Western blot analysis of ATF4, GRP78, CHOP and 

cleaved caspse-3 in ATO-treated Raw 264.7 cells. (B–II) Histogram representing the 

densitometry analysis of western blots. (C); (C–I) Western blots analysis of cleaved 

caspase-3 in ATF4 knockdown cells treated with either saline or ATO (2 μM). Scrambled 

(SCR) siRNA was used as a negative control. (C–II) Histogram representing the 

densitometry analysis of western blots. Data are expressed as mean ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001 compared to their respective controls. #P < 0.05 compared to ATO-

treated group. NS-nonsignificant.
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Fig. 4. 
ATO-mediated apoptosis is regulated by Ca++/calpain-1/caspase-12-mediated apoptosis. (A) 

Line graph showing intracellular Ca++ release from ATO-treated Raw 264.7 cells at 14 h. 

Fluorescence intensity was recorded at excitation wavelength 494 nm and emission 

wavelength 516 nm using a microplate reader and expressed as mean of relative fluorescence 

unit (RFU). (B); (B–I) Western blot analysis for p-IP3R, calpain-1, cleaved caspase-12, and 

cleaved caspase-3 proteins in lysates prepared from ATO-treated (1 and 2 μM for 24 h) Raw 

264.7 cells. (B–II) Histogram representing the densitometry analysis of western blots. (C) 

Western blot analysis for calpain-1, cleaved caspase-12 and cleaved caspase-3 proteins in 

ATO-treated Raw 264.7 cell lysate. These cells were pretreated with calcium chelator, Quin2 

(20 μM for 3 h) or calpain inhibitor, PD150606 (10 μM for 3 h) or IP3R inhibitor, 2-APB 

(20 μM, 6 h). In these experiments calcium ionophore (cal. iono.), (2 μM for 3 h) was used 

as positive control to address whether the effects are indeed Ca++ regulated. Histograms 

representing the densitometry analysis of western blots. Data are expressed as mean ± SEM. 

*P < 0.05, **P < 0.01, ***P < 0.001 compared to control. #P < 0.05, ##P < 0.01, compared 

to ATO-treated group.
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Fig. 5. 
ATO-mediated apoptosis is regulated by mitochondrial signaling pathways. (A) 

Mitochondrial ROS (mROS) production in saline and ATO-treated (2 μM for 24 h) Raw 

264.7 (bar, 30 μm). (B) Line graph showing ATP depletion in ATO-treated Raw 264.7 cells 

in comparison to saline-treated control cells. (C) Loss of MMP was observed using JC-1 dye 

in ATO-treated (2 μM for 24 h) cells under fluorescence microscope as assessed by the 

changes in the ratio of red (dye aggregates) to green (monomer) fluorescence (bar, 50 μm). 

(D) Immunofluorescence staining of ATO-induced release of cytochrome c (Cyt c) (green) 

in cytoplasm from mitochondria (red). Mitochondria were stained with mitotracker, a red 

dye (250 nM for 20 min) (bar, 50 μm). (E) Western blot analysis of ATO-induced alterations 

of Cyt c and BAX levels in cytoplasm and mitochondria. Fraction purity was confirmed by 

α/β-tubulin and VDAC proteins for cytoplasmic (Cyto.) and mitochondrial (Mito.) fractions 

respectively. (F) TUNEL assay was performed in ATO-treated (1 & 2 μM for 24 h) Raw 

264.7 cells. Green fluorescence positive cells represent apoptotic cells (bar, 50 μm). (G) 

Apoptosis was also recorded by flow cytometry. Sub-G0 population of cells treated with 

ATO (2 μM for 24 h) represented apoptotic cells. Data are expressed as mean ± SE. **P < 

0.01 and ***P < 0.001 show significance levels compared to control.
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Fig. 6. 
Treatment with 2-APB, Quin2 or DIDS attenuated ATO-induced impairment in macrophage 

functions disruption. (A) Overlay of microphotographs on bright filed (B.F.) and green 

channel (E. coli) with DAPI showing protection afforded by 2-APB (20 μM 6 h), Quin2 (20 

μM, 3 h) and DIDS (200 μM, 6 h) against ATO-mediated (2 μM, 14 h) disruption of 

fluorescent E. coli bioparticles clearance (marked by arrows) at 24 h. Infection load of 

fluorescently labeled E. coli bioparticles were observed under the microscope at 2 h and 24 h 

after various treatments to Raw 264.7 cells (bar, 100 μm). (B) Histograms showing real time 

PCR analysis of cytokines IL-1β and TGF-β. Blocking IP3R or VDAC channel by 2-APB or 

DIDS, or chelating Ca++ by Quin2, significantly restored the level of diminished mRNA 

expression of cytokines in ATO-treated Raw 264.7 cells. Data are expressed as mean ± SE. 

*P < 0.05, **P < 0.01 compared to their respective controls. #P < 0.05, ##P < 0.01 compared 

to ATO-treated group. NS-nonsignificant.
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Fig. 7. 
Flow diagram depicting the mechanism by which ATO treatment blocks macrophage 

functions and induces apoptosis in ATF4-dependent manner. ATO activates ATF4, a UPR 

signaling transcription factor, in murine macrophages, which dysregulates multiple 

macrophage functions including cytokines release, bacterial engulfment and clearance of 

engulfed bacteria. In ATO-treated macrophages, sustained activation of ATF4 leads to 

apoptosis via multiple pathways. Ca++-dependent calpain-1/caspase-12-mediated apoptosis 

and mitochondrial-dependent apoptosis via release of cytochrome-c from mitochondria to 

cytoplasm have been recorded. Overall, these effects may lead to dampening of macrophage-

dependent innate immune responses. The role of ATF4 in ATO-mediated macrophage 

dysregulation was ascertained by the genetic approaches where knocking down of ATF4 

afforded significantly protection against ATO-mediated impairment of macrophage 

functions. Role of calcium homeostasis in this toxicity could be confirmed by the treatment 

of these macrophages with Ca++ channel blocker or Ca++ chelators which attenuated ATO-

induced calpain-1/caspase-12-mediated apoptosis and perhaps other functions related to 

ATF4 activation.
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