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Introduction

Abstract

Background: Titanium dioxide nanoparticles (TiO,NPs) are widely used in various commercial
and industrial applications, posing potential risks to human body. Lycium barbarum
polysaccharide (LBP) is renowned for its antioxidant and anti-inflammatory properties. This
study aims to investigate the protective potential of LBP against TiO, NPs-induced acute toxicity
in splenic and pulmonary tissues.

Methods: Forty rats were grouped as follows: Group I, the normal control, received daily 0.1%
DMSO intraperitoneally (ip) and 0.5 mL PBS orally. Group II received LBP (100 mg/kg/day) by
gavage for 14 days. Group III received a single ip injection of TiO, NPs (972 mg/kg) on the 8th
day. Group IV obtained both LBP and TiO, NPs. Group V was treated with LBP, TiO, NPs and
Zinc protoporphyrin IX (ZnPPIX), the later was injected ip in a dose of 10 mg/kg/day one hour
before LBP. Biochemical, histopathological, and immunohistochemical analysis were conducted
on splenic and pulmonary tissues of all rats.

Results: TiO, NPs induced congestion, inflammation, macrophage proliferation, pyknosis and
significantly increased caspase-3, CD68, NF-kB, TLR4 immunoexpression with upregulation
of markers of oxidative stress, inflammation, apoptosis and fibrosis. Pretreatment with LBP
mitigated TiO, NPs-induced tissue damage but enhanced heme oxygenase-1 (HO-1) mRNA
expression. Co-administration of ZnPPIX reversed LBP protective impact.

Conclusion: LBP demonstrated the ability to alleviate splenic and pulmonary injuries caused
by the acute TiO, NPs toxicity. LBP prevents TLR4/NF-kB mediated injury triggered by TiO,
NPs through HO-1 upregulation. Further research is required to explore the preventative role
of LBP against both acute and chronic toxicity brought by nanomaterials in general and TiO,
NPs in particular.

NPs can reach, rapidly distribute and accumulate in vital

Titanium dioxide nanoparticles (TiO, NPs) have been
extensively used in a diversity of consumer products and
research applications. They gained great interest based on
their unique thermal, optical, electrical, mechanical, and
magnetic properties.! Therefore, TiO, NPs have opened
up opportunities in numerous biological, cosmeceutical,
pharmaceutical, optical, and commercial fields. They are
used in medical devices, drug delivery, disease diagnosis,
nanotherapeutics, photocatalysis, food processing and
packaging.>® Ingestion and inhalation are considered the
most prevalent routes of TiO, NPs exposure in humans, in
addition to injection and transdermal penetration.*

The extensive production, broad application, growing
consumption, and uncontrolled disposal of TiO, NPs raise
questions about whether the risks outweigh advantages.
Some in vivo experimental studies established that, TiO,

organs triggering oxidative stress as well as tissue and cell
damage.® Additionally, the injected TiO, NPs can rapidly
dispersein various tissues and cells, inducing inflammation,
cytotoxicity, genotoxicity, and immunotoxicity that might
be influenced by NPs size. The smaller the size, the greater
the inflammatory response.” Further, a dose-response study
of acute TiO, NPs toxicity verified marked histological
insults in various body organs including spleen, lung,
kidney, and liver. The spleen has obtained the largest
amount of TiO,NPs with evident splenic injury.® Moreover,
severe pulmonary and extrapulmonary inflammation
strongly associated with oxidant /antioxidant imbalance
was declared.” According to reports, the spleen may not
only assist in NP clearance but also becomes a key target
organ for their pharmacological impact.'* Oxidative stress
elicited by reactive oxygen species (ROS) formed on the
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surface of TiO, NPs makes their extensive use a reasonable
cause for worry."

Heme oxygenase-1 (HO-1) exerts a masterful role
in oxidative stress fighting and maintenance of cellular
homeostasis.”> Heme degradation is catalyzed via HO-1
into biliverdin, carbon monoxide (CO) and free iron. All
HO-1 products mediate cytoprotection as they scavenge
ROS.” Significant anti-apoptotic and anti-inflammatory
impacts are enhanced by CO. Furthermore, CO suppresses
the manufacture of pro-inflammatory cytokines."

Toll like receptor (TLR)-4 is a master pathway
involved in induction of the innate immune response
and cellular inflammation.”” Also, TLR4 can induce host
inflammatory responses mediated via macrophages,
neutrophils, and complement. Further, TLR4 stimulation
triggers the activation of many pro-inflammatory
cytokines and chemokines.'® Nuclear Factor Kappa B
(NF-kB) is a downstream target mediated by TLR4.”
Myeloid differentiation 88 (MyD88) is a widely expressed
cytoplasmic inflammatory adaptor protein. It is one of
the essential downstream proteins of TLR4." Earlier
studies documented the relationship between HO-1
and TLR4-mediated signaling. Overexpression of HO-1
downregulates TLR4 expression and thus alleviates liver
damage in cases of hepatic ischemia reperfusion injury."

Lycium barbarum polysaccharide (LBP) is a well-known
traditional Chinese medicinal derived from the wolfberry
fruits. 'The anti-inflammatory, immunomodulatory,
antioxidant, anti-aging, anticancer, and neuroprotective
properties are essential characteristics of LBP* Previous
investigations revealed LBP- protective impact against
lung injury based on its ability to suppress inflammation,
ROS generation, as well as its role in enhancing antioxidant
status.”! Additionally, LBP can promote the immune organs
with subsequent enrichment of the host immunity.”
Furthermore, LBP influences the activity of B-lymphocytes,
T-lymphocytes, and macrophages, as well as its capability
to attenuate the inflammatory immune response and
pro-inflammatory cytokine release.”® Previous studies
reported a positive regulatory role of LBP on nuclear factor
erythroid 2-related factor 2 (Nrf2) / HO-1 signaling.*
Additionally, LBP inhibited TLR4, MyD88, and NF-
kB expressions in aged mice exposed to ovariectomy-
mediated cognition distraction.”® Moreover, LBP enhanced
the immunomodulatory impact against hepatic fibrosis
and downregulated fibrosis gene expression.*

The current study aimed to elucidate the potential
protective role of LBP against TiO, NPs-mediated
biochemical, histological, and immunohistochemical
derangements of the spleen and lung. Also, to explore
the incorporation of HO-1 signaling and TLR4 / NF-«kB
pathway in such protection.

Methods

Chemicals

Titanum dioxide nanoparticles (TiO,NPs) composed of
titanium (IV) dioxide NPs, anatase which was purchased

from Sigma-Aldrich, Egypt. It has a purity of 99.7%; an
average particle size of 25-nm and a surface area of 45-
55 m* /gm. The Nano-powder was dispersed in normal
saline (NaCl, 0.9%) for 20 min at room temperature just
before injection.”” LBP was purchased from (Xi'an Natural
Field Bio-Technique Company, Ltd., Shanxi, China) with
a purity of 51.87%. Zinc protoporphyrin IX (ZnPPIX) is
HO-1 inhibitor which provised from Wako Pure Chemical
Industries, Osaka, Japan.

Experimental animals

Forty healthy adult male Wister albino rats aged 9-10
weeks, with a weight of 220+20 g, were bought from
Zagazig Scientific Medical and Research Center’s animal
facility. The animals were caged (n= 4 /cage) within a well-
ventilated room under controlled conditions (12h: 12h
light/dark cycle, 23+ 2°C). The typical laboratory rodent
chow pellets and clean water were readily available.

Experimental design

Following a period of 7 days acclimation, all rats under
study were randomly allocated into 5 groups (8 rats each)
as follow: Group I: served as normal control (NC) group.
Each member daily received 0.5 mL phosphate buffered
saline (PBS) (vehicle for LBP) via gavage and 0.5 mL of
0.1% dimethyl sulfoxide solution (DMSO) in normal saline
(vehicle for ZnPPIX) by ip injection. Additionally, on the 8"
day of the study, a single dose of 0.5 mL normal saline was
injected ip (vehicle for TiO, NPs). Group II (LBP group):
each rat received LBP at a dose of 100 mg/kg once/day via
gavage for 14 days.* Group III (Ti group): each member
had a single ip injection of TiO, NPs (972 mg/kg) on the
8" day of the study.®* Group IV (LBP + Ti group): each
rat received both LBP and TiO, NPs as previous. Group
V (LBP+ Ti+ ZnPPIX group): each member obtained
both LBP and TiO, NPs as previous with the addition of
ZnPPIX (10 mg/kg) injected ip once per day, 1h before
LBP treatment for 14 days.*®

Specimens’ collection

Rats were anesthetized at the end of the experiment, 24
hours after the last experimental dose, using thiopental
ip (50 mg/kg) in compliance with IACUC protocol. For
each rat in every group, the spleen as well as both lungs
were dissected, extracted, and rinsed with ice-cold saline.
Specimens gathered from 4 rats / group were processed for
routine histopathological analysis. However, spleen slices
as well as left lung samples from the other 4 rats / group
were homogenized and processed for biochemical analysis,
while 4 right lung samples and 4 spleen biopsies were
utilized for quantitative reverse transcriptase polymerase
chain reaction (RT-qPCR) analysis.

To achieve 10% homogenates, the obtained tissue
specimens were washed with cold PBS (0.01M, Ph 7.4).
Homogenization was performed in 180 puL PBS at 4°C.
The resultant homogenates were washed with potassium
chloride (1.15%) and cold saline 0.9 %. Centrifugation at
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10000 xg for 10 min at 4°C was done to remove debris. The
supernatants were cooled in an ice bath for 12 min then
subdivided to be ready for biochemical assessments.

Malondialdehyde (MDA) assay

MDA level, the lipid peroxidation end product, was
measured in the supernatant by using Bio-diagnostic
colorimetric assay kit (catalog #: E-BC-K025). MDA react
with thiobarbituric acid generating a red colored product
with absorbance at 532 nm then compared with the
standard curve of MDA tissue concentrations.

Activity of superoxide dismutase (SOD)

SOD tissue activity of the supernatant was assayed based
on WST-1 method (catalog #: E-BC-K020, Elabscience
Biotechnology Inc.) as follow: xanthine oxidase catalyses
WST-1 interact with O,- generating a hydrophilic formazan
dye. SOD catalyzes superoxide anions disproportionation
thus inhibiting the reaction. There is a negative correlation
between SOD activity and formazan dye amount. SOD
activity could be identified through colorimetric analysis
of WST-1 products. A change in absorbance at 450 nm
was identified.

Reduced glutathione (GSH) assay

Levels of GSH were measured in the obtained supernatant
using colorimetric assay kit (catalog #: E-BC-K096,
Elabscience Biotechnology Inc). GSH reacts with
dithionitrobenzoic acid producing thionitrobenzoic acid
and glutathione disulfide. Nitromercaptobenzoic acid has
a yellow color with highest absorbance at 420 nm. GSH
level could be determined by obtaining the optical density
value at 420 nm.

Catalase (CAT) activity

Activity of CAT was determined in the supernatant by the
use of colorimetric assay method (catalog #: E-BC-K031,
Elabscience Biotechnology Inc). Decomposition of H,O,
by CAT can be inhibited by ammonium molybdate.
The remained H,O, react with ammonium molybdate
giving a yellow colored complex. The activity of CAT was
determined by generation of the previously mentioned
complex at 405 nm.

Assay of transforming growth factor f1 (TGF-$1)

In order to estimate tissue protein levels of the fibrosis
marker TGF-B1, ELISA kit (catalog # MBS702305
MyBioSource) was utilized. The microtiter plate was
pre-coated with TGF-PB1 specific antibody. Samples and
standards were added to the specific microtiter plate wells
together with a biotin conjugated antibody sensitive to
TGEF-B1. Additionally, Avidin with Horseradish peroxidase
was inoculated with the wells. After that, tetramethyl-
benzidine was added. Biotin inoculated antibody reacts
with avidin enzyme complex produce a change in color
only in the presence of TGF-B1. Sulphoric acid solution
was used to stop the reaction. The color alteration was

identified spectrophotometrically at 450 = 2 nm. TGF-B1
concentration was determined by comparing the optical
density of the samples with the regular curves.

Assay of anti-apoptotic marker B-cell lymphoma 2 (Bcl-2)
Bcl2 tissue levels were estimated by using the sandwich
ELISA technique based on an ELISA kits purchased from
MyBioSource.com (catalog #: MBS2515143). The plates
were inoculated with antibody relevant to rat Bcl2. The
supernatant samples and standards were added to the
plates. Biotinylated antibody against Bcl2 with Avidin
Horseradish peroxidase conjugate was incubated with
the wells. After washing, the test samples were added to
every well. A blue color appeared only in wells containing
Bcl2. To terminate the reaction of enzyme and the
substrate, add stop solution and the color back to yellow.
Bcl2 concentration is assayed spectrophotometrically at
wavelength 450 + 2 nm by detection of the optical density
and comparing it to the standard values.

Assay of pro-apoptotic marker BCL2 associated X (Bax)
This assay was performed by use of sandwich ELISA
principle (catalog #: E4513, BioVision-Abcam). The
microtiter plates were pre-coated with the specific antibody
targeting Bax. Both standards and test samples were added
to the plates. The antigen bound with its target antibody.
Wasting was done to remove the unbound standard or test
samples. Detection biotin antibody was added to bind the
antigen. Avidin horseradish peroxidase (HRP) conjugate
was added to catch biotin. TMB solution was added with
subsequent reaction with HRP enzyme leading to a color
change. Stop solution was added to terminate the reaction.
The optical density (OD) of the wells was measured at 450+
2 nm and OD of Bax in samples was determined in respect
to OD standard curve.

Mpyeloid differentiation 88 (MyD88) assay

Sandwich enzyme immunoassay ELISA kit (catalog #:
MBS2703631, MyBioSource.com) was used to estimate
the inflammation marker, MyD88. An antibody specific
for MyD88 was incubated with standards and samples in
microplates. Biotin inoculated antibody targeting MyD88
wasadded. Incubation with Avidin- Horseradish peroxidase
was made. Then, TMB substrate was added to the wells and
a change in color took place in wells containing MyD88
only. Sulphoric acid terminated the reaction. MyD88
concentration was determined spectrophotomerically at
450 £10 nm wavelength referred to OD of the samples of
standard curve.

RT-qPCR

Total RNA was extracted from four right lung samples and
spleen biopsies using Trizol (Invitrogen; Thermo Fisher
Scientific,Inc.). ForRNA isolationand complementary DNA
(cDNA) synthesis, the RNeasy Mini kit, including DNase
I treatment, were applied following the manufacturer’s
protocols (QIAGEN, #74104).RNA was then reversed
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transcribed using Quant Script reverse transcriptase
(QuantiTect Reverse Transcription Kit, QIAGEN). RT-
qPCR was performed using specific primers for rat
HO-1, and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) that was utilized as a reference gene to estimate
fold change in target gene (HO-1) expression. For both
spleen and lung, the specific primer sequence was the same
as follow: HO-1 (F: SAAGAGGCTAAGACCGCCTTC-3,
R: 5GCATAAATTCCCACTGCCAC-3; GAPDH
(F:  5ACGGCAAGTTCAACGCACAG-3, R: 5
GAAGACGCCAGTAACTCCAGAC-3). The RT
product was amplified in a volume of 10 uL containing
2 uL cDNA, 2 pL RNAse-free water, 5 pL SYBR Green
master mix (Roche Diagnostics) and 0.5 pL of each
primer (10 pmol / pL). After an initial 20 seconds at
95°C, 40 cycles of 3 seconds at 95°C and 30 seconds at 60°C
were performed. The expression level of HO-1 mRNA in
both spleen and lung was normalized to GAPDH.

Histological processing

For routine handling and processing of paraffin blocks
for histological and immunohistochemical analysis by
light microscope, the selected spleen and lung specimens
were immersed and fixed using 10 % neutral buffered
formalin for a period of 24-72 hours. Instillation of
fixative through syringes inserted into the airways of the
lung was performed. After that, dehydration in ascending
grades of ethanol, clearance, paraffin impregnation and
blocking were achieved. Lastly, serial Paraffin sections
(4 pm thick) were processed and subjected to staining.
Dewaxing, rehydration, mounting on slides and dying
with Hematoxylin and eosin (H&E) stains were applied
to demonstrate the routine histological construction of
the spleen and lung. Also, Masson’s Trichrome (MT) stain
was applied to demonstrate the collagen fiber content to
evaluate fibrosis.?

Immunohistochemical analysis

To determine the transcription of caspase-3, CD68, NF-
kB and TLR4 proteins in both spleen and lung paraffin
sections, the peroxidase-labeled Streptavidin—Biotin
Technique was carried out for immunohistochemical
(IHC) staining in accord with procedures described by
Torlakovic et al*® Briefly, 4um spleen and lung paraffin
slices were mounted on positive charged slides, dewaxed,
rehydrated and finally subjected to endogenous peroxidase
activity blocking (using 3% H,0O, in PBS for 30 min). Then
immersion in antigen retrieval solution and then incubation
in 10% normal goat serum in BPS for nonspecific antigen
blocking were accomplished. Afterward, in a humid
chamber at 4°C, the slides were incubated separately
overnight with solutions of different primary antibodies.
Apoptosis marker (Caspase-3): rabbit polyclonal antibody
(PA1-26426, Fisher scientific, Lab Vision Corporation
Laboratories). Macrophage marker (CD68): rabbit
Polyclonal antibody (Cat. No.: E-AB-64533, Elabscience,
Lab Vision Corporation, Neomarkers Laboratories,

Westinghouse, Thurmont, California, USA). Inflammation
marker (NF-kp, Nuclear Factor kappa light chain enhancer
of activated f cells): a rabbit polyclonal antibody (ab86299,
Abcam, Cambridge, Massachusetts, USA). Toll-like
receptor 4 (TLR4): mouse monoclonal antibody (ab22048,
Abcam, Inc Cambridge, UK). Next, the slides were washed
in PBS, incubated with biotinylated secondary antibody
for 2 h at room temperature, and then washed again in
PBS. Streptavidin peroxidase supplementation for 10 min,
diaminobenzidine (DAB)-hydrogen peroxide application,
and finally Mayer’s hematoxylin counterstaining were
accomplished. To confirm staining validity, negative
control slices were prepared in the same steps but with
replacement of primary antibody by PBS. Positive
reactions were considered in cells that displayed brown
precipitate. The immune-stained slices were inspected
to capture immunoreactivity using a light microscope
(Leica Microsystem, Schweiz, AG, Heerbrugg, CH-9435,
Switzerland).

Morphometric measurements

Collagen deposit, caspase 3, NF-kB, and TLR4 positive
immune expression area percentages were calculated.
CD68 immunopositive macrophages were also counted.
The study was performed using FIJI/ Image ] software
(1.51 n; National Institute of Health, Bethesda, USA).
The analysis was achieved using 3 sections / rat x 400
magnification (4 rats / group) in all study groups. Data
were subjected to statistical analysis."

Statistical analysis

First, all datasets were assessed for normality. Subsequently,
the quantitative biochemical and histomorphometry
data were computerized and statistically evaluated using
GraphPad Prism, Version 9.2 (GraphPad Software Inc., San
Diego, California, USA). Quantitative data were expressed
as mean = SD. ANOVA was applied to determine any
significant differences among mean values of different
study groups. In addition, Tukey’s multiple comparison
test was carried out as a post hoc test of ANOVA.

Results

There were no discernible structural or statistically
significant (p>0.05) differences between the normal
control and LBP-treated groups. So, for comparisons with
other study groups, the control group was thus used.

LBP alleviated TiO, NPs-induced oxidative stress and
fibrosis

As illustrated in Tables 1, 2 TiO, NPs exposure significantly
(p<0.05) increased TGF-B1, MDA while simultaneously
decreasing GSH, SOD, CAT activities compared with
control group. Conversely, LBP pre-treatment induced a
significant (p<0.05) decline in TGF-B1, MDA coupled with
anotable increase in antioxidantsactivities when contrasted
with Ti group. Notably, ZnPPIX co-administration
significantly (p<0.05) reversed LBP beneficial effects
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Table 1. Effect of LBP and co-administration of ZnPPIX on oxidative stress and fibrosis markers in TiO, NPs-induced splenic injury.

Groups (n=8) NC LBP Ti LBP+Ti LBP + Ti+ZnPPIX
MDA (nmol/g tissue) 129+022 1.16£0.02 3.03+020 159 +0.30° 298+025%
SOD (U/g tissue) 56.333.38 51.65+4.26 34,67 +307 46,00 +4.05" 39.0043.16°
GSH (umol/g tissue) 82.39+4.01 78414435 26.58+3.06° 57 414573 30.36+4.42°
CAT (Ulmg tissue) 10.40+0.92 1.3:24 5.85+0.62 8.31+0.76% 6.06:0.67°
TGF-1 (pg/mg tissue) 16.83+1.47 17.67+1.21 46.33+4.13' 22.542.73 40.3343.508

NC: normal control; LBP: Lycium barbarum polysaccharide; Ti: TiO, NPs (titanium dioxide nanoparticles); MDA: malondialdehyde; SOD:
superoxide dismutase; GSH: glutathione; CAT: catalase; ZnPPIX: zinc protoporphyrin IX; TGF-B1: transforming growth factor- 1. Data
represent mean * SD; ‘p < 0.05 significant vs.NC; *p < 0.05 significant vs. Ti group; *p< 0.05 significant vs. (LBP+ Ti) group.

Table 2. Effect of LBP and co-administration of ZnPPIX on oxidative stress and fibrosis markers in TiO, NPs-exposed pulmonary injury.

Groups (n=8) NC LBP Ti LBP +Ti LBP +Ti +ZnPPIX
MDA (nmol /g tissue) 825+0.92 8.60+1.21 39.50+1.12° 12.50 +0.86% 24.80 +1.37°
SOD (U/g tissue) 12.63+0.82 12.61+0.9 4.31+0.80° 10.05+0.84# 7.06+0.72°
GSH (umol /g tissue) 69.02+5.76 66.73+2.99 24914285 58.81+4.47* 31.05£5.69°
CAT (U/mg tissue) 34.15+1.44 32.38+0.4 11.18+£1.03 25.97 +1.80* 17.53 +1.66°
TGF-B1 (pg /mg tissue) 18.50 £2.42 18.67 £3.14 49,67 £5.78 21.67+3.38" 45.00+ 4.00°

NC: normal control; LBP: Lycium barbarum polysaccharide; Ti: TiO,NPs (titanium dioxide nanoparticles); MDA: malondialdehyde; SOD:
superoxide dismutase; GSH: glutathione; CAT: catalase; ZnPPIX: zinc protoporphyrin IX; TGF-B1: transforming growth factor- 1. Data
represent mean + SD. 'p < 0.05 significant vs. NC group; #p < 0.05 significant vs. Ti group; p< 0.05 significant vs. LBP+ Ti group

compared to LBP +Ti group. These findings suggested a
correlation between HO-1 and anti-antioxidant, anti-
fibrotic properties of LBP.

LBP mitigated TiO, NPs triggered apoptosis

As depicted in (Figure 1(A)-(F)),TiO, NPs triggered
apoptosis in both spleen and lung manifested as a
considerable reduction in Bcl-2, Bcl-2/Bax ratio, while a
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simultaneous rise in Bax (p<0.05) relative to the control
group. Intriguingly, pretreatment with LBP led to a
significant upregulation in Bcl-2, Bcl-2/Bax ratio, and a
downregulation in Bax relative to Ti group (p<0.05). Yet,
the aforementioned parameters were significantly (p<0.05)
reversed following ZnPPIX co-administration. Such
findings proposed the involvement of HO-1 in LBP anti-
apoptotic influence.
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Figure1. Effect of LBP pretreatment and ZnPPIX co-administration on apoptosis markers in rats’ spleen (A-C) and lung (D-F) exposed to
TiO,NPs. NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: zinc protoporphyrin IX. Data are repre-
sented as Mean + SD, p < 0.05 significant vs. NC;#p < 0.05 significant vs. Ti group; $p< 0.05 significant vs. LBP +Ti group.
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Figure 2. Effect of LBP and ZnPPIX co-administration on MyD88 level and HO-1 mRNA expression in rats’ spleen (A)-(C) and lung (B)-(D)
exposed to TiO,NPs. MyD88: myeloid differentiation primary response 88; HO-1: heme oxygenase -1; NC: normal control group; LBP:
Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: zinc protoporphyrin IX. Data are represented as Mean + SD.’p < 0.05 significant
vs. NC, #p < 0.05 significant vs. Ti group - *p< 0.05 significant vs. LBP+ Ti group.

LBP alleviated TiO, NPs-induced inflammation

As demonstrated in (Figure 2 (A)-(B)), TiO, NPs induced
inflammation manifested as a substantial (p<0.05) rise
in MyD88 relative to the control group. Fortunately, LBP
pretreatment elicited a substantial (p<0.05) MyD88 decline.
Co-administration of ZnPPIX considerably (p<0.05)
raised MyD88 once more. Such findings suggested HO-1
participation in LBP anti-inflammatory impact.

LBP upregulated relative HO-1-mRNA expression

As illustrated in (Figure 2 (C)-(D)), TiO, NPs persuaded
a significant (p<0.05) upregulation of HO-1 mRNA
expression relative to the control group with further
increase following LBP pretreatment. Nevertheless,
ZnPPIX co-administration led to a significant (p<0.05)
downregulation relative to LBP+ Ti group.

LBP improved TiO, NPs induced splenic histological
alterations

Hematoxylin and eosin-stained spleen sections retrieved
from control (Figure 3 (A-C)) and LBP-treated (Figure 3(D-
F)) groups demonstrated normal structure. Alternatively,
Ti group (Figure 3 (G-I)) displayed significant splenic
damage, shown as white pulp shrinkage, ill-defined
marginal zones, deformed central arterioles, splenocytes
nuclear pyknosis, sinus congestion and dilatation, diffuse
lymphocytic infiltration, numerous megakaryocytes,
and abundant hemosiderin-laden macrophages. LBP
pretreatment resulted in a significant improvement.
The white pulps restored average size. Also, white, red

pulp boundary was obvious. Further, sinuses were less
congested, lymphocytic infiltration was diminished, and
megakaryocytes were reduced (Figure 3(J-L)). However,
some tingible body macrophages (TBMs) were noticed
in the white pulps. Conversely, as shown in (Figure 3 (M-
0)), ZnPPIX addition reversed LBP elicited histological
improvement, with histological findings more or less
similar to that in the Ti group.

LBP improved TiO, NPs induced pulmonary histological
alterations

Lung H&E-stained sections retrieved from both the
control (Figure 4 (A-B)) and LBP-treated (Figure 4 (C-
D)) groups revealed normal construction. In contrast,
TiO, NPs exhibited significant degenerative changes
such as numerous collapsed alveoli, diffuse interstitial
inflammatory cell infiltration, congested pulmonary vessels
(Figure 4E); disfigured bronchioles (Figure 4F); extensive
intra-alveolar inflammatory cell infiltrate (Figure 4G);
numerous intra-alveolar foamy macrophages (Figure 4H).
Luckily, LBP-pretreated lung sections displayed marked
improvement, as depicted in (Figure 4 (I-])). Yet, ZnPPIX
co-administration reversed LPB elicited improvement and

presented massive destructive changes once again (Figure
4 (K-N)).

LBP mitigated TiO, NPs induced excess collagen
deposition

Sections stained with MT exhibited green colored collagen
deposited around splenic vessels (Figure 5 (A-E)),
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Figure 3. Photomicrographs of H&E stained spleen sections. (A-C) Normal control group. (D-F) LBP group, both display normal white
pulp (WP), red pulp (RP), clear marginal zone (MZ), condensed lymphocytes (arrow), central arteriole (CA), periarteriolar lymphatic sheath
(PALS), splenic sinuses (SS) and cords (angled arrow). (G-I) Ti group with shrunken white pulps (circle), splenocytes: pyknosis, deformed
central arterioles (CA), numerous megakaryocytes (curved arrow), sinus congestion and dilatation (SS), diffuse lymphocytic infiltration,
abundant hemosiderin laden macrophages (zigzag arrow). (J-L) LBP + Ti NPs group shows average sized white pulps, obvious marginal
zones (MZ), less congested sinuses (SS), less lymphocyte infiltration (rectangle), reduced megakaryocytes (curved arrow). However,
some tingible body macrophages (TBMs) (arrowhead) are noticed in white pulps. (M-O) LBP + Ti + ZnPPIX group shows deformed
shrunken white pulps (circle),tinny central arteriole (CA), dilated congested sinuses (SS), excess lymphocytic infiltration, multiple mega-
karyocytes (curved arrow). H&E x100 (A, D, G, J, M); x 400 (B, C, E, F, H, I, K, L, N, O). NC: normal control group; LBP: Lycium barbarum
polysaccharide; Ti: TIO,NPs; ZnPPIX: Zinc protoporphyrin IX.

bronchioles and pulmonary vessels (Figure 5 (G-K)). The ~ LBP decreased protein transcription of caspase-3, CD68,
collagen was relatively little in amount in both controland ~ NF-«B and TLR4

LBP groups, significantly increased and widely distributed =~ In the different study groups, Caspase-3 immunostained
in Ti group. LBP pretreatment induced an obvious  spleen and lung sections shown in (Figure 6 (A-E);
reduction in collagen amount. Conversely, ZnPPIX co-  Figure 6 (G-K)); CD68 immunostained spleen and lung
administration significantly reversed LBP amelioration  sections shown in (Figure 7 (A-E); Figure 7 (G-K)); NF-
with excess collagen deposits again. These findings were kB immunostained spleen and lung sections depicted in
further substantiated by estimating the collagen area % as  (Figure 8 (A-E); Figure 8 (G-K)); TLR-4 immunostained
shown in (Figure 5 (F-L)). spleen and lung sections depicted in (Figure 9 (A-E);
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Figure 4. Photomicrographs of H&E stained lung sections.(A-B) NC group. (C-D) LBP group, both show normal bronchioles (B), pulmo-
nary vessels (V), alveolar ducts (D) alveolar sacs (S), alveoli (A) and thin interalveolar septa (arrowhead). (E-H) Ti group. (E) Shows
excess collapsed alveoli (A1), few dilated ones (A2), interstitial inflammatory cell infiltrate (*), congestion (V). (F) Shows disfigured bronchi-
ole with epithelial hyperplasia (blue arrow) and extensive inflammatory cellular infiltrate (*). (G) Shows severe intra-alveolar inflammatory
infiltrate. (H) Shows numerous intra alveolar foamy macrophages (thick arrow). (I-J) LBP +Ti group. () Shows few collapsed alveoli (A1)
among normal ones (A2), less thick interalveolar septa (arrow head), less congestion (V), normal bronchioles (B1), disfigured bronchioles
(B2). (J) Shows a bronchiole with areas of epithelial hyperplasia (blue arrow) alternating with epithelial desquamation (black arrow), min-
imal peribronchiolar inflammatory infiltrate (*). (K-N) LBP + Ti + ZnPPIX group. (K) Shows broncho-vascular bundle (B) & (V) with severe
congestion, granuloma (*). (L) Shows collapsed air spaces (A), markedly thick interalveolar septa (arrow). (M) Shows a granuloma (G)
damaging alveolar walls and obstructing alveolar lumen. (N) Shows abundant intra-alveolar macrophages (thick arrow). H&E x100 (A,
C,E, I,K); x400 (B, D, F, G, H, J, L, M, N). NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TiO,NPs; ZnPPIX: Zinc

protoporphyrin IX.

Figure 9 (G-K)), all displayed a positive brownish reaction.
This reaction appeared minimal and limited to few cells in
control and LBP groups but became significantly stronger
and widely distributed in Ti group relative to the control
one. Fortunately, LBP pretreatment induced a noticeable
improvement manifested as a significant decline in the
immune-histochemical reaction comparable to Ti group.
Yet, co-administration of ZnPPIX elicited a substantial
enhancementin theimmune reaction when contrasted with
LPB+ Ti group. These findings were further statistically
established by quantification of the mean area percentage
of caspase3, NF-kB and TLR4 immuno-expression (Figure
6 (F)-(L); Figure 8 (F)-(L); Figure 9 (F)-(L)). Further, the
mean number of CD68 immune +ve macrophages/high
power field (x400) was calculated (Figure 7 F, L).

Discussion

TiO, NPs triggers oxidative stress and inflammatory
reaction.’”** In our study, the histological insults observed
due to TiO, NPs exposure align with the findings of
Suker & Jasim® who attributed them to excessive ROS
production. Overproduction of ROS disrupts the cell cycle,
leading to apoptosis and inflammation in intestinal and
hepatic tissues.** The current study stated that LBP reduced
TiO, NPs induced detrimental changes. In the same
context, LBP mitigated skin cell cytotoxicity, improved
cellular morphology, reduced intracellular ROS levels
and decreased cell apoptosis.”” In the present study, LBP
mitigated oxidative stress and even boosted the activity of
antioxidant defense enzymes. These findings are consistent
with Zheng et al.* who attributed LBP benefits to the ability
to activate Nrf2 and its downstream effecter, HO-1 which
coincides with the present study. LBP provides protection
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Figure 5. Photomicrographs of MT stained spleen (A-E) and lung (G-K) sections showing green colored collagen deposit around splenic
vessels (arrow), pulmonary vessels (curved arrow) and bronchioles (small arrow). The collagen amount appears little and finely distributed
in both NC and LBP groups in the spleen (A-B) and lung (G-H). Ti group: collagen deposit is dense and widely distributed in both spleen
(C) and lung (l). LBP+ Ti group: less collagen deposition in both spleen (D) and lung (J). LBP + Ti +ZnPPIX group: an abundant collagen
deposit in both spleen (E) and lung (K) (MTx100). Bar charts (F) - (L). Morphometric analysis of MT area % mean values in spleen (F)
and lung (L). NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: Zinc protoporphyrin IX. Values are
presented as means + SD." p < 0.05 significant vs. NC group, *p < 0.05 significant vs. Ti group, ®p < 0.05 significant vs. LBP+ Ti group.

to the skin against ultraviolet B (UVB) irradiation by
activating Nrf2 / HO-1 signaling cascades, scavenging free
radicals, and preventing DNA destruction.’® LBP reduces
oxidative reactions and enhances cell adaptive antioxidant
pathways in the retina of rodents suffering from ischemia-
reperfusion insult.* Furthermore, it has been reported
that detoxifying enzymes and radical scavengers,
dependent on the antioxidant response element (ARE), are
essential components against oxidative tissue destruction
and for maintaining cell homeostasis.* The detoxifying
enzymes HO-1, SOD, and CAT are encoded by Nrf2.*!
Upon exposure to either ROS or pharmacological ligands,
Nrf2 dissociates from the Keap-1 protein and enters

the nucleus to induce the transcription of antioxidant
enzymes (SOD, CAT, and HO-1) through ARE.* In the
present study, TiO,NPs induced spleen insults coincide
with other established animal reports.*** Additionally,
caspase-3 can be activated by both intrinsic and extrinsic
apoptotic pathways, causing DNA damage.” TiO, NPs
induce cell apoptosis by upregulating apoptotic cellular
elements.* TiO, NPs target the mitochondrial intrinsic
apoptotic pathway and stimulate cytochrome C surge into
the cytosol causing caspase 3 activation. The active pro-
apoptotic protein, Bax, via micropores formation in the
mitochondrial membrane causes protein leakage into the
cytosol. Herein, Bcl2, as a regulator for apoptosis, prevents

Pharmaceutical Sciences, 2024, 30(3), 339-354 | 347



Amal Sewelam, et al.

3

-
o

£
H
o
Led
giu
o
o

Figure 6. Photomicrographs of immunohistochemically stained spleen (A-E) and lung (G-K) sections labeled with anti-caspase-3 antibody
showing brownish cytoplasmic reaction (arrow). The reaction is minimal and limited to few cells in Control and LBP groups in the spleen
(A-B) and lung (G-H). Ti group: the reaction is strong and widely distributed in spleen (C) and lung (l). LBP+ Ti group: minimal limited
reaction in the spleen (D) and lung (J). LBP + Ti + ZnPPIX group: strong widely distributed reaction in spleen (E) and lung (K) (Caspase
3 immunostainingx400). Bar charts (F) - (L). Morphometric analysis of Caspase 3 area % mean values in the spleen (F) and lung (L).
NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TiO, NPs; ZnPPIX: Zinc protoporphyrin IX. Values are presented as
means + SD." p < 0.05 significant vs. NC group, #p < 0.05 significant vs. Ti group. ®p < 0.05 significant vs. LBP +.Ti group.

cytochrome C release to stop caspase 3 activation.'*
The current results suggested the involvement of HO-1
in the anti-apoptotic effect of LBP. In agreement with our
suggestion, Luo et al.” reported that HO-1exerts a valuable
role in preventing cell apoptosis either directly or by
interfering with ROS generation. Additionally, heme breaks
down into carbon monoxide (CO), iron, and biliverdin /
bilirubin with the help of HO-1, endowing HO-1 with the
merit of being an inspiring antioxidant, anti-inflammatory
and anti-apoptotic cellular factor.” A previous report
showed that, LBP induced a significant upregulation of
Nrf2 / HO-1 expression as well as the antioxidant and
anti-apoptotic effects of LBP were counteracted by either

HO-1 suppression or Nrf2 silencing.”® The current work
align with previous studies®** which demonstrated that
exposure to TiO, NPs upregulated the expression of
numerous inflammatory cytokines and chemokines, all
of which act as chemoattractant for leukocytes and other
cells involved in the inflammatory response. Giribabu
et al> asserted that NF-kB-mediated macrophage
recruitment, extracellular matrix deposition, fibrosis, and
ultimately renal architecture devastation. Moreover, Qi
et al* reported that LBP reduced the gene and protein
expression of TLR4, MyD88, and NF-«B, thereby exerting
protective actions against inflammation in type-2 diabetic
mice. The incorporation of HO-1 enhancement and TLR4
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(C) and lung (I). LBP + Ti group: marked reduction in CD68 +ve cell number in the spleen (D) and lung (J).
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Figure 7. Photomicrographs of immunohistochemically stained spleen (A-E) and lung (G-K) sections labeled with anti-CD68 antibody
showing brownish colored immuno-positive macrophages (arrow).The reaction is limited to few macrophages in Control and LBP groups
in the spleen (A-B) and lung (G-H). TiO, NPs group: shows marked increase in the number of immuno-positive macrophages in the spleen
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LBP+ Ti +ZnPPIX group:

marked increase in number of immuno-positive macrophages in the spleen (E) and lung (K). (CD68 immunostaining x400). Bar charts
(F) - (L). Morphometric analysis of the mean number of immuno-positive macrophages in the spleen (F) and lung (L). NC: normal control
group; LBP: Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: Zinc protoporphyrin IX. Values are presented as means + SD." p <
0.05 significant vs. NC group, *p < 0.05 significant vs. Ti group, *p < 0.05 significant vs. LBP+ Ti group.

signaling was suggested by Shen et al."”, who found that
HO-1 induced by copper modulated TLR4 signaling and
mitigated liver damage in a model of ischemia-reperfusion
in mice. This indicates a cross-relationship between HO-1
signaling and the TLR4 pathway. The crosstalk between
HO-1 and the TLR4/MyD88/NF-«xB pathway is vital for
regulating inflammation. While HO-1 modulates oxidative
stress, TLR4 modulates the adaptive immune response, as
noted by Mohan and Gupta.”” Furthermore, HO-1 and
its upstream regulator, Nrf2, were found to reduce the
inflammatory response mediated by TLR41.* In the present
work, extramedullary hematopoiesis was mediated by TiO,
NPs which was also reported in response to various metallic

NPs.” Recent research by Jin et al.®® proposed that, excess
megakaryocytes may lead to increased platelet synthesis,
and thus increase the risk of thromboembolic incidence.
LBP restored megakaryocyte density in the red pulp. The
immunomodulatory and anti-inflammatory characteristics
of LBP may be responsible for this. Nevertheless, more
research is needed to determine the precise mechanism.
The spleen and lung fibrosis produced by TiO, NPs aligns
with the findings from prior research.® Previous studies
have suggested that inflammatory cells migrate to and
proliferate at damaged sites, releasing various cytokines
that can further recruit cells and remodel the matrix,
resulting in excessive production of collagen and matrix
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Figure 8. Photomicrographs of immunohistochemically stained spleen (A-E) and lung (G-K) sections labeled with anti- NF-kB antibody
showing brownish nuclear reaction (arrow). The reaction is minimal and limited to few cells in NC and LBP groups in the spleen (A-B) and
lung (G-H). Ti group: the reaction is extensive involving a great number of cells in both spleen (C) and lung (I). LBP+ Ti group: minimal
limited reaction in the spleen (D) and lung (J). LBP + Ti +ZnPPIX group: extensive widely distributed reaction in both spleen (E) and lung
(K) (NF-kB immunostaining x400). Bar charts (F)- (L). Morphometric analysis of NF-kB area % mean values in the spleen (F) and lung (L).
NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: Zinc protoporphyrin IX. Values are presented as
means + SD." p < 0.05 significant vs. NC group, #p < 0.05 significant vs. Ti group, ®p < 0.05 significant vs. LBP+ Ti group.

components.” In addition, LBP demonstrated anti-fibrotic
properties against TiO, NPs. Consistent with our findings,
Xiao et al.%® reported that LBP has a hepatoprotective effect
against non-alcoholic steatohepatitis in rats by inhibiting
the TGF-P1 signaling pathway. Moreover, NF-kB has been
implicated in promoting the production of numerous
inflammatory cytokines, especially TGF-p1, leading to
increased proliferation of fibroblasts and macrophages,
ultimately causing enhanced collagen deposition.®
Moreover, the stimulation of TLR-4 signaling in fibroblasts
has been linked to increased collagen deposition and
elevated expression of genes involved in tissue repair and
the extracellular matrix.®® In a related context, Seki et al.®
found that the modulation of TGF-p1 signaling in a mouse
model of liver fibrosis is dependent on the TLR4 / MyD88

/ NF-kB axis. Therefore, a link between proinflammatory
and profibrogenic pathways was established, a correlation
that aligns with the findings of the present work.

Conclusion

Acute exposure to TiO, NPs induces well defined
biochemical and histological detrimental effects on spleen
and lung affecting their functions. The toxicity induced
by TiO, NPs is likely linked to the induction of oxidative
stress, inflammation, apoptosis, and fibrosis. Additionally,
the amelioration of TiO, NPs-induced toxicity by LBP
is attributed to the activation of HO-1, along with the
modulation of TGF-P1 and the TLR4/NF-kB signaling
pathway.
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Figure 9. Photomicrographs of immunohistochemically stained spleen (A-E) and lung (G-K) sections labeled with anti-TLR4 antibody
showing brownish reaction (arrow). The reaction is minimal and limited to few cells in Control and LBP groups in the spleen (A-B) and lung
(G-H). Ti group: the reaction is extensive involving a great number of cells in both spleen (C) and lung (I). LBP+ Ti group: shows minimal
limited reaction in the spleen (D) and lung (J). LBP + Ti +ZnPPIX group: shows extensive widely distributed reaction in both spleen (E) and
lung (K) (TLR4 immunostaining x400). Bar charts (F) - (L). Morphometric analysis of TLR4 area % mean values in the spleen (F) and lung
(L). NC: normal control group; LBP: Lycium barbarum polysaccharide; Ti: TIO,NPs; ZnPPIX: Zinc protoporphyrin IX. Values are presented
as means * SD." p < 0.05 significant vs. NC group, #p < 0.05 significant vs. Ti group, *p < 0.05 significant vs. LBP+ Ti group.
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