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ABSTRACT

Arsenic is prevalent in contaminated drinking water and affects more than 140 million people in 50 countries.
While the wide-ranging effects of arsenic on neurological development and cancer draw the majority of concern,
arsenic's effects on the gut mucosa-associated immune system are often overlooked. In this study, we show that
24 h after a single dose [low dose (50 pg/kg bw), medium dose (100 pg/kg bw) or high dose (200 pg/kg bw)] of
arsenic by oral gavage, mice show significantly reduced gut mucosa-associated mRNA expression for the key
genes involved in the signaling pathways central to immune responses, such as Nuclear factor kB (NFkB),
Extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), p38 and Myeloid differentiation protein 88-
dependent (Myd88) pathways. Additionally, mRNA expression of apoptosis, inflammasomes and inflammatory
response genes are significantly downregulated in the animals exposed to arsenic. Comparisons of time-de-
pendent effects (24 h vs 48 h) from low dose arsenic exposed animals showed a significant shift in expression of
Myd88 alone, suggesting that the down regulation was sustained for the key genes/signaling pathway. An ex-
tended eight-day exposure to arsenic showed a decreased state of immune preparedness, though not as dimin-

ished as seen in the single dose exposure.

1. Introduction

Arsenic is a widely-distributed, noxious chemical found naturally in
the soil, water, and air whose prevalence is a leading public health
concern (https://www.who.int/ceh/capacity/heavy _metals.pdf, 2017).
The World Health Organization (WHO) deems arsenic as the most
common chemical contaminant of drinking water and the Substance
Priority List from the Health and Human Services/Agency for Toxic
Substances and Disease Registry names arsenic as the leading substance
of significant threat to human health (ATSDR, 2017). Exposure to or-
ganic arsenic can occur through oral consumption of sea foods [(for
example jelly fish and seaweeds) (Taylor et al., 2017);] contaminated
food [mainly rice (Khan et al., 2010; Zhu et al., 2008)] or through in-
halation of contaminated sawdust and tobacco products; but the most
common exposure route is through ingestion of arsenic-contaminated
drinking water. An estimated minimum of 140 million people world-
wide are exposed to concentrations of arsenic in drinking water that
exceed the WHO recommended guideline of 10 ppb (ug/L) (Ravenscroft

Abbreviations: APL, acute promyelocytic leukemia; GIT, gastrointestinal tract

et al., 2009). In the United States, regulatory agencies have set stan-
dards in place to better protect the public. The U.S. Environmental
Protection Agency (EPA) has a maximum contaminant level of 10 ppb
arsenic in drinking water (EPA, 2001), and the Food and Drug Ad-
ministration (FDA) has proposed draft action levels of 100 ppb in-
organic arsenic in infant rice cereal (FDA, 2016) and 10 ppb inorganic
arsenic in bottled beverages (2018).

Arsenic exists in inorganic and organic forms, with inorganic arsenic
generally recognized to be associated with the more severe health risk.
Inorganic arsenic predominately exists in two oxidation states, As™ and
AsY. Trivalent arsenite (As™) is seen as more hazardous to human
health as opposed to pentavalent arsenate As") (Domingo, 1995). Ar-
senic has been associated with numerous health effects, predominantly
cancer and skin lesions (Chen et al., 1992; Hopenhayn-Rich et al., 1998;
https://monographs.iarc.fr/wp-content/uploads/2018/06/mono100C-
6.pdf, 2018). Acute arsenic exposure can cause vomiting, abdominal
pain, encephalopathy and diarrhea, while chronic exposure causes
cancer of the skin, urinary bladder, and lungs, and is also positively
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associated with cancer of the kidneys, prostate and liver (Campbell and
Alvarez, 1989; IARC, 2012; Jomova et al., 2011). Other studies have
shown clear links between arsenic and cardiovascular disorders such as
atherosclerosis, hypertension and ischemic heart diseases, as well as
diabetes and non-malignant lung diseases (Lu et al., 2014; Mazumder,
2007; Singh et al., 2011). In utero and early childhood exposure to ar-
senic is especially problematic in both animals and humans, as it is
known to result in increased mortality rates (Fry et al., 2007), increased
susceptibility to influenza A infection (Ramsey et al., 2013), reduced
intelligence (Manju et al., 2017; Nahar et al., 2014), and permanent
changes in gene expression in offspring (Dolinoy et al., 2006). Animal
studies show that large dose arsenic exposure in pregnant females can
cause low birth weight and premature birth (Kile et al., 2016), fetal
malformations (Hood, 1972), or fetal death (Fry et al., 2007).

Arsenic's toxicity is fundamentally attributed to oxidative stress
(Barchowsky et al., 1999) which leads to genotoxicity and modulation
of signaling pathways and transcription factors (Faita et al., 2013; Fry
et al., 2007). Arsenic undermines the immune system by altering the
function and/or abundance of various immune cell populations in-
cluding T cells and macrophages (Andrew et al., 2008; Argos et al.,
2006; Banerjee et al., 2009; Maiti et al., 2012; Ostrosky-Wegman et al.,
1991). Human subjects chronically exposed to arsenic-contaminated
drinking water show significantly elevated serum antibody levels along
with respiratory complications (Islam et al., 2007). Low level arsenic
exposure is shown to suppress overall innate immune system health in
zebrafish (Nayak et al., 2007). Chronic arsenic exposure significantly
compromises the immune response of adult C57BL/6 J mice to influ-
enza A infection (Kozul et al., 2009). Human bronchial epithelial cells
exposed to arsenic exhibited decreased antimicrobial defense and in-
creased susceptibility to Pseudomonas aeruginosa infection (Goodale
et al., 2017).

Although arsenic clearly has an adverse effect on the immune
system, less is known about its effect on the gastrointestinal immune
response, particularly that relating to antibacterial function that is es-
sential to maintaining gut homeostasis. The gastrointestinal tract must
maintain a delicate balance of tolerance to harmless, commensal mi-
croflora, and immune activation against invasive pathogens. A leading
mechanism in maintaining gut homeostasis is activation of the Toll-like
receptors (TLRs) -pathway and TLR-mediated responses. Deficiency of
TLRs has been shown to undermine the development of proper in-
flammatory responses in the gut to commensal microflora [reviewed in
(Honda and Takeda, 2009)]. This raises the question about possible
roles TLRs and TLR-mediated responses may play in arsenic-induced
dysbiosis. Furthermore, MyD88-mediated signaling pathways in mice
prevent development of azoxymethane/dextran sodium sulfate-induced
adenocarcinomas in the colon (Salcedo et al., 2010). Triggering of
MyD88 leads to the activation of inflammasomes and inflammatory
responses that are important in controlling infections, autophagy and
regulating gut homeostasis (Gagliani et al., 2014). Additional pathways
such as NFkB, MEK, and JNK/p38 signaling pathways also lead to a
variety of inflammatory and apoptotic responses essential to regulating
gut homeostasis (Kucharczak et al., 2003; Lawrence, 2009). Our goal
was to explore the effect of arsenic on immune system responses in
three scenarios: 1) dose-dependent responses, 2) time-dependent re-
sponses, and 3) dose frequency responses (single vs repeated dose).
Here we explore the signaling mechanisms underlying arsenic's ex-
posure on an important barrier in the body.

2. Materials and Methods
2.1. Animals

Handling procedures for mice used in this study have been pre-
viously reported (Gokulan et al., 2018; Twaddle et al., 2018a, 2018b).

In brief, all studies were approved by the National Center for Tox-
icological Research Animal Care and Use Committee. Female CD-1 mice
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(7-8 weeks of age) were obtained from Charles River Co. (Wilmington,
MA). Mice were placed on a low-arsenic basal diet (5K96, Test Diets,
Purina Mills, Richmond, IN) to reduce background arsenic levels prior
to testing. The preference for the use of female animals in this study was
due to two reasons, first, the prevalence of arsenicosis is more in fe-
males who are exposed to low doses of arsenic (Ahmad and Khan,
2015). Second, this study was part of the larger experimental plan,
designed to evaluate arsenic toxicity during perinatal and postnatal
development. During the first phase of the study (pilot study), mice
were given a single oral gavage of low dose [LD24 (50 ug/kg bw)l,
medium dose [MD24 (100 pg/kg bw)] or high dose [HD24 (200 pg/kg
bw)] of sodium arsenite (purchased from Lab Chem, Zelienople, PA).
Ileum samples were collected 24 h and 48 h postexposure as described
in our previous publication (Gokulan et al., 2018) and the terminal
ileum was excised and frozen immediately at —80 °C for the mRNA
expression of immune status related genes. Endpoint analysis during
these 24 h and 48 h post exposure allowed us to assess if a single ex-
posure to arsenite may have any impact on the immune related gene
expression, as well as, if these changes stay beyond 24 h. The pilot study
was conducted using two animals in each group to establish sample
collection procedure and generate preliminary data for kinetic study for
minimal set of time points for arsenic metabolism in few targeted tis-
sues (Twaddle et al., 2018b). As the lowest dose (LD) itself showed
significant metabolism by various tissues, a larger study was conducted
using only low dose (n = 6); thus, LD had 8 animals, whereas MD and
HD had only 2 animals in the experimental group. Moreover, arsenic
contaminated drinking water has a level of arsenic that could be in the
milligram-per-liter range, thus reaching a total daily intake of ~50 pg/
kg body weight (b.w.), dose chosen in this study. A detailed schematic
diagram of the arsenic exposure to animals, as well as numbers of an-
imals used, is provided in Fig. 1A.

In next phase of study, mice were repeatedly exposed to arsenic
through drinking water (1 mg/L) for 8 days continuously (RD) before
sacrifice. Based on the drinking water consumption/day/mice, the
average daily intake of arsenite in the RD animals was estimated to be
192 = 24 ug/kgbw/day. In RD animals the level of consumed arsenite
was 192 + 24ug/kgbw/day (n = 6) (Twaddle et al., 2018a). Some
mice from the RD group were placed on clean water for 24 h instead of
being sacrificed to view recovery after the cessation of arsenic (RDCE).

2.2. RNA extraction and cDNA conversion

The protocol for RNA extraction and subsequent cDNA conversion
has been previously described (Gokulan et al., 2018). Briefly, mouse
intestinal tissue was minced in TRIzol Reagent (Thermofisher, Wal-
tham, MA) and homogenized using a handheld homogenizer and nu-
clease-free pestle. Samples were vortexed with chloroform, centrifuged,
then the top aqueous layer transferred to a new tube. Samples were
then mixed with an equal volume of isopropanol and rested at —20 °C
for 2 h. Pellets were washed with ice-cold 70% isopropanol, air-dried to
remove residual isopropanol and then resuspended in nuclease-free
H,0 (Thermofisher, Waltham, MA). Extracted RNA was treated with
TURBO DNase (Thermofisher, Waltham, MA) to remove potential
contaminating genomic DNA. Superscript IV VILO Mastermix (Ther-
mofisher, Waltham, MA) was then mixed with 2.5 ug of DNase-treated
RNA for synthesis of cDNA to be used in qPCR analysis.

2.3. qPCR and analysis

Expression of antibacterial response genes was analyzed with
PAMM-148 plates (Qiagen, Hilden, Germany) which assessed 84 im-
mune response related genes and other housekeeping control genes.
SYBRGreen Mastermix (Applied Biosystems, Waltham, MA) was mixed
with sample cDNA and aliquoted into wells. PCR was conducted in an
ABI 7500 Real-Time PCR System with assay conditions set as: 50 °C/
2min, 95°C/10 min; 95°C/15s, 60 °C/1 min; (x45 cycles) with a final
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Fig. 1. Experimental strategy of studying how oral arsenic exposure affects mRNA expression of immune status related genes in the gastrointestinal tract A) How
animals were exposed to arsenic. B) Experimental outline showing how samples were analyzed together.

melting curve from 60 °C-95 °C. Data was analyzed using the Qiagen
Data Analysis Center with a threshold of 40 cycles. Arithmetic means of
B-actin, B-2 microglobulin, Gapdh and Hsp90ab were used as the house-
keeping genes to normalize data. The p-values were calculated in the
Qiagen Data Analysis Center using a Student's t-test on the 2°(-A CT)
values. Fold regulation values from Qiagen Data Analysis Center were
used in data representation. P-values in graphs are depicted by either ‘*’
(p-value < 0.05) or ‘{’ (p-value < 0.005).

3. Results

Arsenic exposure causes significant downregulation of mRNA ex-
pression of immune response related genes in most of the experimental
groups outlined in Fig. 1A. The results of each experimental group are
provided below.

3.1. Dose-dependent responses (single exposure)

To investigate the effects of various arsenic dosage, mice were orally
gavaged with a single dose of arsenic in three concentrations (as de-
scribed in Materials and Methods) and the ileal tissue was collected 24 h
after the single gavage (LD24, MD24, and HD24). Overall cursory
analysis shows few genes were statistically significantly upregulated in
any experimental group (Table 1). However, all experimental groups
showed a variable number of genes that were downregulated. Inter-
estingly, the HD24 group had noticeably fewer downregulated genes
when compared to LD24 and MD24 (Table 1).

Table 1

Overall Gene Expression Changes in Arsenic-Exposed Experimental Groups.
Only genes with fold changes greater than 2 or less than —2 are shown as
upregulated or downregulated, respectively. Values shown in parenthesis are
the number of genes below the p-value threshold of 0.05 in comparison to ar-
senic-free control mice.

LD24 MD24 HD24 LD48 RD RDCE
Upregulated 6(0) 5(4) 8(0) 5(0) 6(0) 10(1)
Downregulated 44(240) 40(11) 18(80) 39(22) 24(9) 28(8)

Our data showed that a single arsenic exposure caused significant
differences in the mRNA expression of the cellular immune response
genes representing NFkB, MEK, JNK/p38, and MyD88-dependent sig-
naling pathways (Fig. 2A- C). It should be noted that some genes are
involved in more than one function, thus some genes are reported in
more than one pathway.

NFkB transcription factors are central to expression of pro-in-
flammatory cytokines and chemokines, as well as for lymphocyte pro-
liferation and differentiation. Several critical components of the NFkB
signaling pathway are significantly downregulated during arsenic ex-
posure (Fig. 2A). In all three doses, positive regulator Chuk is sig-
nificantly downregulated when compared to control mice. Low-arsenic
dose mice (LD24) had significant downregulation of NFkB signaling
genes Ikbkb and Nfkb1 in addition to Chuk. Medium dose (MD24) and
high dose (HD24) mice showed that expression of inhibitor Nfkbia (see
Supplemental Fig. 1A) is significantly downregulated when compared
to control mice.

Another mechanism for controlling cellular immune responses is
through activation of the MEK, JNK/p38 signaling pathway. The mRNA
expression of key genes that operate these signaling pathways is shown
in Fig. 2B. Arsenic exposure in all three experimental groups caused
significant downregulation of Map2k4 (activates both JNK1 and p38)
and Mapkl4 (p38). The LD24 group additionally showed significant
downregulation of Map2k1, Mapk1 (ERK2) and Mapk8 (JNK1). Medium
dose arsenic exposure caused significantly downregulation of Mapk8
and Jun in addition to the previously mentioned Map2k4 and Mapk14.
The HD24 group showed downregulation of only the common Map2k4
and Mapk14 genes with no other significant differences.

Analysis of the MyD88-dependent pathway shows the HD24 group
with the highest overall mRNA expression level among the three single
arsenic dose groups (Fig. 2C). LD24 shows significant decreases in Fadd,
Map3k7, Myd88, Tlr5 and Tollip. MD24 shows a significant decrease in
the Tollip gene while showing a significant increase in Irak1. The HD24
group however, has no significant changes in gene expression.

Next, we compared the dose effects (LD24 vs MD24 vs HD24) for the
mRNA expression of genes involved in these pathways. Analysis of
experimental groups (dose response) revealed differences in the NFxB
signaling pathway, with Nfkbl being significantly changed between
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LD24 and HD24 (Fig. 2D). While comparing the dose effect in MEK.
JNK/p28 pathways, HD24 showed significant differences for the mRNA
expression of Mapk1l, Map2k1 and Mapk8 genes in comparison to LD24
(Fig. 2D). Furthermore, several MyD88-signaling genes such as Fadd,
Map3k7, Tollip and Traf6 have significantly higher expression in the
HD24 group in comparison to the LD24 (Fig. 2D).

The previously described signaling pathways play important roles in
regulating mucosal immune responses, which can be best exemplified
through expression of genes involved in inflammasome components,
inflammatory and apoptotic responses. However, a particular gene may
be involved in more than one response/pathway. After arsenic exposure
at LD24 and MD24, mRNA expression of most inflammasome compo-
nent genes showed downregulation; while the HD24 group shows ex-
pression levels similar to the arsenic-free control mice (Fig. 3A and B).
mRNA expression of Caspl and Naipl were significantly downregulated
in the low dose animals (LD24) as compared to the controls. Medium
dose animals showed significantly upregulated expression of Pycard and
significant downregulation of the Casp1 and Nirc4 genes as compared to
control animals. Overall, the dose-dependent effect on various signaling
cascades is best exemplified in expression changes of inflammatory
response genes (Fig. 3B). LD24 shows inflammatory response genes Lbp,
Ly96, Racl, Myd88, Tollip and TIr5 are significantly downregulated.
MD24 shows strong downregulation of several genes but only sig-
nificantly for Nirc4 and Tollip, but also a significant increase in Cd14
expression. HD24 shows significant decreases in expression of AktI and
Racl. Intra-experimental group comparison for genes involved in the
inflammasomes process show a significant increase in the expression of
both Caspl and Naip1 genes between HD24 and LD24 (Fig. 3A). While
comparing the overall dose effect on inflammatory response genes,
most significant differences in the expression of the genes were found
between LD24 vs HD24. Similarly, significant differences were seen in
the mRNA expression of inflammatory response genes Lyz2, Mefv,
Nfkb1, Ripk2, Tlr1 and Tollip in the HD24 when compared to the LD24
group (Fig. 3C).

Overall, expression of apoptotic genes is shown to be highest in
HD24 relative to the other two experimental groups (Fig. 3D). LD24 has
the lowest overall expression, with expression of Caspl, Fadd, Ikbkb,

Map3k7, Mapkl, Mapk8, Pik3ca, Racl and Ripkl all significantly
downregulated compared to control mice. MD24 has fewer gene ex-
pression changes, showing Caspl, Jun, Mapk8, and Nfkbia significantly
downregulated while Cd14, Irakl and Pycard are significantly upregu-
lated. HD24 gene expression mostly falls within the range of the ar-
senic-free control mice, with only Aktl, Nfkbia and Racl showing sig-
nificant downregulation. While comparing between LD24 and HD24
(Fig. 3E), numerous genes in the apoptotic process, such as Fadd,
Map3k7, Mapkl, Mapk8, Nfkbl, Pik3ca, Ripk2 and Traf6 show sig-
nificantly higher expression in HD24 (in terms of either lowest level of
downregulation or higher level of upregulation in the mRNA expression
of a particular gene) from the LD24 to HD24.

3.2. Time-dependent responses (24 h vs 48 h)

To determine if changes in mRNA expression of immune system
response genes during a single exposure to arsenic at the lowest dose
would be sustained after a short recovery period of 48 h, murine mRNA
expression 24 h after low dose arsenic exposure (LD24) was compared
to expression 48 h post-exposure (LD48). The Venn diagram (Fig. 4A)
depicts an overall summary of upregulated or downregulated immune
response genes in LD24 and LD48. Of the six genes upregulated in ei-
ther LD24 or LD48, five are upregulated in both groups while one is
unique to LD24. Thirty-six genes are downregulated in common be-
tween LD24 and LD48. Genes involved in NFkB, MEK, p38/JNK and
MyD88 signaling pathways were observed to be quite similar, with the
notable exception of Myd88 (Fig. 4B-D). Statistical analysis shows that
the Myd88 gene is the only significantly changed gene between these
two groups; showing a significantly lesser downregulation in LD48
compared to LD24 (4.15 fold higher in LD48 than LD24, p-
value = 0.001) (Supplemental Fig. 2). Overall, gene expression for in-
flammasome, inflammatory response and apoptosis gene groups be-
tween LD24 and LD48 was remarkably similar as gene expression for
these gene groups was not significantly different between the two time
points (Supplemental Fig. 3).
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3.3. Effects of dose frequency

The final analysis investigated the potential differences between
exposure to a single dose of arsenic (LD24) and a repeated dose of ar-
senic (RD). As mentioned earlier, on an average the daily exposure to
arsenite in the RD animals was estimated to be 192 + 24 pg/kgbw/
day (n = 6) (Twaddle et al., 2018a). The RD experimental group totally
had nine mice, six mice were used for RD group and 3 of them were
used for cessation group. This analysis also included cessation mice
(n = 3) (RDCE) which were repeatedly exposed to arsenic for 8 days,
similar to the RD group, but then given arsenic-free water for an ad-
ditional 24 h before sample collection. This allowed assessment of po-
tential changes in the gene expression due to chronic exposure to ar-
senic, and whether these changes would normalize when arsenic
exposure was stopped and replaced with normal water.

Analysis showed the repeated dose exposure had a variable impact
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Fig. 3. Gene expression changes of antibacterial
response genes in single dose arsenic groups. A)
Genes encoding inflammasome components are
shown in fold expression relative to control
mice. Statistical significance between the LD24
and HD24 experimental groups is shown as well.
B) Heatmap of inflammatory response genes
shown as fold expression relative to control
mice. C) Inflammatory response genes that are
significantly different between experimental
groups LD24 and HD24. D) Heatmap of apop-
totic genes shown as fold expression relative to
control mice. E) Apoptotic genes that are sig-
nificantly different between experimental
groups LD24 and HD24. Statistical significance
is shown as either “*” (p-value < 0.05) or “i”
(p-value = 0.005). Only genes with fold changes
greater than 2 or less than —2 are shown with
significance.

on the gene expression level in the NFkB, MEK, JNK/p38 and MyD88-
dependent pathways. Expression of Chuk was downregulated in both
RD and RDCE groups, but the other NF«kB pathway genes did not change
significantly during the repeated exposure (Fig. 5A). Repeated exposure
caused significant downregulation of Mapk1 in both RD and RDCE, as
well as Map2k4 in RD (Fig. 5B). MyD88-dependent signaling pathway
genes were not significantly changed in RD, while RDCE showed sig-
nificant downregulation of Map3k7 and Tollip (Fig. 5C). Inter-experi-
mental group analysis showed a small number of signaling pathway
genes significantly different between single dose exposure (LD24) and
repeated dose exposure (RD) (Fig. 5D). For the MEK pathway Mapk1
was shown to be significantly lower in RD relative to LD24. For MyD88-
signaling genes Irf7, Tollip and Trafé showed significantly higher ex-
pression in RD than in LD24.

Expression of inflammasomal component genes is mostly down-
regulated, with Caspl significantly downregulated in both RD and
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or “i” (p-value < 0.005). Only genes with fold changes greater than 2 or less than —2 are shown with significance.

RDCE (Fig. 6A). Intra-experimental group analysis showed that only
Naip1 was significantly different between RD and LD24 (Fig. 6D). In-
flammatory response genes surprisingly showed no significant differ-
ence, other than Tollip (an inhibitor for Irakl activation), Cd14 and Lbp
(Fig. 6B). Overall expression of apoptotic genes was similar in LD24 and
RD (Fig. 6C), with the exception of Card9 and Trafé6 which were sig-
nificantly upregulated in RD relative to LD24, while Mapkl as pre-
viously mentioned was downregulated (Fig. 6D). No significant differ-
ences were found between the RD and the RDCE groups in antibacterial
response gene expression (data not shown).

4. Discussion

The dose-dependent impacts of a single arsenic gavage on gastro-
intestinal immune responses remains largely a mystery. Our work
shows that a single arsenic gavage has a sizable impact on the critical
NF«B, MEK, JNK/p38, and MyD88-dependent signaling pathways in
mice, at all doses tested. NF«kB transcription factors are central to ex-
pression of pro-inflammatory cytokines and chemokines, as well as for

lymphocyte proliferation and differentiation. Several critical compo-
nents of the signaling pathway are significantly downregulated.
Increased arsenic exposure has been shown to modulate epigenetic
changes at the methylation levels of various genes involved in the NFkB
signaling pathway (Argos et al., 2014). In our work, all doses show
significant downregulation of Chuk (a positive regulator of NF«kB sig-
naling), as well as Ikbkb at the low dose (LD24). Nfkb1 was also sig-
nificantly downregulated in the LD24. Inhibitor Nfkbia is significantly
downregulated at both the medium and high dose. Together these re-
sults suggest that although NF«kB elements are downregulated at every
dosage, low dose would have the lowest activation due to significant
decreases in expression of positive regulators Chuk and Ikbkb, as well as
significant downregulation of Nfkbl. Medium and high doses would
possibly have higher, albeit still downregulated, pathway activation
due to decreases in both Chuk and inhibitor Nfkbia expression. Finally,
the expression of Nfkb1 was significantly higher in HD24 than in LD24,
supporting the conclusion that the NFkB pathway may be overall more
active in the HD24 than in the LD24 (Supplementary Fig. 1A).

It has been shown in neuronal cells that MAP2K1 activates ERK1
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Fig. 5. Gene expression changes in antibacterial
response signaling pathways in either single
dose (LD24), repeated dose (RD) or cessation
(RDCE) experimental groups. Heatmaps for A)
NFkB, B) MEK, JNK/p38, and C) Myd88-depen-

Pathway Genes dent signaling pathways show gene expression
* o changes as fold expression relative to the con-
—_— % - trol. Only genes with fold changes greater than 2
or less than —2 are shown with significance.
The bar graph in D) shows genes that are sig-
nificantly altered between experimental groups
LD24 and RD. Statistical significance is shown as
either “*” (p-value =< 0.05) or “i” (p-
value < 0.005).
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and ERK2 (Mapk3 and Mapk]1 respectively) which enter the nucleus to
activate transcription factor c-Jun, mediating MAPK signaling (Eriksson
et al., 2007). Intramucosal nerve cells are also present in the small in-
testine (Fang et al., 1993). These nerve cells are a main component of
the enteric nervous system; the largest and most complex part of the
peripheral nervous system (Nezami and Srinivasan, 2010). Our data
shows that the MEK, p38/JNK pathway is mostly downregulated at all
doses (Fig. 2B). These genes represent positive regulators in the kinase
cascade, thus the pathway is downregulated at all doses (as shown in
Supplementary Fig. 1B). However, LD24 and MD24 have more sig-
nificantly downregulated genes, five and four genes, respectively; while
the high dose only has two genes significantly downregulated. Ad-
ditionally, numerous components such as Map2kl, Mapk1(ERK2) and
Mapk8 (JNK1) have significantly higher expression in HD24 than in the
LD24 group, suggesting that while downregulated, HD24 again has the
highest gene expression level among the experimental groups. The
combination of higher Mapkl and Mapk8 gene expression levels in-
dicates an increased likelihood of activation of downstream transcrip-
tion factor Jun, as well as others such as ATF-2 and SP-1 (Kumar et al.,
2009; Zeke et al., 2016) (not assayed here), that could potentially lead
to inflammation and apoptosis. The significant downregulation of
Mapk14 (p38) in all doses could be potentially compensated in HD24 by
this increased expression of Mapkl and Mapk8.

Most importantly, we see in the Myd88-dependent pathway that the
HD24 has no significantly changed genes, while LD24 has several sig-
nificantly downregulated genes. Of particular interest is the Map3k7/
Traf6 link between the Myd88 pathway and activation of the NFkB and
MEK, JNK/p38 pathways mentioned above. Map3k7 encodes a kinase
(TAK1) that activates NFkB and MAP2Ks (leading to activation of JNK
and p38). Changes in Traf6, a central activator of various transcription
factors including Irf5, NFxB and Jun, were not statistically significant in
any of the arsenic exposed animals as compared to control. Together
these two proteins form a kinase complex that is required for activation
of NFkB (Landstrom, 2010). Single dose intra-experimental group
analysis shows expression of Map3k7 and Traf6 genes are both sig-
nificantly higher in the HD24 compared to LD24. However, a Myd88-
pathway inhibitor Tollip also shows significantly higher expression in
HD24 than in LD24, although still downregulated. This may be partially
offset by the (non-significant) increased gene expression of Irakl, the
target of Tollip's inhibition (Supplementary Fig. 1C). Taken together,
these observations further support our conclusion that these signaling
pathways are more active at higher doses of arsenic.

Arsenic undermines the human immune system at a cellular level,
while interacting with peripheral blood mononuclear cells, natural
killer cells, T-cell lymphocytes, eosinophils, monocytes, and macro-
phages, resulting in alterations in function and/or abundance (Andrew
et al., 2008; Argos et al., 2006; Banerjee et al., 2009; Maiti et al., 2012;
Ostrosky-Wegman et al., 1991). Macrophages have been proposed as a
target of inorganic arsenic's toxic effects. In our study, Cd14, the pattern
recognition receptor mainly expressed by macrophages, is upregulated
in all arsenic-exposed groups, though this data was only statistically
significant in MD24. However, expression of Irak3, a monocyte/mac-
rophage-specific negative regulator of MyD88-dependent signaling, is
slightly downregulated (non-significantly) in all arsenic-exposed groups
including MD24. One possible explanation for the conflicting results in
gene expression of macrophage-related Cd14 and Irak3 is the observa-
tion that arsenic exposure in drinking water causes an increase in
CD14 * monocytes (Dutta et al., 2015; Wu et al., 2003). Although a
main macrophage chemotaxic protein CCL3, also known as macrophage
inflammatory protein 1-alpha (MIP-1a), showed no significant changes
in gene expression levels, in our previous work (Gokulan et al., 2018)
we also showed significant increases in MCP1 (monocyte chemotactic
protein; that is known to also interact with NFkB pathway (Ritchie
et al., 2004)). This could lead to increased infiltration of monocytes and
thus support increased expression of CD14*. Our results suggest that a
similar phenomenon may be occurring in the intestinal mucosa.
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Another study reports the de-differentiation of macrophages into CD14-
expressing monocytic-like cells following a repeated arsenic exposure of
3-6 days (Lemarie et al., 2008), which may be relevant to our 8 day,
repeated dose group results, where mRNA expression was higher for the
CD14 gene. Finally, arsenic trioxide has been shown to inhibit mono-
cyte differentiation into macrophages through repression of NFkB-re-
lated survival pathways (Lemarie et al., 2006), which we show are in-
deed downregulated. In fact, recently it has been shown that ileal tissue
and the associated microbial population are highly proficient in con-
version of arsenic into arsenic trioxide (Gokulan et al., 2018; Twaddle
et al., 2018c).

Equally important as the signaling pathways mentioned earlier;
inflammasomes, inflammatory genes and the apoptotic response play
an essential role in maintaining mucosal integrity and gut homeostasis.
The high dose group shows elevated levels of all three gene groups in
comparison to the lower doses, though similarly expressed to the con-
trol. Of particular interest is the JNK, Akt and PI3K coordination in
susceptibility to arsenic trioxide-induced apoptosis (Davison et al.,
2004). Pik3ca, expressing the catalytic subunit of the PI3K enzyme, was
downregulated in all arsenic exposed groups, though statistical sig-
nificance was found only in LD24. Mapk8 (gene encoding JNK) was
downregulated in all arsenic-exposed groups; however, statistically
significant differences were observed in LD24 and MD24 but not in
HD24. HD24 shows significant downregulation of Akt, while Mapk8 and
Pik3ca are non-significantly downregulated. JNK, which inactivates Akt
and PI3K through phosphorylation, has been linked to arsenic trioxide-
dependent apoptosis in acute promyelocytic leukemia (APL) (Davison
et al., 2004). This inactivation of Akt and PI3K leads to increased
sensitivity to arsenic trioxide-dependent apoptosis in acute leukemia
(Tabellini et al., 2005). Therefore, the observed significant down-
regulation Akt in HD24 could be directly related to increased suscept-
ibility to apoptosis, which is indicated by the elevated expression of
apoptotic gene in HD24 relative to the other lower doses. This down-
regulation of Mapk8 (JNK gene) suggests these lower dose groups may
be more protected from apoptosis than the HD24 group. The significant
increased expression of apoptotic genes (Casp1, Fadd, Map3k7, Mapk1,
Nfkb1, Ripk2 and Traf6) in the HD24 group relative to LD24 support this
theory.

Inflammasomes are part of the innate immune response which uti-
lize PRRs (pathogen recognition receptors) from the Nod-like Receptors
to initiate pro-inflammatory responses, including pro-inflammatory
cytokines IL-1p and IL-18 and pyropoptosis via Caspase-1. Arsenic tri-
oxide inhibits the response of NLRC4 inflammasomes to their ligands
(Maier et al., 2014). Additionally, it inhibits both the autoproteolytic
activity of caspase-1 and activity of pre-activated recombinant caspase-
1. This, in turn, inhibits downstream processing of cytokines IL-1f and
IL-18 by caspase-1 (Maier et al., 2014). Caspl gene expression, an im-
portant player in the apoptosis pathway, is significantly increased in
HD24 compared to LD24. IL-18 gene expression level was often un-
detectable, but elevated expression was found in HD24 (4.9 fold in-
crease), whereas IL-18 has a significant decrease in gene expression
(—7.1 fold decrease, p-value > 0.05) (data not shown). Interestingly,
although IL-18 is defined as pro-inflammatory, it has shown remarkable
properties in tissue repair, epithelial restitution, and resolution of in-
flammation (Chen, 2017; Chen et al., 2011; Salcedo et al., 2010). Gene
expression levels of the ‘promiscuous’ Nlrp3 component go largely un-
detected in our study (data not shown). Increased amounts of arsenic
may efficiently inhibit caspase-1 activity in high doses, however data
showing the increased expression of inflammatory response genes does
not support this. Our data suggests that the lowest level of arsenic ex-
posure possible (in our study, 0.05 mg/kg bw) is the most effective in
decreasing immune response gene expression.

Arsenic trioxide has also been shown to reduce protein levels of X-
linked inhibitor of apoptosis protein (Xiap) in monocytes (Lemarie
et al., 2006). In our results Xiap gene expression is significantly reduced
in all arsenic-exposed groups (statistically significant; data not shown).



M.G. Arnold, et al.

Reduced expression of Xiap, along with BCL-xL, and cIAP, (Birc3 in our
data), are suggested to be the causes of apoptotic induction in arsenic
trioxide-exposed human APL NB-4cells (Momeny et al., 2010). Our
study also confirms the downregulation of the Birc3 gene at all arsenic
exposures tested, though only significantly in LD48.

The ability of arsenic to cause lasting damage is well illustrated
through comparison of LD24 to LD48, as LD48 had time to recover from
the single dose arsenic assault. Fig. 4A depicts the similarity of the two
groups in gene expression. Interestingly, Myd88 is the only gene sig-
nificantly different between the two time points, though there is no
clear reason why. Considering that MyD88-dependent signaling is in-
dispensable for TLR-initiated responses, expression of TLR genes was
analyzed. However, no significant differences in the mRNA expression
of TIr genes (Tlrl, Tlr4 and TIr5) were observed (data not shown).
Moreover, expression of Ly96 (Lymphocyte antigen 96 that interact
with TLR 4), was also downregulated in LD24 and LD48 (data not
shown). Probably activation of the MyD88 dependent signaling
pathway may be TLR-independent in this case. It is likely that the si-
milarity in gene expression between LD24 and LD48, and RD and RDCE,
shows that arsenic exposure, whether a single instance or repeated, has
a lasting impact on gut homeostasis and immune system function that is
not easily repaired in only 24 h.

Our results clearly show that arsenic exposure suppresses a wide
variety of immune response genes in the gastrointestinal tract.
Previously, the immunosuppressive effects of arsenic trioxide have been
utilized to induce remission of APL (Soignet et al., 1998), as well as to
alleviate allograft rejection in mice (Zhao et al., 2018). Our gene ex-
pression results support these previous reports that a low dose of ar-
senic has an immunosuppressive effect as seen in APL treatment
(Soignet et al., 1998), although it is unclear if this would have any
benefits in the context of gastrointestinal health. It was postulated that
the immunosuppressive effects of arsenic exposure would be best vi-
sualized through an increased presence of pathogens. Our previous
study on the microbiome of these arsenic-exposed mice showed that the
genus Bilophila was abundant in adult mice repeatedly-exposed (RD) to
arsenite (Gokulan et al., 2018). B. wadsworthia is known to be an op-
portunistic pathogen that can cause intra-abdominal infections (Baron
et al., 1992; Feng et al., 2017; Finegold et al., 1992) and is suspected to
cause inflammation when found in abundance (Feng et al., 2017). This
could help explain the relatively elevated immune state in RD, in
comparison to other single-dose arsenic-exposed groups. This however,
would not explain the overall similarity of the immune state between
the controls and repeated exposure groups, suggesting that B. wads-
worthia may be one of many factors. However, there are no significantly
changed pathogenic species observed in the single-dose 24h groups
(LD24, MD24, and HD24), perhaps simply because not enough time has
passed for such an infection to take place (Gokulan et al., 2018).

This study supports our previous work showing shifts in microbial
population following arsenic exposure (Gokulan et al., 2018). The gut
microbiome and host have co-evolved over millennia, and unsurpris-
ingly have major impacts on one another. Previously, we investigated
the changes in gut microbial populations in arsenic exposed mice
(Gokulan et al., 2018). In the case of LD24 and LD48, little difference is
observed aside from the expression of the Myd88 gene, and accordingly
the microbial populations are shown to be very similar. Dramatic
changes in distal gut microbiota composition have been observed in
Myd88_/ ~ mice (Wen et al., 2008). Our data confirm previous work
that has observed changes in MyD88 expression in response to arsenic.
Our previous analysis of shifts in the microbial population correlates
well with the overall degree of change observed in the MyD88-depen-
dent signaling pathway. Additionally, Nod1 ~/~ mice are also shown to
have dramatic shifts in microbial populations of the gut (Bouskra et al.,
2008), and NOD1-deficiency in mice causes susceptibility to H. pylori
infection (Viala et al., 2004). Nod1 is downregulated in all our arsenic-
exposed groups except RDCE, although not significantly. RD and RDCE
have no significant differences between the two groups, and again
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microbial population analysis showed a near identical population be-
tween the two groups (Gokulan et al., 2018). Earlier, we showed that
repeated arsenic exposure caused a transient decrease in the recovery of
intestinal bacteria, a shift in the bacterial population with abundance of
arsenic resistance genes, and evidence for host metabolism of arsenite
into less-reactive trivalent methylated species (Gokulan et al., 2018).
Additionally, studies have also shown that ileal tissue efficiently me-
tabolize arsenite into pentavalent and trivalent methylated metabolites.
Methylation of arsenite (either due to bacterium-induced conversion or
due to host factors) is generally viewed as a detoxification reaction
because DMA" is the predominant species excreted in urine and me-
thylation appears to protect mice from acute toxicity of arsenite
(Currier et al., 2016). There is an exception to this trend in the RD to
control comparison, but this gene expression difference could perhaps
be explained by long-term exposure to arsenic and its effect on the
gastrointestinal homeostasis.

5. Conclusion

This study demonstrated that exposure to arsenic may have sub-
stantial effects on gastrointestinal health, possibly through the gene
expression of the various immune response-related pathways. While the
potential health effects of long-term arsenic exposure are well known, it
is important to address the lack of knowledge of the impact of low doses
of arsenic on gastrointestinal health. These data show that low-level
arsenic exposure may have a dramatic impact on immune system pre-
paredness, even after a single exposure.
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