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Introduction

Morin encapsulated chitosan nanoparticles
(MCNPs) ameliorate arsenic induced liver damage
through improvement of the antioxidant system
and prevention of apoptosis and inflammation in
micey

Sanchaita Mondal,?° Sujata Das,? Pradip Kumar Mahapatra® and Krishna Das Saha & *@

Chronic exposure to arsenic over a period of time induces toxicity, primarily in the liver but gradually in all
systems of the body. Morin hydrate (MH; 2/,3,4',5,7-pentahydroxyflavone), a potent flavonoid abundantly
present in plants of the Moraceae family, is thought to be a major bioactive compound that may be used
to prevent a wide range of disease pathologies including hepatotoxicity. Therapeutic applications of
morin (MOR) are however seriously constrained because of its insolubility, poor bioavailability, high
metabolism and rapid elimination from the human body. Nanoformulation of MOR is a possible solution
to these problems. In the present study we investigated the effectiveness of morin encapsulated
chitosan nanoparticles (MCNPs) against arsenic induced liver damage in mice. MNCPs with an average
diameter of 124.5 nm, a zeta potential of +16.2 mV and an encapsulation efficiency of 78% were
prepared. Co-treatment of MOR and MCNPs by oral gavage on alternate days reduced the serum levels
of AST, ALT, and ALP that were elevated in arsenic treated mice. The efficiency of MCNPs was found to
be nearly 4 times higher than that of free MOR. Haematological and serum biochemical parameters
including lipid profiles altered by arsenic were normalized following MCNP treatment. Arsenic deposition
was lowered in the presence of MCNPs. Administration of MCNPs markedly inhibited ROS generation
and elevated MDA levels in arsenic exposed mice. The level of hepatic antioxidant factors such as
nuclear Nrf2 (Nrf2), superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), GSH peroxidase
(GPx), glutathione-S-transferase (GST), heme oxygenase-1 (HO-1), and NADPH quinone oxidoreductase
1(NQO1) were markedly enhanced in the arsenic + MCNP group. Treatment by MCNPs prevented the
arsenic induced damage of tissue histology. Also, MCNPs suppressed the arsenic induced pro- and anti-
apoptotic parameters and attenuated the level of inflammatory mediators. Our data suggest that MCNPs
are good hepatoprotective agents compared to free morin against arsenic induced toxicity and the
protective effect results from its strong antioxidant, antiapoptotic and anti-inflammatory properties.

dysfunction, renal failure, dermatitis, cardiovascular diseases,
peripheral neuropathy, diabetes mellitus and varieties of
cancers.” Liver disease is a major risk of environmental arsenic

Arsenic, a naturally occurring metalloid, exerts genotoxic and
carcinogenic effects on living organisms in different parts of the
world." Applications of the derivatives of arsenic as herbicides,
insecticides, rodenticides, food preservatives, and fossil fuels
are drastically contaminating drinking water. Arsenic induced
toxicity has been reported to be associated with liver
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exposure worldwide. The liver is the primary target organ for the
metabolism of arsenicals." The major metabolic pathway of
inorganic arsenic in humans is its methylation in the liver.
Arsenite salt may exert its toxicity through reactions with thiols
in cells and generation of reactive oxygen species (ROS) during
their metabolism in cells.?

The serum level of liver damage markers such as alanine
amino transferase (ALT), aspartate amino transferase (AST) and
alkaline phosphatase (ALP) are elevated in arsenic induced liver
toxicity.* It is demonstrated that arsenic intoxication leads to
the generation of reactive oxygen species (ROS), along with the
rapid depletion of antioxidant enzymes such as superoxide
dismutase (SOD) and catalase.? Nrf2, a major redox regulator,
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remains attached to the kelch-like ECH-associated protein-1
(Keap1) in the cytoplasm, and is inactive in this bound state.
Nrf2 is dissociated from Keapl under oxidative stress and is
thus activated.® There is a translocation of the activated Nrf2 to
the nucleus where it interacts with the antioxidant response
element (ARE) and promotes the expression of different anti-
oxidant enzymes such as catalase (CAT), superoxide dismutase
(SOD), glutathione (GSH), GSH peroxidase (GPx), glutathione-S-
transferase (GST), heme oxygenase-1 (HO-1), NADPH quinone
oxidoreductase 1(NQO1), etc. Antioxidant enzymes and non-
enzymatic anti-oxidant factors are affected in arsenic induced
liver injury.*

Arsenic induced organ injury results in an inflammatory
response with the production of inflammatory mediators like
cytokines TNF-a, IL-1f and IL-6, NO, COX-2 etc. Nuclear tran-
scription factor-kB (NF-kB) remains inactive through attach-
ment with its inhibitor called IkB in the cytosol. Dissociation of
NF-kB from IkB leads to its activation following its translocation
to the nucleus, where it regulates the transcription of pro-
inflammatory genes. Transforming growth factor-p plays a key
role in the progression of liver diseases including liver toxicity.
NLRP3 inflammasome activation occurs in severe liver injury
with the increased expression of caspase-1, IL-1B etc.

In arsenic induced hepatic injury, oxidative stress mediated
DNA damage and hepatocyte apoptosis is a core event (Nithya-
nanthan et al., 2020). Therefore, the inhibition of hepatocyte
apoptosis is one of the indices to investigate the efficacy of liver
protective drugs (Kim et al., 2004; Ozaki, 2019).

Several studies report on hepatic protection by plant poly-
phenols against arsenic induced organ toxicity.® Morin hydrate
(MH; 2/,3,4',5,7-pentahydroxyflavone), a yellowish pigment and
a potent flavonoid present in various edible fruits and vegeta-
bles, belonging to the Moraceae family, is used as a herbal
medicine. Morin has hepatoprotective activity.” The protective
efficacy of morin is mainly attributed to its anti-oxidant and
anti-inflammatory properties and also the unique structural
feature that assists morin to interact with nucleic acids,
enzymes and proteins.”

But like other flavonoids, morin shows low water solubility
in its free form, a high rate of metabolism and rapid elimination
from the human body.* Moreover, it undergoes degradation in
water or oxidation, with a consequent loss in activity. All these
factors contribute to a lack of long-term stability and to poor
vascular and oral bioavailability that drastically reduce the
effectiveness of the compound which depends on preserving
the stability, bioactivity and bioavailability. Therefore, the
development of new strategies to overcome the drawbacks
associated with MOR can provide a relatively low cost and
indigenous therapeutic lead in the treatment of liver ailments.

Chitosan, a natural polysaccharide derivative of chitin, is
a poly-cationic linear polymer that has high potential to
encapsulate natural ingredients. Chitosan is biocompatible,
non-toxic and biodegradable, and has good bio-adhesive prop-
erties, making it capable of in vivo use through oral, intraperi-
toneal or intravenous administrations. Additionally, chitosan
nanoparticles (CNPs) can be easily prepared based on ionic
gelation between positively charged chitosan polymer
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tripolyphosphate (TPP) anions. Therefore, it seems that CNPs
have a high capacity for delivering naturally available water
insoluble compounds like morin.

Very recently, polymeric nanoparticles have been increas-
ingly used as a potential drug delivery system. The notable
advantage of polymeric nanoparticles is that they can be easily
prepared by different chemical methods. The topological and
morphological control of nanoparticles is crucial in order to
accomplish specific applications in emerging areas of nano-
technology. The high surface area and internal void space
present in the nanoparticles can make them an ideal medium
as a drug delivery vehicle.® In particular, the structures of
polymeric nanoparticles are very attractive because of the
unique topology that offers low density, high surface area, high
pore volume, narrow pore size distribution, non-toxic nature
and biocompatibility. In this context, nanotechnology can play
a pivotal role in the development of nanomaterials that can be
used for therapeutic applications in various inflammatory
diseases."

So, in this study, we have synthesized and characterized
morin encapsulated chitosan nanoparticles (MCNPs) and eval-
uated their hepatoprotective role, potential to ameliorate
oxidative stress, and inhibit apoptosis and inflammation.

Materials and methods

Chemicals

Morin hydrate (purity = 99.0%), chitosan (low MW, extrapure),
dichloromethane (DCM) and poly-(vinyl alcohol) (PVA), were
purchased from Sisco Research Laboratories (Gurugram, India);
erlotinib hydrochloride (purity =98.0%), all primary and
secondary antibodies and sodium TPP were purchased from
Sigma-Aldrich, MO, USA. Assays kits for the detection of serum
ALT, AST, AP, SOD, catalase, GPx, HDL, LDL, triglyceride (TG),
and total cholesterol (TC) were purchased from ARKRAY
Healthcare Pvt. Ltd (Surat, India). IL-1B, IL-6, TGF-B and TNF-
o were measured by using ELISA kits from the R & D system
(MN, USA). All other chemicals were available commercially and
of a high degree of purity.

Preparation and characterization of MCNPs

Morin encapsulated chitosan nanoparticles (CNPs) were
synthesized by using the ionic gelation method."* Briefly,
a desired amount of chitosan dissolved in acetic acid (1%) was
mixed with a certain amount of morin hydrate solution which
was dissolved in slightly alkaline double distilled water under
magnetic stirring (1000 rpm) at room temperature. After 5 min
of stirring, TPP solution was added dropwise to the mixture to
form nanoparticles. For the preparation of nanoparticles with
the highest encapsulation efficacy, chitosan, morin and TPP
were used in a 3 :5:5 ratio according to Bardania et al. The
solution of the prepared nanoparticles was centrifuged at
10 000 rpm for 10 min. The supernatants were used to deter-
mine the amount of morin encapsulated into the nanoparticles.
The CNPs packed with morin have been examined for charac-
terization in terms of Fourier transform IR spectroscopy, size

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distribution, morphological characteristics, zeta-potential,
shape, the efficacy of drug encapsulation, the percentage of
drug loading and release of the in vitro product.

Encapsulation efficiency and drug loading

NPs (5 mg) were soaked in 5 ml of phosphate buffer for 30 min.
The solution was centrifuged at 4000 rpm at 4 °C for 40 min,
and the precipitate was washed twice with fresh solvent to
remove the unconjugated drug. Using a UV spectrophotometer
(JASCO V-730, spectrophotometer, Tokyo, Japan) at A,y values
of 270 and 395 nm, the clear supernatant solution was analyzed
for unencapsulated morin. Morin standard curves were ob-
tained by plotting the concentration against the absorbances
from 10 to 50 mg ml ™.

The percentages of drug loading and entrapment efficiency
were calculated by using the following formula:

Encapsulation efficiency (%) = (The total amount of drug
released from the lyophilized MCNPs/Amount of drug initially
taken to synthesize the MCNPs) x 100.

Drug loading (%) = (Amount of drug found in the lyophilized
MCNPs/Amount of lyophilized MCNPs) x 100.

Particle size & zeta potential measurement

A Zetasizer 3000 HSA (Malvern Instruments, Malvern, UK) was
used to measure the particle size, distribution and zeta poten-
tial. For the DLS measurements, NPs were diluted with double
distilled water, and 500 pl was loaded into the cuvette and
transferred to zeta sizer cells for zeta potential measurement.

Fourier transform infrared spectroscopy

To identify the various functional groups present in morin,
chitosan and MCNPs, FT-IR was performed. Morin, chitosan
and the synthesized NPs were centrifuged and lyophilized
earlier; and the powders of all three were analysed using the IR
spectra recorded using a PerkinElmer FT-IR spectrometer (MA,
USA) in the absorbance mode to interpret the presence of
different functional groups.

Atomic force microscopy (AFM)

5 pL of the samples (1 mM) were deposited onto a freshly
cleaved muscovite ruby mica sheet (ASTM V1 Grade Ruby Mica
from MICAFAB, Chennai) for 5-10 minutes, and then the
sample was dried by using a vacuum dryer. AAC mode AFM was
performed using a Pico plus 5500 AFM (Agilent Technologies
USA) with a piezo scanner with a maximum range of 9 um.
Micro-fabricated silicon cantilevers 225 um in length with
a nominal spring force constant of 21-98 N m ' from nano-
sensors were used. The cantilever oscillation frequency was
tuned to the resonance frequency. The cantilever resonance
frequency was 150-300 kHz. The images (256 by 256 pixels) were
captured with a scan size between 0.5 and 5 um at a scan rate of
0.5 lines per s. The images were processed by flattening using
Pico viewl.4 version software (Agilent Technologies, USA).
Image analysis was done through Pico Image Advanced version
software (Agilent Technologies, USA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Transmission electron microscopy (TEM)

A freshly prepared solution of the MCNPs in double distilled
water was placed on a TEM grid (300-mesh carbon-coated Cu
grid). The samples were allowed to dry in air at room temper-
ature for a few hours before the measurements were recorded.

In vitro drug release studies

The MCNPs were solubilized in a phosphate-buffered saline
(PBS) medium (1 M, NaCl = 8 gm, KCI = 0.2 gm, Na,HPO, =
1.44 gm, and KH,PO, = 0.24 gm were dissolved in double
distilled water and the pH was adjusted to 7.4). To study the in
vitro release kinetics, the MCNPs (10 mg) were filled in a dialysis
bag with a cut off size of 5 kDa, put in 200 ml of PBS of pH 7.4
and stirred at 100 rpm for 4 days. 2 ml of the buffer solution was
removed after a fixed time interval and replaced with fresh
buffer. Using a UV-visible spectrophotometer (JASCO V-730
spectrophotometer, Tokyo, Japan) at 270 and 395 nm, respec-
tively, the release of drugs has been tested. The experiments
were repeated thrice, and the average values were evaluated.

Animals

Male BALB/c mice of 6-8 weeks weighing 20-22 gms were
procured from the animal house division of our institute (CSIR-
Indian Institute of Chemical Biology, Kolkata) and fed with
standard chow diets and drinking water. The animals were kept
at 22-24 °C temperature, 50-60% humidity, and subject to light
and dark cycles of 12 : 12 h. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of CSIR-Indian Institute of Chemical
Biology Animal Ethics Committee and approved by the Animal
Ethics Committee of CSIR-Indian Institute of Chemical Biology.

Dose selection of MOR and MCNPs

After acclimatization for 7 days, each group of mice was treated
with 0 mg, 100 mg, 200 mg, and 400 mg kg™ body weight of
MOR or 75 mg, 150 mg, 300 mg kg ' body weight of MCNPs
every alternate day upto 28 days by oral gavage. AST and ALT
were measured at different time intervals. Doses of MOR or
MCNPs that did not elevate the level of AST or ALT were selected
for experimental study.

Survival study

Mice were challenged with different doses of arsenic for 30 days
followed by treatment without or with different doses of MOR or
MCNPs. The number of mice that survived on day 30 was
monitored and the % survival of mice was calculated.

Experimental design

The experimental plan of this study was as follows: Group I:
mice were exposed to arsenic (40 mg L) only via drinking
water for 30 days. The arsenic exposed mice were orally given
0 mg, 50 mg, 100 mg, and 200 mg kg~ body weight of MOR
(group I1-V) and 25, 50, and 100 mg kg~ body weight of MCNPs
(group VI-VII). Both MOR and MCNPs were given on every
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alternate day by suspending them in 0.1% Tween 80 in PBS
starting from day 2 to 28 of arsenic exposure. Blood was drawn
by tail vein puncture at different time points from each group of
mice, for serum analysis. The mice were sacrificed after 30 days
and the liver sections were collected for histology, immuno-
histochemistry and western blot analysis. For biochemical
testing, one part of the liver was stored in a —80 °C freezer, and
the other part was cut and placed in a bottle containing 10%
neutral-buffered saline for performing histopathological anal-
ysis the next day.

Measurement of serum ALT, AST, HDL, LDL, TG, TC, TC, TG,
LDL, HDL, uric acid, creatinine, and MDA

The blood samples were obtained by tail-vein puncture and kept
at 4 °C undisturbed o/n. The samples were centrifuged the next
day(1100x g, 10 min, 4 °C) to obtain the serum from the exper-
imental groups. Serum AST, ALT, ALP, HDL, LDL, TG, TC, SOD,
GPx and catalase activities were calculated according to the
instruction brochure provided with the commercial assay kits.

Assessment of arsenic deposition in organs

A simple spectrophotometric method has been followed for the
determination of arsenic in various organs of the murine
samples. The method is based on the reaction of arsenic(ur) with
potassium iodate in an acid medium to liberate iodine. This
liberated iodine bleaches the red color of rhodamine B. A cali-
bration curve was prepared by adding 2 ml of potassium iodate
and 1 ml of HCI to an aliquot of a working standard solution
containing 1.0-10.0 pg of arsenic in a 25 ml calibrated flask and
the mixture was shaken gently. This was followed by addition of
2 ml of 0.05% rhodamine-B. The solution was kept for 15 min
and made up to the mark with deionised water. The decrease in
absorbance at 550 nm is directly proportional to the arsenic(ur)
concentration and obeys Beer's law."” Then a measured amount
of the liver and spleen samples were taken in a 15 ml poly-
propylene tube in the presence of 3 ml of nitric acid (61%). The
tubes were capped properly and incubated at 80 °C for 48 h,
followed by cooling for 1 h to room temperature. After cooling,
3 ml of hydrogen peroxide (30%) was added to each tube, fol-
lowed by incubation at 80 °C for 3 h. After suitable dilution of
the digested materials with ultrapure water, the levels of arsenic
in the samples were determined. The sample solution (1 ml)
obtained after digestion of the tissue was mixed with 2 ml of
KIO; and 1 ml of HCI. And the mixture was shaken gently fol-
lowed by addition of 0.1% rhodamine-B. The solution was kept
for 15 min. The absorbance was measured at 550 nm.

Determination of ROS

The liver samples (200 mg each) were homogenized (1 : 10 w/v)
in Tris-HCI buffer (40 mM, pH = 7.4, 0 °C). One hundred
mililiters of the tissue homogenate was mixed with 1 ml of Tris—
HCI buffer and 5 ul of 2,7-dichlorofluorescein diacetate solution
(10 mM). The mixture was incubated for half an hour at 37 °C.
Finally, the sample’s fluorescence intensity was measured using
a spectrofluorometer at 480 and 525 nm wavelengths of exci-
tation and emission.
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Estimation of lipid peroxidation levels in the liver

The level of lipid peroxidation in liver tissues was measured as
the amount of thiobarbituric acid reactive substances
(TBARS).*® Thiobarbituric acid reacts with MDA (malondialde-
hyde), a major lipid oxidation product to form a red product
(TBARS) that can be detected colorimetrically at 532 nm or
fluorometrically at Ex/Em 532/553 nm. Briefly, supernatants of
tissue lysate were mixed with an equal volume of TCA-BHT (BHT
= butylated hydroxytoluene) in order to discard proteins. BHT
stops further sample peroxidation during the experimental
process. After centrifugation (1000 g, 10 min, 4 °C), 200 ml of
the resulting supernatant was mixed with 40 ml of HCI (0.6 M)
and 160 ml of thiobarbituric acid (TBA) 20% dissolved in Tris.
The mixture was heated at 80 °C for 10 min, and after cooling at
room temperature, the absorbance was measured at 530 nm
and TBARS values were calculated and expressed in nmol mg ™"
protein.

Estimation of SOD, GSH, and catalase

The blood samples were obtained by tail-vein puncture and kept
at 4 °C undisturbed o/n. The samples were centrifuged the next
day(1109x g, 10 min, 4 °C) to obtain the serum from the
experimental groups. Serum, SOD, GSH and catalase activities
were calculated according to the instruction brochure provided
with the commercial assay kits.

Histological evaluation

The fixed liver tissues in 10% neutral buffered formalin (NBF)
were embedded in paraffin, thinly sectioned, de-paraffinated
and rehydrated using the standard histology procedure.
Various pathological changes were assessed by using hema-
toxylin and eosin stains.

Assessment of serum cytokines

The blood samples were isolated at different time points as
mentioned above, and the serum levels of TNF-a, IL-13, TGF-
B and IL-6 were determined using the commercially available
ELISA kit according to the manufacturer's instruction and
guidelines (R&D Systems, MN, USA).

Tissue distribution study

All mice were fasted overnight and were fed only water before
the experiments. Standard stock solutions of MOR and
MCNPs (1 mg ml ") were prepared by dissolving specific
amounts of the drug in ethanol. After oral administration of
MCNPs, the mice were sacrificed at 2, 6, 12, 24, 48, and 72 h.
Various tissues (liver, lung, kidney, and spleen) were collected
and washed with 0.9% NaCl to remove extra blood and
contents. After blotting them with filter paper, 1 mg equivalent
from the tissues was weighed and homogenized in 1 ml of
0.9% NacCl. Then, 100 pL of it was used as the tissue sample.
The blood samples were drawn from the tail vein and coagu-
lated for half an hour in an MCT tube. The blood samples were
centrifuged at 2000 rpm for 10 min (4 °C), and the serum was
obtained from the supernatant. Then, 100 pL of the serum was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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used as the sample. The tissues were stored at —80 °C for centrifuged. Protein concentrations in the supernatant of the

further use.™ tissue lysate were assessed using the Bradford method.* SDS-
PAGE was carried out on an acrylamide gel to separate the
Western blot analysis proteins, which were then transferred to a polyvinylidene

difluoride membrane. The membrane is blocked with 10%

The dissected tissues frozen in liquid nitrogen were disrupted . . . . . .
skimmed milk or 5% BSA and incubated overnight with primary

using a homogenizer and RIPA lysis buffer and then
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Fig. 1 Characterization of morin loaded chitosan nanoparticles. (A) UV-visible spectra of morin and MCNPs. The red line shows the spectra of
morin and the black line shows the spectra of MCNPs. (B) Particle size distribution from differential light scattering (DLS) with MCNPs. (C) Fourier
transform infrared spectroscopy (FTIR) spectra of Morin, chitosan, and MCNPs. (D) TEM images of MCNPs. (E) MCNP particle surface topology
determination using atomic force microscopy (AFM). The acquired images were analyzed using scanning probe microscopy (SPM) tools for the
laboratory study. (F) Encapsulation efficiency percentage and drug-loading percentage of MCNPs. (G) Percentage of release of morin from
MCNPs over a time period of 0-72 h. The result is the mean =+ standard deviation (SD) from triplicate independent experiments.
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antibodies of different proteins and B-actin (1:1000; Santa
Cruz, CA, USA), and the next day, after washing the membrane 3
times with wash buffer, it was incubated with the alkaline
phosphatase conjugated secondary antibody for 2 h. At last,
protein expressions were detected using NBT/BCIP solution.

Immunohistochemical analysis

Paraffin-embedded blocks of liver tissues were cut into thin
sections and mounted onto slides. Xylene was used to depar-
affinize the liver sections, and various concentrations of alcohol
were used to rehydrate the tissues. The antigen retrieval step
was performed using sodium citrate buffer (10 mM sodium
citrate, 0.05 percent between 20, pH = 6.0) for 20 min in a water
bath at 100 °C. A 5% solution of BSA was used for blocking in
Tris-buffered saline (TBS, 20 mM Tris-HCI, pH 7.4 containing
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150 mM NaCl) for 2 h. For permeabilization, the tissue sections
were washed with TBST (Tris-buffered saline, 0.1% Tween 20).
Finally, at a dilution of 1 : 500 at 4 °C overnight in a humidified
chamber, the sections were incubated with the primary anti-
body. The tissue sections were washed with 1x TBS and incu-
bated with 1 :400 dilution of Alexa fluor 555 (red) and Alexa
fluor 488 (green) conjugated secondary antibodies for 2 h at
room temperature. The nucleus was visualized by using the
Hoechst (Invitrogen, CA, USA) stain. The images were observed
using an automated laser scanning confocal microscope
(Olympus FV10i, Shinjuku, Tokyo, Japan).

Statistical analysis

All data from at least three experiments with replicates were
expressed as the mean standard deviation (SD). Using

350
300 =0 days
250 20 days

I
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#10days
B30days

300 1 I =0 days
2501 |
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Fig. 2 Effect of Morin (MOR) and MCNPs on arsenic induced elevation of ALT and AST. Morin (MOR) and MCNP levels with the duration of its
exposure. Mice were treated with indicated doses of morin (MOR) and MCNPs during arsenic exposure. Data show one of the three repre-

sentative experiments £ SD.
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GraphPad Prism software (CA, USA), statistical significance and
differences between the control and five other treatment groups
were analyzed using a one-way analysis of variance.

Results
Characterization of MCNPs

Morin encapsulated chitosan nanoparticles (MCNPs) prepared
by the ionic gelation method were characterized. Fig. 1A shows
the UV-vis absorbance spectra of morin and MCNPs. DLS shows
that the MCNPs have a diameter of 124 + 1.5 nm (Fig. 1B), with
a polydispersity index value of 0.18, suggesting low poly-
dispersity. The zeta potential value of the MCNPs is —28.4 +
0.39 mV, which tended to stabilize the NP suspension. Fourier
transform IR (FTIR) demonstrates the compatibility between
MOR, chitosan and morin loaded chitosan nanoparticles as
shown in Fig. 1C. The FTIR spectra covers the region from
4000 cm ™" to 500 cm ™~ ". The significant peaks assigned for MOR,
chitosan and MCNPs confirm the presence of different func-
tional groups. The strong, broad peak at 3400 cm ™" is due to O-H
(stretching), while a sharp peak at 1650 cm ™" corresponds to the
presence of aromatic ester (C=0) and alkene (C=C) groups and
another strong, sharp peak at 1200 cm ' indicates C-OH
stretching. The strong, sharp peak at 3100 cm ™' is due to O-H
(stretching), and a sharp peak at 1647 cm™ ' corresponds to the
presence of alkene (C=C) groups, and a sharp peak observed at
1160 cm™ ' is the indication of C-OH (stretching) in chitosan.
The MCNP shows a peak at 3100 cm™ ', which suggests that the
O-H groups of MOR and chitosan are conserved. Small peaks at
1645 cm™ ' and 1120 cm ™" denote the conservation of the alkene
(C=C) and ester (C=0) groups and the C-OH bond of MOR and
chitosan in the MCNP. Atomic force microscopy (AFM) and
transmission electron microscopy (TEM) reveal that the surface
topology of MCNPs is spherical, and they are uniformly distrib-
uted without aggregation. The size of MCNPs ranges between 100
and 200 nm, as shown in Fig. 1D and E.

The encapsulation efficiency of MOR is 73 + 2.5%. The
formulation optimized for spherical shaped NPs results in
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a high drug encapsulation efficiency. The drug loading for MOR
is 58 + 3.3% (Fig. 1F). The drug release kinetics of morin-loaded
chitosan NPs are shown in (Fig. 1G). The nanoparticles release
53% MOR in 24 h. A constant slow release of MOR is observed
for 4 days, but the maximum release is observed at 72 h which is
86.5%.

Effect of MOR and MCNPs on AST, ALT, body weight,
hematological parameters, kidney function markers and lipid
profiles

Non-toxic doses of MOR and MCNPs in mice were determined
by measuring the effect of their different doses on the serum
level of AST and ALT. Up to 200 mg kg™ " of MOR and 100 mg
kg~ ! of MCNPs given orally on alternate days up to 30 days did
not raise the serum level of AST and ALT (ESI Fig. 1A and B).}
However, the level of AST and ALT increased following treat-
ment with 400 mg kg~ body weight of MOR and 200 mg kg "
body weight of MCNPs. So, the effect of MOR and MCNPs on
arsenic induced toxicity was investigated using maximum doses
of 200 mg kg~ and100 mg kg~ respectively.

The serum level of AST and ALT increased with time in
arsenic exposed mice (40 mg L™'). Treatment of MOR (50, 100
and 200 mg Kg~' bwt) and MCNPs (25, 50, and 100 mg Kg
bwt) on alternate days during the arsenic exposure dose
dependently lowered the levels of AST and ALT (Fig. 2A and B).
The effect of 25 mg kg™' and 50 mg kg ' of MCNPs was
comparable with 100 mg kg™ ' and 200 mg kg~ " bwt of MOR
respectively. Thus, the potency of MCNPs was nearly four times
higher than that of MOR and the optimum effect was observed
with 50 mg kg™ ' of MCNPs and 200 mg kg~ " bwt of MOR.

Arsenic exposure suppressed the increase of body weight,
lowered the level of RBCs, hemoglobin (Hb), platelets (PLTs),
HDL (good cholesterol) and increased WBCs, LDH, kidney
function markers such as uric acid and creatinine, and lipid
markers such as cholesterol, triglycerides, and LDL (bad
cholesterol). A high LDH level is the indication of tissue
damage. Treatment of mice with 50 mg kg™ bwt MCNP and
200 mg kg~' bwt of MOR reversed the arsenic induced

Table 1 Effect of oral administration of MOR and MCNPs on haematological parameters®

Arsenic (40 mg L)

Arsenic +
MCNPs (50 mg kg™ ')

Arsenic +
MOR (200 mg kg™ ") treated mice

Parameters Control Group treated mice
Body weight gain (gm) 0.61 + 0.04 0.34 + 0.05
RBC: no. of cells (10%/uL) 7.5 £0.82 5.6 £ 0.54
WBC: no. of cells (10°/uL) 12.4 + 0.06 15.8 + 0.22
Hb (gm dl™") 12.9 & 0.42 10.1 + 0.3

PLT (10°/uL) 542 + 34.2 422 +37.6
LDH (U/L) 391 + 26.3 751 + 41.6
Uric acid (mg dL™%) 2.79 £ 0.62 4.66 + 0.71
Creatinine (mg dL ™) 0.45 + 0.04 2.6 £0.16
Cholesterol (mg dL ") 135+ 9.8 287 +25.2
TG (mg dL ™) 82.14 7.7 159 + 11.8
HDL (mg dL™") 58.8 + 3.9 36.6 + 5.1

LDL (mg dL™) 742 £ 6.7 168.7 £ 11.8
Phospholipid (mg dL ™) 44.5 + 3.5 241+ 1.3

0.46 £ 0.02 0.39 £ 0.04
6.5+ 0.44 7.1+ 0.38
14.1 £ 0.54 13.5 + 0.42
11.9 + 0.23 12.5 + 0.31
502 + 26.7 526 + 18.1
481 £ 24.6 415 £ 21.8
3.12 £ 0.22 2.88 £0.21
1.1 + 0.08 0.62 £+ 0.08
159 +15.2 142 + 8.5
914 £ 6.5 86.5 £ 5.8
46.9 £ 2.7 53.6 £ 2.7
88.1 £8.7 78.6 £ 5.5
351 +£25 413 £ 2.1

“ Values are expressed as mean + SEM (n = 3). P > 0.05 when compared to the normal group.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2022, 4, 2857-2872 | 2863


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00167e

Open Access Article. Published on 17 May 2022. Downloaded on 11/10/2025 2:47:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

120
8100 R
=
= 80 1
=]
S 60
5
5 40 | ~~MCNPs(0mg/kg)
® ~@-MCNPs(25mg/kg)
R 20 - MCNPs (50mg/kg)
——MCNPs(100mg/kg)
0 v - r r
0 40 60 80 100
Concentration of NaAsO2 (mg/L)
120
.; 100
=
= 80
=]
> -
= 40] —- MOR (0mg/kg)
» ~@- MOR (50mg/kg)
X 20 MOR (100mg/kg)
—— MOR(200mg/kg)
0
0 40 60 80 100

Concentration of NaAsO2 (mg/L)

Fig. 3 Effect of different concentrations of MOR and MCNPs against
60 mg L™t arsenic-induced mortality in mice on the indicated days.
The percent survival of mice following oral treatment of (A) MCNPs (O,
25, 50, and 100 mg kg~ bwt) and (B) MOR (0, 50, 100, and 200 mg
kg~! bwt) in mice on every alternate day from day 2 up to 30.

alteration in body weight, and the level of the blood parameters
and kidney function markers (Table 1). Also, the higher serum
level of LDL, TG and TC, and the low level of HDL were signif-
icantly altered following treatment with 50 mg kg~ " bwt MCNP
and 200 mg kg~ ' bwt of MOR (Table 1).

Effect of MOR and MCNPs on survival of mice against arsenic
induced mortality and arsenic deposition in different organs

The therapeutic benefit of MOR and MCNPs was assessed by
measuring its survival effect on arsenic induced mortality in

Table 2 Arsenic deposition in different organs®
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a mouse model. Following treatment of 0 mg, 25 mg, 50 mg and
100 mg kg~ of MCNPs, the survival of mice were (a) 0%, 30%,
60%, and 80% respectively on day 40, (b) 20%, 45%, 70% and
90% respectively on day 30, (c) 40%, 60%, 85%, and 100%
respectively on day 20, and (d) 100% on day 10 against the
mortality induced by 60 mg L™" of arsenic exposed via drinking
water (Fig. 3A). Similarly, the percent survival resulting from
treatment of 0 mg, 50 mg, 100 mg and 200 mg kg~ of MOR were
(a) 0%, 0%, 15%, and 25% respectively on day 40, (b) 20%, 25%,
40% and 50% respectively on day 30, (c) 35%, 40%, 55%, and
70% respectively on day 20, and (d) 100% on day 10 (Fig. 3B).

Table 2 shows the effect of MOR and MCNP treatment on
arsenic deposition in the liver, kidney, brain, lung, heart and
skin. Exposure to arsenic resulted in a significant increase in
the arsenic concentration in these organs. Arsenic deposition is
found to be higher in the liver than any other organs. Admin-
istration of MCNPs and MOR lowered the amount of arsenic
deposited in these organs (Table 2).

MCNPs suppress oxidative stress in the mouse liver

Treatment with MOR or MCNPs significantly prevented arsenic-
induced ROS generation and increase of the MDA level (Fig. 4A
and B). Fig. 4C shows the change in the ROS level as seen in the
confocal microscopy study using DCFDA (green) and the change
is the same as that shown in Fig. 4A.

MCNPs enhance the production of antioxidant factors in the
mouse liver

Nrf2 activation induces phase II detoxifying enzymes such as
glutathione (GSH), catalase (CAT), glutathione S-transferase
(GST), hemeoxygenase-1 (HO-1), NAD(P)H:quinone oxidore-
ductase 1 (NQO1), glutathione peroxidase (GPx), etc. against
oxidative stress. The SOD was up-regulated by MOR (200 mg
kg™') and MCNPs (50 mg kg™ ') in arsenic exposed mice
(Fig. 5A). Catalase and GSH levels were low in the arsenic group.
It increased in the arsenic group receiving MCNPs (Fig. 5B and
C). MCNP treatment increased the levels of nuclear Nrf2, GST,
and GPx which were decreased due to arsenic exposure
(Fig. 5D). Also, Fig. 5D shows that cytosolic Nrf2 and Keap1l
markedly increased in the arsenic group which were lowered
following MCNP treatment. Similar findings were observed in
the levels of HO-1 and NQO1 (Fig. 5E). The effect of 50 mg kg ™"
bwt MCNPs was the same as that of 200 mg kg~" of MOR. This
indicated that MCNPs have a strong antioxidant capacity
against arsenic-induced liver injury.

Arsenic concentration ins pg g~ " of tissue in 30 days

Liver Kidney Cerebellum Lung Heart Skin
Arsenic, 40 mg Lt 139.3 £ 6.3 25.7 £ 1.7 11.6 + 0.47 12.6 + 0.35 11.4 + 0.66 4.2 +£0.26
Arsenic + MOR (200 mg kg71) 112.7 £ 6.5 17.3 + 0.45 8.8 £0.21 8.9 £ 0.29 7.5 = 0.41 1.3 £ 0.06
Arsenic + MCNP (50 mg kgfl) 45.6 £ 2.5 3.6 £ 0.42 0.82 £ 0.06 1.5 £ 0.04 1.8 £0.11 0

“ Values are expressed as mean + SEM (n = 3). P > 0.05 when compared to the normal group.
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microscope.

MCNPs inhibit apoptosis and improve histology of the liver

To further investigate the role of MCNPs in As(in) - induced liver
cell dysfunction, the expression of apoptosis related proteins
was detected. Excessive ROS production by arsenic triggers cell
death through apoptosis.’® The apoptosis is associated with the
activation of pro-apoptotic Bax/Bak, Bad, release of cytosolic
cytochrome C, and apoptotic protease activating factor-1 (Apaf-
1), stimulation of caspase-3 and caspase-9, activation of PUMA

© 2022 The Author(s). Published by the Royal Society of Chemistry

(p53 upregulated modulator and DNA
fragmentation."”

Arsenic mediated enhancement of DNA fragmentation,
active caspase-3/caspase-9, and cytosolic cytochrome C were
suppressed by MCNPs in the liver tissue lysate (Fig. 6A and B).
Bax, Bak, Bad, Apaf-1, and PUMA were found to be suppressed
in the liver tissue lysate of the arsenic + MOR and arsenic +

MCNP groups in contrast to their higher level in the arsenic

of apoptosis)
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group. Anti-apoptotic protein Bcl-2 suppressed by arsenic was
enhanced following the treatment of MOR and MCNP (Fig. 6C).

H&E staining of liver tissue sections was performed to eval-
uate the histopathological changes.

The livers of the normal, only MOR and MCNP treated
groups showed undamaged hepatocytes in which normal
looking sinusoids were lined by Kupffer cells whereas expo-
sure to arsenic showed severe injury characterized by diffused
Kupffer cells, vascular changes, and inflammatory cell infil-
tration (Fig. 6D). Treatment of mice with MOR and MCNPs

2866 | Nanoscale Adv., 2022, 4, 2857-2872

during arsenic exposure showed minor or no hepatocellular
damage, inflammatory cell infiltration, and no marked histo-
pathological alterations were noticed. Treatment with MCNPs
significantly alleviated chronic arsenic-induced deleterious
effects.

MCNPs suppressed arsenic induced inflammatory responses

Dissociation of IkBa. from NF-kB in the cytosol leads to its

translocation into the (activation) nucleus resulting in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Effect of MCNPs and MOR on liver tissue apoptosis and histology. (A) Level of DNA fragmentation obtained using a DNA fragmentation kit.
(B) The level of active caspase-3, active caspase-9, and cytosolic cytochrome C obtained using respective colorimetric assay kits. (C) Shows the
effect of MCNPs and MOR on the protein expression (western blot analysis) of Bcl-2, Bax, Bad, Bak, Apaf-1and PUMA in mice exposed to arsenic.
(D) Architecture of liver tissue section following treatment without or with MCNPs and MOR in arsenic exposed mice.

enhanced production of pro-inflammatory mediators.*® During
arsenic exposure, NF-kBp65 is highly activated with the release
of a high level of inflammatory cytokines. Treatment of MOR
and MCNPs attenuated the scale of these cytokines such as TNF-

© 2022 The Author(s). Published by the Royal Society of Chemistry

o, IL-1B and IL-6 elevated by arsenic (Fig. 7A). NF-kBp65 and NF-
kBp50, both the subunits of NF-kB activated in arsenic exposed
mice are suppressed following the treatment of MCNPs or MOR
(Fig. 7B). Chronic arsenic exposure is also associated with the
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NLRP3(confocal images) in arsenic exposed mice.

activation of the NLRP3 inflammasome and the release of pro-
inflammatory factors caspase-1, IL-1b and IL-8 which cause
pyroptosis. MCNPs alleviated the level of the NLRP3 inflam-
masome that was elevated by arsenic and the level of caspase-1
and IL-8 in liver tissue (Fig. 7B). Downregulation of the
expression of NF-kBp65 and NLRP3 by MOR and MCNPs in the
liver tissue of arsenic exposed mice observed by confocal
microscopy is shown in Fig. 7C.

2868 | Nanoscale Adv, 2022, 4, 2857-2872

(C) Shows the expression of NF-kBp65and

Tissue distribution study of MCNPs in various organs

After oral administration of a single dose of MCNPs and MOR in
mice for various time intervals, the content of free morin in the
liver, spleen, lungs, kidneys, and serum were monitored by
high-performance liquid chromatography (HPLC). As shown in
Fig. 8A, the morin content from MCNPs showed different
concentrations in the organs. Its highest concentration was
found in the liver at 2 h that gradually decreased with time and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Tissue distribution studies of MCNPs and MOR in various
organs. The mean concentration of morin in the liver, lungs, kidneys,
spleen, and serum at 2, 6, 12, 24, 48, and 72 h after oral administration
of a single dose of (A) MCNPs and (B) MOR (n = 3, mean + SD) in mice.

was low at 72 h. The order of the concentration of morin in
different organs was liver > kidney = spleen > lung > serum.
Over time, the main trend of the concentration of morin in all
organs was reduced slowly suggesting negligible or no accu-
mulation in the tissues and a slow elimination of this
compound. The amount of morin accumulated in the organs of
free morin treated mice was about 4-5 times less compared to
the MCNP treatment. The trend of reduction of the morin
concentration in the organs was the same as that of MCNPs

(Fig. 8B).

Discussion

The present study shows that arsenic exposure causes hepatic
damage via elevation of liver function markers, alteration of
lipid profiles, and increased arsenic deposition in organs with
enhancement of ROS generation, inflammation and apoptosis.
The supplementation of morin encapsulated chitosan (MCNPs)
and morin (MOR) normalizes the anomalies caused by arsenic.
The efficacy of MCNPs is higher than that of free MOR.
Arsenic pollution in India has become a menace to human
health. One of the major complications that occur due to long
term accumulation of arsenic is liver injury as it generates ROS
like ethoxy, superoxide, hydroxyl, peroxyl and hydrogen
peroxide radicals.*® Oxidative stress induced lipid peroxidation
causes many pathological events. An increased level of TG leads

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to diseases like diabetes mellitus, obesity, chronic renal disease,
and cardiovascular disorders. ROS attack hepatocytes, stellate
cells, Kupffer cells and their signaling mediators' interleukins,
and growth factors finally leading to hepatic fibrosis and
cirrhosis."” Treatment of liver disorders is expensive and has
various side effects.'® Therefore there is a shift towards an
alternative system of medicine nowadays. Owing to the strong
antioxidant and anti-inflammatory activities, polyphenols of
plant and food origin exhibit a protective effect against various
chronic diseases including liver disorder.” The hep-
atoprotective effect of polyphenols like silibinin/silymarin,
quercetin, morin, genistein, naringenin, resveratrol, EGCG,
curcumin, chlorogenic acid, and berberine have been re-
ported.” There are also report of the hepatoprotective activity of
the polyphenols ECGC, quercetin, lutein, grape seed extract,
gallic acid and tannic acid against arsenic intoxification.>® Anti-
oxidant and hepatoprotective effects of the polyphenol morin
against hepatic damage induced by different drugs and chem-
icals have been reported by several researchers.”*** The
protective effects of curcumin, quercetin and resveratrol NPs
against hepatic damage are well documented.**** Chitosan NPs
also show a promising protective role in the management of
hepatic injury induced by acetaminophen, alcohol, diethylni-
trosamine (DEN), CCl4, and concanavalin A.**% In this respect
the hepatoprotective activity of MCNPs against arsenic induced
hepatotoxicity is quite justified. Improvement of normal liver
architecture by MCNP treatment in arsenic exposed mice is in
harmony with the previous report.>*>°

This study indicates that MCNPs may work as a stronger
antioxidant than free morin to ameliorate arsenic-induced
hepatotoxicity caused by ROS generation. During arsenic expo-
sure, the ROS level is highly enhanced and the level of anti-
oxidant enzymes and anti-oxidant factors are lowered as re-
flected in increased ROS and MDA levels and decreased levels of
SOD, catalase, GSH, nuclear Nrf2, HO-1 and NQO-1 in the liver
tissue lysate. Many studies have reported that arsenic induced
hepatic injury results from excessive oxidative stress and DNA
damage.” MCNPs markedly inhibit DNA damage and hepatic
injury. Thus, the protective effects of MCNPs against arsenic
toxicity are reflected in their ability to suppress ROS/MDA and
activate Nrf2 and its downstream anti-oxidant enzymes SOD,
catalase, HO-1, GPx etc. A similar effect was seen with MOR. But
its effect was much less than that of MCNPs. The findings of
Hussein et al. and Tzankova et al. on hepatoprotective activity of
quercetin and curcumin loaded nanoparticles through the
enhancement of these antioxidants support our data.”**'
Arsenic induced hepatic damage occurs through apoptosis.*?
Groups of pro-apoptotic proteins of the Bax family, apoptosis
inducer initiator protease caspase-9 and effector protease
caspase-3, and apoptosis triggering protein cytochrome C are
activated and the anti-apoptotic Bcl-2 protein is suppressed in
arsenic exposed mice.** Treatment of MCNPs prevented liver
tissue damage by inhibiting apoptosis via alteration of the
expression of the above proteins regulating apoptosis.

One hallmark of the inflammatory response is the produc-
tion of proinflammatory cytokines TNF-a, IL-1B, and IL-6 via
activation of NF-kB and/or inflammasome NLRP3.** These pro-
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inflammatory factors aggravate further tissue damage that is
triggered by arsenic mainly via its binding with the thiol groups
of cellular proteins and ROS generation.* Enhanced expression
of NF-«B and its target cytokines TNF-o, IL-13, and IL-6 in liver
tissue confirms arsenic induced hepatotoxicity. MCNPs atten-
uated the level of these inflammatory factors. There is evidence
for protection against liver damage by morin through the
inhibition of inflammation.?* So our findings can be justified by
these observations.

Some previous reports indicate that liver tissue can absorb
particles up to 250 nm in size, and better internalization was
shown by spherical-shaped NPs. **MCNPs were spherical and
124.5 nm in diameter, indicating the continuous release of
MOR for 72 h. All the relevant functional groups of MOR were
conserved in their chitosan-encapsulated forms. MCNPs
showed marked inhibition (nearly 4 times higher) with respect
to morin. Our data showed that the effect of MOR (100 mg kg™ )
is comparable to that of MCNPs (25 mg kg™ ). This could be due
to the increase in water solubility, bioavailability and sustained
drug release from the nanocomposites.

The architecture of the hepatic tissue of the control and
MCNP treated mice along with arsenic was more or less similar,
showing hepatocytes arranged in cords radiating from the
central vein. They are polygonal cells with pale vesicular nuclei
and prominent nucleoli. Blood sinusoids were found as
a network between the plates of hepatocytes converging towards
the central vein. Loss of cellular architecture, degeneration of
hepatocytes, infiltration of inflammatory cells, and dilated
sinusoidal and focal necrosis showed the damage of the liver in
arsenic exposed mice (Fig. 6D). Some hepatocytes showed early
signs of apoptosis with fragmented nuclei and hazy vacuolated
cytoplasm. Apoptotic hepatocytes were also detected, showing
nuclear and cytoplasmic condensation into deeply stained
apoptotic bodies. When MCNPs were administered with
arsenic, the liver sections appeared somewhat normal in
histological architecture. Almost normal hepatocytes separated
by clear sinusoids were observed. Loss of cellular architecture,
degeneration of hepatocytes, infiltration of inflammatory cells,
and dilated sinusoidal and focal necrosis showed the damage of
the liver in arsenic treated mice as compared to normal mice.
An improvement of regeneration was seen by the well-recovered
hepatocytes separated by clear sinusoids in groups treated with
MOR and MCNPs.

Recently, various nanoparticles have been employed to treat
various inflammatory diseases and have shown successful
results.*® Polymeric nanoparticles sized 50 and 200 nm favors
faster and more oral absorption, can efficiently be transported
across the intestinal membrane, and mainly accumulate in the
liver.*” Small-sized nanoparticles (<5 nm) are filtered out by the
kidneys. Sphere shaped nanoparticles are taken up by cells
more readily than any other shape nanoparticles and have
received significant attention. Natural polymers have gained
popularity compared to the synthetic variety due to biodegrad-
ability, biocompatibility, and economic and environmental
friendliness.*®

Oral treatment of resveratrol, quercetin, curcumin and
EGCG loaded polymeric nanoparticles shows higher water
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solubility, sustained release of the drug, better bioavailability
and higher biodistribution efficacy compared to the pure
drug.>* Also, these nanoparticles can easily cross the intes-
tinal barrier after their oral administration and therefore, it is
effectively used for oral drug delivery. Polyphenol-loaded poly-
meric nanoparticles can easily pass through the membrane and
be internalized by cells and provide better absorptivity in
comparison with the pure drug.*® Also, polymeric nanoparticles
of polyphenols shows better anti-inflammatory and antioxidant
effects than the free drug and they strongly inhibits apoptosis
and lipid peroxidation.*>*® These pieces of evidence strongly
support the higher antioxidant, anti-inflammatory and anti-
apoptotic effects of chitosan encapsulated morin nano-
particles than those of free morin as observed in our study.

Conclusion

Our study indicates that MCNPs showed a better protective
effect than MOR against arsenic-induced hepatotoxicity in
mice. The greater hepatoprotective activity of MCNPs can be
explained by the increased solubility and bioavailability of MOR
due to the formulation of chitosan nanoparticles. The antioxi-
dant, anti-inflammatory and antiapoptotic activities can be
considered as main factors responsible for the hepatoprotective
effect of MCNPs. The results showed that MCNPs suppressed
ROS formation and increased the antioxidant potential. MCNPs
also ameliorated inflammatory responses and apoptosis.
Therefore, MCNPs may represent a potential therapeutic option
to prevent liver tissue injury induced by arsenic exposure.
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