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Several precedents have confirmed numerous infirmities caused by arsenic poisoning, including immune sup-
pression and cancer. Exposure to arsenic leads to alterations of the cellular machinery and eventually cell death,
depending on the dose and duration of exposure. Oxidative stress induced by arsenic is the major mechanism by
which it inflicts cellular toxicity, challenging the survival-support - autophagy and culminating in apoptosis in
the thymus and spleen of mice. Curcumin, a potent dietary anti-oxidant with known anti-apoptotic and anti-
inflammatory properties, was assessed for therapeutic benefits. However, the major caveat of this polyphenol
is its low water solubility and limited bioavailability. Therefore, Self Nano-Emulsifying Curcumin (SNEC30) was
used to treat mice exposed to arsenic. When administered, SNEC30 effectively ameliorated the adverse effects of

arsenic in mice, by restoring structural alterations and reducing ROS-mediated cell death, thereby endorsing the
importance of nutraceuticals in counteracting heavy metal-induced cellular toxicity.

1. Introduction

Toxicity due to heavy metals is a major problem and claims
numerous lives worldwide, since they are stable and bio-accumulative
within cells [1]. In recent years, increasing ecological and worldwide
public health concern regarding environmental contamination by heavy
metals has drawn a great deal of attention. Most importantly, deleterious
upshots induced by heavy metals are insidious hazards leading to irre-
versible health effects and unfavorable outcomes [2]. Such contamina-
tion may occur as a result of industrial exposure, air effluence and water
pollution. Several studies have shown that one such heavy metal,
arsenic, induces apoptosis in many cell types from different organs,
including skin, immune organs, reproductive organs, liver, and neuronal
cells, and can disrupt the physiological homeostasis in exposed organ-
isms [3-6]. Moreover, with the aid of ongoing research, it has become
increasingly lucid that there are important dose-, time-, and
tissue-specific differences in the effects of inorganic arsenic III com-
pounds, as well as important gene-environment and co-exposure in-
teractions, which determine how arsenic alters disease risk under a

particular exposure circumstance [7-11]. Toxicity of arsenic is also
dependent on the valency of arsenic. Inorganic trivalent arsenic poses to
be far more toxic than pentavalent organic arsenic. Toxicity incurred by
this group of compounds is largely due to the inhibition of pyruvate
dehydrogenase, culminating in a reduced activity of the citric acid cycle
and production of cellular ATP. Trivalent arsenic has high affinity for
sulfhydryl moieties and therefore leads to inhibition of other cellular
enzymes through sulfhydryl group binding [12]. Arsenate, on the other
hand, acts as an analog of phosphate that competes for phosphate
transporters in glycolytic and cellular respiration pathways leading to
the uncoupling of oxidative phosphorylation. Organic arsenic is mostly
common in seafood as arsenobetaine and arsenocholine, which are
non-toxic compounds [13]. Although, it has become a general notion
that organic arsenic is harmless, recent findings have proved that some
organic arsenic compounds are as toxic as inorganic arsenic [14].
Earlier studies in our lab have shown that arsenic leads to various
toxicities to the reproductive and immune organs, primarily by ROS
generation and accumulative oxidative stress [3,6]. Since
arsenic-induced immune modulation and cell death can severely affect
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normal physiological functioning, it was imperative to investigate
possible therapeutic alternatives to counteract the stress.

Cellular damage by heavy metals is a persisting predicament for
which no safe and effective therapy is available till date. Several pre-
scribed drugs are banned regularly due to their severe side effects.
Effective treatment approaches to tackle this problem are lacking;
hence, novel strategies need to be adopted to defy the arsenic calamity.
In recent years, herbal products have gained increasing interest to
combat heavy metal poisoning because of their non-toxic and effective
anti-oxidative properties [15]. Amongst such products curcumin, a hy-
drophobic polyphenol derived from the rhizome of the herb Curcuma
longa [16], is widely known for its anti-inflammatory and antioxidant
properties [17,18]. In addition, curcumin also exhibits anti-tumor,
analgesic, immunostimulant, antiviral, antibacterial and antifungal
properties. The chief components of this phytochemical include flavo-
noids and volatile compounds, such as tumerone, atlantone, and zingi-
berone [18]. Curcumin can treat diseases, like diabetes, asthma,
allergies, neurodegenerative diseases, arthritis and atherosclerosis. In
addition, curcumin can potentially modify crucial pathways involved in
inflammation and carcinogenesis [18]. Reports have associated curcu-
min with the amelioration of copper-induced neurodegenerative dis-
eases in D. melanogaster [16]. Prevalent studies have also pointed
towards the fact that curcumin can prove to be more active in
conjunction with other antioxidants like resveratrol and gallic acid and
the trio have been found to ameliorate glyoxal-induced damage to the
renal cells [19].

Curcumin has been developed as a leading compound for formu-
lating new chemotherapeutic agents for treatment of several ailments
owing to its pharmacological safety [20,21]. Curcumin is also believed
to possess anti-carcinogenic and pro-oxidant properties that render it
competent for the treatment of numerous diseases, including pancreatic
malignancy, multiple myeloma, colon carcinoma, dementia, Alz-
heimer’s disease and psoriatic skin [22-24]. Curcumin counteracted the
adverse effects of sodium arsenite (Na AsO3) by inducing activities of
antioxidant enzymes [25] and was effective in preventing DNA damage,
cell injury and apoptosis [26]. However, studies over the past three
decades have revealed that bioavailability of curcumin is severely cur-
tailed by its low water solubility, poor absorption, restricted distribution
and high excretion [27].

Numerous nano-formulations including liposomes, polymeric nano-
particles, micelles, nanogels, niosomes, cyclodextrins, dendrimers, silver
nanoparticles, and solid lipids have been developed over time to resolve
these limitations [28,29]. Curcumin-phospholipid complexes have also
been designed to overcome the limitations of absorption [30]. In this
study, Self Nano-Emulsifying Curcumin 30 mg (SNEC30), a patented
formulation was used to ameliorate the deleterious effects of arsenic on
the primary and secondary immune organs in mice. The formulation is
prepared by dissolving curcumin in a lipid system which is converted
into an emulsion in the stomach. This enables complete dissolution and
rapid absorption of curcumin into the bloodstream, enabling immediate
action against painful and inflammatory conditions ensuring relatively
high bioavailability and stability. Since the effects of SNEC30 on
arsenic-induced cell death have not been investigated till date, the
present study attempts to substantiate an effective strategy for
combating arsenic-induced toxicity in the thymus and spleen of mice.

2. Materials and methods

Chemicals and kits: Natrium-meta-arsenite (NaAsO,) was obtained
from Merck, Darmstadt, Germany; SNEC30 was obtained from Arbro
Pharmaceuticals Pvt. Ltd. (US patent no: US8835509); Annexin-FITC
Apoptosis Detection kit was purchased from Bio Legend, USA; Acri-
dine Orange and DCFDA from Abcam, U.K. cleaved PARP, Akt, pAktl
(T45°), mTOR antibodies were procured from Abcam. Beclinl, LC3, Bax,
Bcl2, p53 and p-mTOR antibodies were procured from Santa Cruz Bio-
technologies, USA. Secondary antibodies (anti-mouse and anti-rabbit)
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were obtained from Santa Cruz Biotechnologies. GSH, CAT, SOD,
DTNB and pyrogallol were all obtained from Sigma-Aldrich, USA.

2.1. Animals

Male Swiss albino mice, aged 10 weeks weighing 25 g, were procured
from licensed breeding houses and maintained under controlled condi-
tions (25 + 2 °C room temperature, 50 + 15 % RH and normal photo-
period of 12 h dark and 12 h light) throughout the experiment. The
animals were given sterile food pellets and water ad libitum and allowed
to acclimatize to the laboratory environment for 7 days prior to
commencement of the experiments. All animal experiments were con-
ducted as per approval and guidelines of the Institutional Animal Ethical
Committee, Government of India (Registration Number 885/ac/05/
CPCSEA). Principles of Laboratory Animal Care (NIH Publication No 85-
23, revised in 1985) as well as specific Indian Laws of Animal Protection
(ILAP) were followed throughout the experimental schedule. All care
was taken to minimize the number of animals used and their suffering.

2.2. Selection of optimum arsenic and curcumin dose

Sodium arsenite (Na AsO5) was administered in drinking water for 7
days followed by SNEC30 treatment for 14 days. Mice were divided
randomly into six groups, each containing six animals (n = 6). The
groups were as follows: Group I (control group, received arsenic-free
water), Group II (received 5 ppm arsenic in drinking water), Group III
(received 300 ppm arsenic in drinking water), Group IV (received
drinking water with SNEC30 alone), Group V (received 5 ppm of arsenic
+ SNEC30) and Group VI (received 300 ppm of arsenic + SNEC30). The
doses of NaAsO; selected were based on previously published studies
[31,32] and the optimal concentration found in ground water (5 ppm) of
South and Southeast Asian Belt including India, Bangladesh, Nepal,
Vietnam and China [33]. An acute lethal dose, ie., 300 ppm, was
selected keeping in mind the accidental ingestion of insecticides or
pesticides and exposures that usually occur to miners, smelters, among
others [33]. SNEC30 emulsion was administered with drinking water at
a dose of 0.5 mg/kg of body weight, as recommended by the
manufacturer.

2.3. Tissue collection

After treatment with arsenic and SNEC30, mice were sacrificed by
means of rapid cervical dislocation. Thymus and spleen of the mice were
promptly removed, weighed in an electrical monopan balance (Lutron
GM-300 P) and processed for all subsequent experiments.

2.4. Analytical characterization of SNEC30

The SNEC30 nanoemulsion used in this study was analytically
characterized for its contents using HPLC (Agilent 1260 Infinity II se-
ries), Agilent Technologies Pvt. Ltd., India, equipped with computation
software (Open lab CDS, Chemstation Edition), G7122A degasser,
G7111A quaternary pump, G1528C manual injector, G7165A MWD
detector and a proshell 120EC-C18, 4 pm (4.5 x 150 mm) column.

2.5. Emulsion structure visualization

Cryogenic scanning electron microscopy (Cryo-SEM; Zeiss EVO-18-
Special edition, Germany) was used to study the microstructure of the
nanoemulsion. 50 pL of the samples were initially frozen to -180 °C in
liquid nitrogen and then fractured and etched at -110 °C inside a prep-
aration chamber. The samples were then coated with a gold-palladium
alloy at a temperature of -170 °C in a sputter coater (Quorum
Q150TES) and then visualized with the help of a scanning electro-
microscope (Zeiss EVO-18, Germany).
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2.6. Histology and morphometric analysis

Spleen and thymus slices from control and treated animals were fixed
in Bouin’s fluid, dehydrated in graded alcohol (50-100 %) and
embedded in paraffin. Thin sections (5 pm) were stained with routine
hematoxylin-eosin stain for photo-microscopic assessment [9] under a
light microscope (Dewinter Optical Inc., India). The stained sections
were subjected to morphometric analysis using the Dewinter Caliper Pro
software (Vers. 4.1).

2.7. Scanning electron microscopy

Spleen and thymus were dissected and fixed overnight in 2.5 %
glutaraldehyde with 0.2 M phosphate buffer at 4 °C. Fixed tissues were
washed and subsequently dehydrated through ascending grades of
ethanol, placed in chilled acetone, and air dried, overnight [3]. After
critical point drying, the tissues were coated with gold-palladium in a
sputter coater (Quorum Q150TES) and finally viewed by SEM (Zeiss
EVO-18-Special edition, Germany); [3].

2.8. Single cell suspension

Thymus and spleen obtained from the sacrificed mice were washed
in PBS and gently tapped with sterile blunt ended forceps. The single
cells were sieved with the help of nylon mesh (pore size 40 pm) and
washed three times with PBS. Cells were then counted and 1 x 10%/mL
cell suspensions were used for the experiments [34].

2.9. Estimation of intracellular ROS generation

ROS generation in the thymus and spleen of arsenic, arsenic +
SNEC30 and SNEC30 only exposed mice was measured using the
oxidation sensitive fluorescence probe, 2,7'-dichlorodihydroflurescein
diacetate (DCFDA, Abcam). In presence of ROS, DCFDA is oxidized to
form a fluorescent compound 2',7'-dichlorofluorescein (DCF). 20 pM
DCFDA were added to the cell suspension prepared from the thymus and
spleen of the experimental groups and incubated for 30 min at 37 °C in
the dark [3]. DCF fluorescence was detected by a FACS scan flow cy-
tometer (BD FACS VERSE, USA) at 530 nm and was analyzed by the BD
FACSuite™software.

2.10. Estimation of ROS scavenging enzymes

2.10.1. Preparation of post-mitochondrial supernatant (PMS)

Thymus and spleen, procured from the experimental animals were
homogenized in 0.1 M PBS with KCI (1.17 % w/v) and centrifuged at
800 G for 5 min at 4 °C to separate the nuclear debris. The supernatant
obtained was re-centrifuged at 10,500 G for 20 min to obtain the post
mitochondrial fraction [34].

Reduced glutathione (GSH) content of thymocytes and splenocytes
was determined from protein-free filtrate of thymic post-mitochondrial
supernatant (PMS) based on the reduction of 5,5'-dithio-bis-(2-nitro-
benzoic acid) (DTNB) at 412 nm, by the method of [35]. GSH content
was measured from a standard curve, and expressed in pM/mg protein.

Catalase (CAT) activity in thymocytes and splenocytes was evaluated
spectrophotometrically from thymic and splenic PMS, based on the
method described by Claiborne [36]. Decomposition of HoO5 to HoO and
O, by CAT present in the protein-free filtrate at 240 nm was expressed as
uM of H202 U/mg of protein.

Superoxide dismutase (SOD) activity was assayed from the cell ly-
sates of thymocytes and splenocytes following the method described by
Marklund and Marklund [37], based on the auto-oxidation rate of py-
rogallol at 420 nm and inhibition of this auto-oxidation by SOD where
50 % inhibition corresponded to one unit of enzyme activity. Activity
was expressed as units/mg of protein.
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2.11. Detection of acidic vesicles

Acridine orange (1 mg/mL) was added to untreated as well as treated
cells for 15 min at 37 °C. Next, cells were washed twice with PBS. Images
of cells were obtained using Olympus laser-scanning confocal micro-
scope (FV-10 ASW 3.0 viewer image browser) at 450 nm and 593 nm for
the detection of acidic vesicular organelles [3].

2.12. Analysis of apoptotic cells by flow cytometry

Cells (1 x 10%) from thymus and spleen of control, arsenic and
curcumin-exposed mice (n = 6) were collected and stained with Annexin
V-FITC and propidium iodide (PI). Cells were eventually analyzed on a
flow cytometer (BD ACCURI, BD Biosciences, USA) and analyzed by BD
ACCURI C6 software (Vers. 1.0.264.21). The experiment was performed
in triplicate for statistical significance [3].

2.13. Immunoblotting

Cells were washed and lysed in ice-cold RIPA cell lysis buffer (150
mM NaCl, 50 mm Tris, 0.1 % Triton X-100 and 0.1 % sodium dodecyl
sulphate (SDS) containing protease inhibitors [4-(-2-aminoethyl) ben-
zenesulphonyl fluoride], EDTA, leupeptin, aprotinin and bestatin,
SIGMA). Protein concentration was determined using the Bradford
assay. Proteins were resolved by SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes. The membranes were
subsequently probed with primary antibodies against p53, Bax, Bcl-2,
LC3, Beclin-1, cleaved-caspase 3, cleaved-PARP, Akt, p-Akt, mTOR
and p-mTOR overnight at 4 °C. Antibody to p-tubulin was used as
loading control. After incubation with horseradish peroxidase-
conjugated secondary antibodies, antibody binding was assessed by
using enhanced chemiluminescence. Bands were quantified using Image
J software (Vers. 1.46r) [3].

2.14. Statistical analysis

Results of the experiments, performed in triplicates (n = 6), were
expressed as mean =+ standard error, using a statistical software package
(Graphpad Prism, Vers. 6.0). Each arsenic treated group was compared
to the control and the differences between the group mean values were
evaluated by Student’s t-test as all data sets were normally distributed; p-
values less than 0.05 were considered statistically significant.

3. Results
3.1. Characterization of curcuminoid nanoemulsion

In order to determine the purity of the nanoemulsion and ensure that
its contents would enter the cells of the thymus and spleen, HPLC was
used to identify and quantify the three curcuminoids, viz., curcumin,
demethoxycurcumin and bismethoxycurcumin in SNEC30. Fig. 1A
provides the sample information and Fig. 1A (table) shows the retention
time obtained from the experiment which positively identifies all three
curcuminoids compared to the standard run. Based on the regression
lines obtained from the standard curve, the percentage area under the
peak reflecting the concentration of each component was recorded. The
data shows that the SNEC30 nanoemulsion contains 80.26 % curcumin,
17.86 % demethoxycurcumin and 1.88 % bis-demethoxycurcumin
(Fig. 1A, table). The cryo-SEM micrographs revealed multiple frozen
droplets of the nanoemulsion, with particle diameter ranging from 25
nm to 250 nm. It was also noted that the particles formed aggregates
upon being frozen (Fig. 1B).
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Fig. 1. Characterization of SNEC30. (A) HPLC chromatogram of curcumin
nanoemulsion by employing Agilent 1260, Infinity II series HPLC. A gradient
system of 1 % formic acid in acetonitrile, 60/40 v/v was used (Amax 424 nm).
The peak time of curcumin, demethoxycurcumin and bisdemethoxycurcumin
was 13.164, 11.595 and 10.198 min. (B) SEM micrograph of SNEC30 nano-
emulsion, showing particle size to be in the range of 25-250 nm. Images are at
30,000x; bar, 200 nm.

WO = 7.0mm

3.2. SNEC30 restores arsenic-induced histopathological alterations in the
thymus and spleen

Histological analyses of the thymic sections of arsenic treated mice
compared to that of untreated mice (Supplementary Fig. 1; Fig. 2A),
depicted significant alterations in morphology of 5 and 300 ppm treat-
ment groups (Fig. 2B and C). Areas of lymphocyte depletion (marked by
solid arrows, Fig. 2B) were evident. Loss of cortico-medullary demar-
cation and dilated sinusoids (indicated by asterisks) were also observed
(Fig. 2B and C). Accumulation of apoptotic bodies (pointed by broken
arrows) increased by 6- and 8.3-fold (p < 0.001), (Fig. 2B and C).
Capsular disintegration and loss of trabecular structures were evident
(Fig. 2B and C). Thymus histology of 300 ppm group revealed inflam-
mation marked by eosinophil stained area, indicated by solid arrow
(Fig. 2C). Administration of SNEC30 after arsenic exposure ameliorated
the aforesaid degenerative effects of arsenic on the thymus (Fig. 2D).
There was a marked reduction in the scores of apoptotic bodies (3.7- and
3.36-fold, respectively; p < 0.001) in the 5 ppm+SNEC30 and 300
ppm+SNEC30 groups compared to the 5 and 300 ppm arsenic-only
treated groups. The sinusoids formed due to arsenic exposure were
seen to regenerate and inflammation caused was healed (Fig. 2E and F).
Reformation of trabeculae and capsule was also observed.
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Fig. 2. Effect of SNEC30 treatment on the tissue architecture of arsenic-
exposed mice thymus. Mice (n = 6) exposed to arsenic for 7 days were
treated with SNEC30+As for 14 days. Arsenic-treated sections (B and C),
showed a significant decrease in cellularity as compared to the untreated one
(A). Broken arrows indicate pyknotic nuclei; solid arrows indicate loss of cells;
asterisks indicate dilated sinusoids. (D) Section from mice treated with SNEC30,
depicting normal histology. Arrows mark partial recovery in terms of organi-
zation and tissue architecture in sections treated simultaneously with SNEC30
along with arsenic for 14 days (E and F); c, cortex; m, medulla; t, trabaculae,
he, Hassal’s corpuscle; magnification 40x; scale bar 10 pm. (G-L) represent the
ultra structural images of thymus by scanning electron microscopy at a
magnification of 10,000x; scale bar 2 pm. (G) Micrograph of control thymus
depicting normal surface morphology. Loss of microprocesses from lympho-
cytes are marked by arrows, broken arrows indicate cell-membrane blebs (H
and I). (J) Micrograph of SNEC30 treated thymus, depicting normal features.
Dotted arrows indicate restoration of the surface morphology of the tissue upon
treatment with SNEC30 (K and L); 1, lymphocytes; rc, reticular cells; e,
epithelial cells; m, macrophages.

Scanning electron microscopic studies revealed a decrease in the size
of thymocytes of 5 ppm (1.3 folds; p < 0.05) and 300 ppm (1.7 folds; p <
0.01) compared to the control (Fig. 2G), loss of interlobular septae, an
increase in surface irregularities and loss of homogeneity and
compactness in the structural organization of the tissues in the arsenic-
treated groups (Fig. 2H and I) were found. Additionally, distinct pro-
trusions simulating membrane blebbing (indicated by broken arrows), a
definitive indication of apoptosis, was observed (Fig. 2H and I). Loss in
cellular receptors was common in both 5 and 300 ppm of arsenic treated
groups (Fig. 2H and I). Thymocytes of animals treated with SNEC30
alone resembled those of the untreated mice (Fig. 2J). Normal spherical
structures of the cells were restored and compactness was revived in 5
ppm + SNEC30 group and 300 ppm + SNEC30 group compared to 5 and
300 ppm arsenic-treated groups. Membrane blebbing was reduced and
surface receptors (marked by dotted arrows) were seen to reform
(Fig. 2K and L).

The spleen of the arsenic-treated animals was also severely affected
(Supplementary Fig. 2). Compared to the control (Fig. 3A), histological
and morphometric results demonstrated an increase in the red pulp area
of 5 ppm (1.3-fold; p < 0.05), as well as, 300 ppm groups (3.6-fold; p <
0.001). The tissues appeared to be congested with hemolyzed blood cells
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Fig. 3. Ameliorative effects of SNEC30 on arsenic-induced spleen injury.
Histopathological evaluation of arsenic-exposed mice (n = 6) spleen was per-
formed by means of standard H&E staining. (A) Control mice spleen section,
showing normal tissue architecture. (B and C) Arsenic intoxicated mice spleen
sections, illustrating expansion in red pulp area, tingible bodies marked by
arrows and pyknotic nuclei marked by broken arrows. (D) Section of spleen
from mice treated with SNEC30 for 14 days, depicting intact histological
structure. (E and F) Sections of spleen treated with arsenic followed by SNEC30
nanoemulsion + As, depicting marked reduction in the red pulp area and the
restoration of tissue histology back to normalcy; wp, white pulp; rp, red pulp; t,
trabaculae, c, capsule; magnification 40x; scale bar 10 pm. (G-L) SEM micro-
graphs of spleen at a magnification of 5000 x . (G) Micrograph of control spleen
with normal structural integrity. (H) Solid arrows indicate splenocytes with
increased diameters in 5 ppm arsenic treated group and broken arrows mark
blebbing of cellular membrane, indicative of apoptotic cells in 300 ppm group
(D). (J) Micrograph of SNEC30 treated spleen, depicting normal features. (K
and L) SNEC30+As treated groups showing restoration of cellular size, shape
and reduction in apoptosing cells. 1, lymphocytes; m, macrophages; rc, reticular
cells; e, epithelial cells; scale bar 1 pm (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article).

in arsenic exposed groups. There was a decrease in the number of
trabeculae. Many lymphocytes were observed with pyknotic nuclei
(broken arrows; Fig. 3B and C). Upon treatment with curcumin nano-
emulsion, the red pulp area reduced significantly in the 5 ppm +
SNEC30 (1.3-fold; p < 0.05) and 300 ppm+SNEC30 (1.6-fold; p < 0.01)
treated groups and the spleen was found to be reconstituted (Fig. 3E and
F). Marked reduction in cells with pyknotic nuclei was observed, and
was comparable to SNEC30 treated mice (Fig. 3D). Scanning electron
microscopic studies revealed that compared to the control (Fig. 3G), an
increase in the size of splenocytes of 5 ppm arsenic-treated group (1.8-
fold; p < 0.001). Loss of interlobular septae, an increase in surface ir-
regularities and loss of homogeneity and compactness in the structural
organization of the tissues (Fig. 3H) was also observed. At the 300 ppm
concentration, cell shrinkage and absolute disintegration of the integrity
of the tissue was noted (Fig. 3I). Distinct protrusions simulating mem-
brane blebbing (broken arrows) was also observed (Fig. 3I). Spleen of
animals treated with SNEC30 alone resembled those of the control
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(Fig. 3J). Splenocytes of 5 ppm arsenic + SNEC30 group was seen to
regain its normal size (dotted arrows) which was found to decrease by
1.6 fold (p < 0.01), compared to those of the 5 ppm arsenic treated
group. Splenocytes of the 300 ppm arsenic+SNEC30 group depicted
reduced membrane blebbing and the tissue was seen to regain
compactness and integrity (Fig. 3K and L).

3.3. SNEC30 reinstates arsenic-induced redox imbalance in immune cells

It is well established that arsenic induces reactive oxygen species
(ROS) generation, which is chiefly responsible for the disruptive effects
on the immune organs. Subsequently, the level of DCF fluorescence was
monitored using 2',7’-dichlorodihydrofluorescein diacetate (DCFDA) for
directly measuring the redox state of a cell. Generation of arsenic-
induced intracellular ROS was clearly evident in the thymus of 5 ppm
(1.5-fold; p < 0.01) and 300 ppm (2.1-fold; p < 0.01) groups (Fig. 4A and
B) and in the spleen of 5 ppm (1.8 fold; p < 0.01) and 300 ppm (2.25
fold; p < 0.001) groups (Fig. 4F and G). After treatment with SNEC30,
ROS generation was reduced significantly in the thymus by a 2-fold (p <
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Fig. 4. Alterations in the levels of ROS in response to arsenic and SNEC30
treatment. Representative histogram profiles of DCF fluorescence of thymus (A
and B) and spleen (F and G). Figures illustrate a dose-dependent increase in
ROS generation upon exposure to arsenic for 7 days. Treatment with
SNEC30+As for 14 days following arsenic treatment counteracted the oxidative
effects of arsenic and downregulated arsenic-induced ROS generation. Error
bars represent S.D. from the mean of three independent experiments. (C-E and
H-J) Depicts results of enzyme assays carried out for measuring the activities of
ROS scavenging enzymes SOD, CAT and the level of reduced glutathione GSH in
thymus and spleen of mice treated with only arsenic for 7 days and SNEC30-+As
for 14 days. Error bars represent S.D. from the mean of three independent ex-
periments. *p < 0.05, **p < 0.01, ***p < 0.001.
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0.01) and a 2.8-fold (p < 0.001) in the 5 ppm+SNEC30 and 300
ppm+SNEC30 exposed groups, respectively, as compared with the
arsenic-treated animals (Fig. 4A and B) and by a 1.4-fold (p < 0.05) in
the 5 ppm+SNEC30 and a 2.4-fold (p < 0.01) in the 300 ppm+SNEC30
treated groups of spleen (Fig. 4F and G), compared to the arsenic only-
treated mice.

Since dose-dependent increase in ROS was observed, we subse-
quently investigated the activity of ROS scavenging enzymes, which are
the key players of the endogenous defense system that combat the
damage instituted by arsenic exposure. Our results indicated that arsenic
led to considerable dose-dependent reduction in the activity of SOD,
CAT and GSH of both the thymus and spleen (Fig. 4C-E and H-J). After
treatment with SNEC30, significant restoration of the activity of SOD,
CAT and GSH were noted (Table 1). The results collectively suggested
that SNEC30 could attenuate NaAsO,-induced oxidative stress.

3.4. Effect of SNEC30 on arsenic-induced altered expression of
autophagic markers of thymus and spleen

Confocal imaging was carried out with cells of the respective tissues
stained with acridine orange and representative micrographs of control,
arsenic and arsenic + SNEC30-treated cells from thymus and spleen are
shown in Fig. 5A and B. Both 5 ppm and 300 ppm arsenic treatments
enhanced formation of autophagosomes in thymocytes and splenocytes
(p < 0.05 and p < 0.001, respectively). Upon treatment with SNEC30,
reduction in accumulation of acidic vesicles was observed in both the
thymus (Fig. 5A) and spleen (Fig. 5B) of 5 ppm + SNEC30-treated mice,
and was significant in the 300 ppm + SNEC30-treated mice (p < 0.01).
To further establish the active involvement of autophagy in arsenic-
mediated stress management, expression of the components of PI3K
pathway regulating autophagy was investigated. Significant reduction
in the expressions of PI3K, phospho-Akt and phospho-mTOR (p < 0.001)
were observed in the thymus (Fig. 5C) and spleen (Fig. 5D). Concomi-
tantly, enhanced expression of Beclin-1 and LC3-II (p < 0.001) further
confirmed ensuing autophagy in the respective tissues following arsenic
treatment. Treatment with SNEC30 revealed that arsenic-induced
autophagy could be attenuated (Fig. 5C and D) and it was validated
both by acridine orange staining (Fig. 5A and B) and western blot which
showed a marked increase in the expressions of PI3 K, phospho-Akt and
phospho-mTOR (p < 0.01) together with reduced expression of Beclin 1

Table 1

SOD, CAT and GSH levels of arsenic treated and arsenic as well as SNEC30
treated mice. One experimental set of mice was exposed to 5 ppm and 300 ppm
sodium meta-arsenite for 7 days and another set was treated with arsenic for 7
days followed by 0.5 mg/kg BW. of SNEC30+arsenic (5 and 300 ppm) for 14
days. Arsenic exposure led to a significant decrease in SOD and CAT activities
and caused a reduction in the levels of reduced GSH. Treatment with SNEC30 led
to an improvement in the activities of the ROS scavenging enzymes SOD and
CAT and an increase in GSH levels. The data shown is representative of exper-
iments carried out in triplicates, *p < 0.05, **p < 0.01 and ***p < 0.001 as
compared with the control, for the first set; *p < 0.05, **p < 0.01 and ***p <
0.001 as compared with respective arsenic only treated groups, for the second
set. (For interpretation of the references to colour in this Table legend, the reader
is referred to the web version of this article).

Organ/
A0 5 ppm 300 ppm 5 ppm + SNEC 30 | 300 ppm + SNEC 30

Factor | Foldchange | Pvalue | Fold change | Pvalue | Foldchange | Pvalue | Fold change | P value

Thymus 22]) 0.01 3.36]l | 0.001 1470 0.01 1810 0.01
SOD

Thymus 1.50 0.01 247 | 0.001 1517 0.01 241 | 0.001
CAT

Thymus 1.45] 0.01 1.720 0.01 1.25¢ 0.05 14310 0.01
GSH

Spleen 1.283 0.05 2.28]] | 0.001 1.310 0.05 1.817 0.01
SOD

Spleen 2.12]) 0.01 28] | 0.001 1.760 0.01 1.881" 0.01
CAT

Spleen 120 0.01 1.330 0.01 1.2 0.05 1.22p 0.05
GSH
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Fig. 5. Monitoring alterations in autophagy in thymus and spleen of
Swiss-albino mice using SNEC30 after arsenic exposure. (A and B) Cellular
autophagy in thymus (A) and spleen (B) measured by AO staining. The presence
of acridine orange stained acidic vesicles in the thymus and spleen cells, visu-
alized by confocal microscopy (scale bar 10 pm) confirmed autophagy upon
arsenic exposure. With the administration of SNEC30, there was a decrease in
the fluorescence intensity of the cells of thymus and spleen indicating towards a
reduction in the acidic vesicular accumulation. The intensity of fluorescence in
thymocytes and splenocytes of arsenic groups versus SNEC30-+As groups was
quantified (right panels), error bars represent S.D. from the mean of three in-
dependent experiments. *p < 0.05, **p < 0.01. (C and D) Western blots
showing expression of autophagic protein markers in thymus (C) and spleen
(D). p-tubulin was used as loading control and respective fold changes are
represented as ratio of net band pixel density of arsenic treated groups to the
control. The data shown is a representative of the experiments carried out in
triplicates.

and LC3-II in the thymus (Fig. 5C) and spleen (Fig. 5D), compared to the
arsenic only treated groups.

3.5. Effect of SNEC30 on arsenic-induced apoptotic death of immune cells

As evaluated by Annexin V/PI assay, there were significantly more
apoptotic cells in the thymus (Fig. 6A) and spleen (Fig. 6C) of the
arsenic-exposed mice, as compared to the untreated mice (p < 0.01).
Concomitantly, changes in apoptotic markers were observed in the
thymus and spleen of 5 ppm and 300 ppm arsenic-treated groups over
controls. A dose-dependent decrease in the expression of Bcl-2 (p <
0.001) and an increase in the expression of Bax (p < 0.05), cleaved
Caspase 3 (p < 0.01) and cleaved PARP (p < 0.001) was observed
(Fig. 6B and D). Interestingly, significantly increased expression of p53
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Fig. 6. SNEC30 attenuates arsenic-induced cell death in mouse thymus
and spleen. (A and C) Quantified panels of Annexin V-FITC and PI double
staining graphs obtained from the thymus (A) and spleen (C) of mice treated
with sodium arsenite for 7 days followed by SNEC30+As treatment for 14 days.
(B and D) Immunoblots of apoptotic protein markers from thymus (B) and
spleen (F) of arsenic and SNEC30-+As treated mice. p-tubulin was used as
loading control and respective fold changes are represented as ratio of net band
pixel density of arsenic and SNEC30-+As treated groups to the control. Data are
representative of three independent experiments carried out in triplicates.

(p < 0.001), indicated that apoptosis in response to arsenic was p53-
dependent. Treatment with SNEC30 reduced the number of apoptotic
cells in

the thymus by a 2-fold (p < 0.001) and spleen by a 1.5-fold (p < 0.05)
compared with mice treated with arsenic alone (Fig. 6A and C). In
addition, the expressions of both pro- and anti-apoptotic markers were
also observed to undergo restoration towards normal levels after treat-
ment with SNEC30 (Fig. 6B and D).

4. Discussion

The involvement of the immune organs and association of the im-
mune system in the regulation of arsenic-mediated toxicity has not been
delineated till date. Given the fact that generation of ROS is the most
distinct mechanism of arsenic toxicity, it was speculated that com-
pounds having anti-oxidant property might be effective in combating
arsenic toxicity. Numerous studies have confirmed that curcumin exerts
extensive pharmacological actions in various diseases, including
immune-suppression in mice, mostly by virtue of its antioxidant prop-
erties [38-40]. Curcumin may also be effective both in the prevention of
diabetes mellitus and in attenuating the associated complications,
particularly cardiovascular complications [41]. Recently, it has been
demonstrated that curcumin has a high affinity with protease and can be
considered as an effective Covid-19 anti-protease drug [42]. Both
epidemiological and experimental studies have established a favorable
correlation between amelioration of heavy metal toxicity and applica-
tion of curcumin [43,44]. However, a major caveat in applying
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curcumin is its relatively low absorption and water solubility, which
considerably limits its potency. In order to enhance rapid absorption,
SNEC30 has been formulated with self nano-emulsifying drug delivery
system (SNEDDS) to enhance the bioavailability of curcumin, without
any adverse side effects. Therefore, SNEC30 was implemented to
attenuate the damage induced by arsenic on the primary and secondary
immune organs in mice.

The noxious effects of ROS might be exerted at the DNA level, also
known as DNA oxidation, leading to mutations and possibly cancer [6,
45], at the protein level causing enzyme inhibition, denaturation and
protein degradation, and at the lipid level leading to lipid peroxidation.
Keeping in line with previous studies, our results indicated a sharp rise
in cellular ROS in the thymus and spleen upon arsenic treatment. Ac-
tivities of antioxidant enzymes, such as CAT and SOD, which are known
to be the first line of defense and protect biological molecules from
oxidative stress [46], have been shown to reduce significantly in
response to arsenic treatment. In addition, GSH levels were also depleted
after arsenic treatment, indicating thiol attenuation. These special
markers have been proven to be authentic in the diagnosis of
arsenic-related organ toxicity. Administration of SNEC30 for 14 days
significantly restored the activities of these enzymes in the thymus and
spleen of mice, suggesting that SNEC30 could successfully attenuate
oxidative stress in NaAsOo-treated mice without causing tissue damage.

Recent studies have shown that a variety of cell homeostasis mech-
anisms work together to reduce ROS-induced damage to cells and
attempt to promote cell survival under conditions of stress. Autophagy is
one of the major mechanisms maintaining cellular homeostasis [47].
ROS and autophagy play important roles in stress response in cells
through a number of complicated signaling pathways [48,49]. However,
if cells are severely damaged, autophagy backs out as a cell survival
mechanism and drives the cells towards apoptosis either by active
degradation of cellular organelles or by accelerated rate of passive
non-selective degradation of cellular components, challenging cell sur-
vivability [3]. Concomitant with these reports, we have shown an
increased autophagic activity in the arsenic-exposed thymus and spleen
of mice, leading to accelerated p53-mediated intrinsic apoptosis. As a
respite, treatment with SNEC30 was found to effectively counteract the
toxic effects of sodium arsenite-induced cellular toxicity and restore
structural and functional homeostasis in the experimental model.
Furthermore, SNEC30 prevented the occurrence of apoptosis in the
immune organs and assured overall improvement in the physiology of
the mice.

5. Conclusion

Exposure to arsenic leads to a severe imbalance of general physio-
logical conditions of an organism, including suppression of the immune
system, and may culminate in life-threatening diseases. The anti-oxidant
properties of SNEC30, which prevent further deterioration and reverse
the damages to the immune organs, assures beneficial outcome for or-
ganisms who are inadvertently exposed to environmental and acute
doses of arsenic. Amelioration by SNEC30 includes reformation of tissue
architecture, decline in arsenic-induced oxidative stress by virtue of its
antioxidant potential, and reduction of cell death in the thymus and
spleen of Swiss albino mice. Therefore, it may be reiterated that dietary
intervention and SNEC30 supplementation will help in curbing the
adverse effects of arsenic in organisms. Nevertheless, a more detailed
molecular evaluation of the therapeutic efficacies of this formulation
will endorse efficient clinical outcome, since SNEC30 has no side effects
and promotes improvement of overall health. In addition, the delivery of
this nanoemulsion, either via oral or systemic routes, need to be delin-
eated and justified for better efficacy of the formulation in patients.
Additionally, whether SNEC30 should be used alone or in combination
with other drugs which could enhance its effectiveness is a question
worthy of investigation in future.
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