A. Ibrahim et al. Beni-Suef Univ J BasicAppISci (2025) 14:110 Beni_Suef University Journal Of
https://doi.org/10.1186/543088-025-00693-z . . .
Basic and Applied Sciences

: : ®
Mesembryanthemum crystallinum alleviates =

titanium dioxide nanoparticle-induced toxicity
in male rats: an ADME and in vivo study
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Abstract

Background Titanium dioxide nanoparticles (TiO,NPs) are commonly used in industrial and consumer products,
including paints, food colorants, paper, sunscreen lotions, and toothpaste. Due to growing concerns about their
potential health risks, this study aimed to evaluate the bioactive constituents of the ethanolic extract of Mesembryan-
themum crystallinum (MEE) using GC-MS and assess its protective efficacy against TiO,NPs-induced oxidative damage.

Methods The rats were orally administered treatments for two weeks across six groups: a negative control group,
a TiO,NPs-only group (300 mg/kg b.w.), two groups receiving MEE alone (50 and 100 mg/kg b.w), and two co-treat-
ment groups receiving TiO,NPs with MEE at 50 and 100 mg/kg b.w, respectively. Samples of tissues and blood were
collected for biochemical and histological analysis.

Results GC-MS analysis identified 32 bioactive compounds in the MEE, with major constituents including D-Pinitol,
pentakis ether, and different fatty acids. TiO,NPs were spherical (10-50 nm) with uniform size distribution. Exposure

to TiO,NPs resulted in elevated oxidative stress markers, and altered lipid profiles, as well as histopathological damage
in liver, kidney, testis, and heart tissues. MEE co-treatment improved, in a dose-dependent manner, these parameters
and reduced TiO,NPs accumulation in liver and kidney tissues. Moreover, in silico pharmacokinetic and toxicity predic-
tions revealed favorable LD50 values (1500-2280 mg/kg) and excellent bioavailability for key compounds.

Conclusion M. crystallinum extract demonstrates a strong antioxidant and chelating properties, making it a promis-
ing nutraceutical candidate for mitigating TiO,NPs-induced toxicity and enhancing clearance of accumulated nano-
particles from vital organs.

Keywords ADMET, Mesembryanthemum crystallinum L., Nanoparticles, Oxidative stress, Titanium dioxide

*Correspondence:

Ibrahim A. Ibrahim

ibrahimashour175@gmail.com

Full list of author information is available at the end of the article

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43088-025-00693-z&domain=pdf

A. Ibrahim et al. Beni-Suef Univ J Basic Appl Sci (2025) 14:110 Page 2 of 25
Graphical abstract
—
“ ‘-‘- @ N\
® / . ]
" NS :; % E Experimental Design
.’ ) i
- L S s 3 - —
P < Iy
; e’ \ y - &g
y 30 Albino Males ._"3{‘9 <
£ -
( N\ 2=
G'1: Control Group S —
\ J RN [ | | =
% — s | | o L
e 22— 10 S T
o= Sm e - i ToeTe.
2NPS
( G3: MEE 50 ] w ICP-AES Fiqure.XRD PatternTEM imaqe of TiO;NPS

The Treatment
)

G4: MEE 100 }_—+¥ ‘;_ -

Serum biochemical Examination

Histopathological Examination

-

‘ —
-
Al

Hematological profile

B e

Histopatholegical Staining

1 Introduction

Recently, nanoscience has experienced rapid growth,
driven by the expanding field of nanotechnology and
its diverse applications [1]; it is also called as the indus-
trial revolution of the twenty-first century. Extensive
research, development, and manufacturing methods
have been used worldwide to create better and safer
nanomaterials for various applications [2]. The design,
fabrication, and management of materials (1-100 nm)
are made possible by nanotechnology, which is the
manipulation of materials at an incredibly small scale
[3]. Numerous industries, including electronics, manu-
facturing, healthcare, and agriculture, cosmetics, and
pharmaceutical industries use nanoparticles (NPs) [4].
They are used as additives in a variety of products,
including food, paints, ceramics, paper packaging, drug
delivery systems, biosensors, and cancer treatments.
NPs are present in about 1000 products that are pres-
ently available [5]. The molecules increase exponen-
tially as particle size decreases, giving NPs an increase
from surface area-to-volume ratio than with bulk mate-
rials. This affects physical characteristics by increasing
surface reactivity. Nanoproducts are commonly used
due to their small size and reactive surface, which has

sparked worries about hazards to human health and
the environment. The reduced size of NPs also alters
their biokinetics, enabling them to spread more easily
throughout the body [6]. Many studies have reviewed
how NPs can access the cell nucleus and have shown
their genotoxic potential. Interference with DNA repair
enzymes and DNA-related proteins could be the cause
of this [7].

Titanium dioxide (TiO,) is one of the major utilized
materials among the top five NPs produced. Some of the
industries that use it in its nanoform include chemical
fibers, toothpaste, pharmaceuticals, catalysts, metallurgy,
environmental cleanup of air, soil, and water [8]. Due to
growing use of TiO,NPs in industry fields and nanotech-
nology products, human exposure—intentional or not—
is increasingly concerning [8]. Despite their extensive
use, studies have shown that TiO,NPs can cause apop-
tosis in the heart, spleen, liver, lungs, gastrointestinal
system, and kidney upon exposure [9]. It has been dem-
onstrated that TiO,NPs change heart rate, damage small
intestine, and produce neurotoxicity in the human brain
[10]. In addition, multiple animal models have demon-
strated that TiO,NPs cause genotoxicity in bone marrow
cells [11], hepatotoxicity, kidney damage [12], splenitis
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[13], and impaired immune response [14], leading to oxi-
dative stress, inflammation, and apoptosis [15].
Medicinal plants have played essential part in dis-
ease treatment since ancient times and are still a valu-
able source of therapeutic agents. Many of these plants
have been investigated in vitro for their potential medi-
cal benefits. Studies on pharmacology have emphasized
the significance of medicinal plants as possible sources
of bioactive substances [17]. Extracts from certain plants
have been evaluated using modern medicinal systems
and have been found to positively influence the activi-
ties of several regulatory enzymes [19]. Medicinal herbs
are known to exhibit their antioxidative properties by
altering antioxidant defense mechanisms and scaveng-
ing reactive oxygen species like Indica which has antioxi-
dant, neuroprotective and anti-inflammatory properties
[20]. There are several medicinal plants that are used in
decreasing TiO,NPs toxicity such as Cinnamomum cas-
sia, Moringa oleifera leaves [21], Moringa oleifera seed,
Milk Thistle seeds [22]. Mesembryanthemum crystalli-
num L. (M. crystallinum) is a member of the Aizoaceae
family. Numerous kinds of chemicals are known to exist
in the Aizoaceae family. M. crystallinum, also known as
the ice plant, has been traditionally used as a medicinal
plant. This plant’s leaves include catechin, ferulic acid,
catechol tannins, and flavonoids (rutin, neo-hesperidin,
hyperoxide, phenolics [23], carotenoids, saponins, tan-
nins, alkaloids, and polyphenols [24] The epidermal blad-
der cells on the stem and leaves resemble ice crystals,
hence the name “ice plant” These bladder cells contain
inositol, beta-carotene, and various minerals [25], as well
as myo-inositol, which lowers triglyceride levels, and
pinitol, which helps lower blood sugar levels, making the
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plant advantageous for diabetic people. Additionally, M.
crystallinum has shown antibacterial [26], antioxidant
[27], anti-inflammatory [25], and memory-improving
effects [28]. The plant has a fresh, salty, lemony flavor and
an excellent nutritional profile [29]. Thus, the purpose of
this work is to address a significant research gap by exam-
ining the ability of M. crystallinum to mitigate TiO,NPs
toxicity, specially focusing on its chelating properties.

2 Materials and methods

2.1 Materials

The source of titanium tetra-isopropoxide (TTIP) was
Sigma-Aldrich (St. Louis, MO, USA). Kits for liver and
kidney functions, along with lipid profiles and lipopro-
teins assays, were supplied by Randox Co. (Antrim, UK).
Creatine kinase (ab155901) and lactate dehydrogenase
enzyme kits were acquired from the Egyptian Company
of Biotechnology (Egypt) and Abcam respecrively. Anti-
oxidant enzyme kits were provided by Eagle Diagnostics
(Dallas, TX, USA). Sigma (St. Louis, MO, USA) also pro-
vided the trypan blue dye, MTT, and dimethyl sulfoxide
(DMSO). Cell culture reagents including fetal bovine
serum, DMEM, HEPES buffer solution, L-glutamine,
gentamycin, and 0.25% trypsin—~EDTA were purchased
from Lonza (Belgium).

2.2 Preparation of plant extract

During May 2023, M. crystallinum plant was collected
and taxonomically authenticated, where voucher speci-
mens were kept in the Herbarium under accession num-
ber A4483. Fresh aerial parts of M. crystallinum (Fig. 1a)
were rinsed thoroughly with running tap water, blotted
dry with a clean cloth, and left in the dark for seven days.
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Then, plant material was oven-dried for two hours at
60 °C and crushed into a fine powder [26]. Microwave-
assisted extraction technique was employed using aque-
ous ethanol (Fig. 1b), and the resulting extract was stored
at 4Ceuntil further use [30].

2.3 Phytochemical analysis of M. crystallinum

2.3.1 Total phenolic content (TPC)

By using a colorimetric technique and the Folin—Cio-
calteu reagent, the extracts’ total phenolic content was
ascertained. Following the incubation period, a reagent
blank was used to assess the absorbance at 765 nm. Gal-
lic acid equivalent (GAE) mg/g was used to express the
overall phenolic content [31].

2.3.2 Total flavonoid content (TFC)
The flavonoids compounds were assessed using a modi-
fied AICI3 colorimetric method. After incubation, the
absorbance was measured at 510 nm, and the results
were expressed as micrograms of quercetin equivalent
(Qu) per gram of dry extract [31].

2.3.3 Determination of tannins

Tannic acid was used as the reference standard to deter-
mine the tannin concentration. The absorbance was
measured at 500 nm according to Broadhurst and Jones
[32] method.

2.3.4 Total saponins content (TSC)
2.3.4.1 Preparation of the standard curve To determine
the total saponin content (TSC), one gram of powdered
sample in a conical flask was mixed with 30 mL of ethanol
according to technologies [33]. A Biosystem 310 spectro-
photometer was used to measure absorption at 560 nm
and calibrated with the blank. The standard curve was
generated from absorbance values to quantify total sapo-
nin content. TSC was calculated according to the follow-
ing equation:

TSC = (weight of saponin in the extract (mg)) / ((weight
of powder (g)) x (1—(moisture %/100)).

Results were expressed as mg of aescin equivalent per g
of dry powder (mg AE/g).

2.3.5 Determination of total carbohydrates

About 100 mg of plant material was weighed and placed
in a 10 mL boiling tube containing distilled water and
then incubated for three hours in a water bath. After
cooling, sodium carbonate was added to neutralize the
solution and stop the effervescence. The volume was
adjusted to 100 mL with distilled water and centrifuged.
The resulting supernatant was collected and used for
further analysis. Glucose was used as the standard, and
absorbance was measured at 490 nm using a Biosystem

Page 4 of 25

310 Plus spectrophotometer, following the method
described by Roberts and Elias [34].

2.3.6 Total antioxidant capacity (TAC)

Antioxidant activity was assessed using the method
described by Prieto et al. method [35], where absorbance
measured at 695 nm was determined. TAC was quanti-
fied and expressed as milligrams of gallic acid equivalents
per gram of extract (mg GAE) [36].

2.3.7 Evaluation of cytotoxicity against BHK-21 cell line

The cells were cultured in DMEM enriched with addi-
tional nutrients at 37 °C with 5% CO, incubator. To con-
duct cytotoxicity, 1x10* cells were planted in 96-well
plates and treated with serial dilutions of the test com-
pound for 24 h. Cell viability was evaluated using the
MTT test, with absorbance measured at 590 nm. Graph-
Pad Prism was used to create dose—response curves in
order to calculate the cytotoxic concentration (CC50)
[37].

2.4 ldentification of volatile hydrocarbon compound

by gas chromatography-mass spectrometry (GC-MS)
Volatile hydrocarbon compounds were identified by
GC-MS according to Nekeety et al. [38]. Hydrocarbons
(C7-C20, Aldrich Co.) were references to calculate the
isolated volatile components [39].

2.5 Preparation of TiO,NPs

The physical grinding approach was used to reduce the
particle size TiO, powder. After grinding, the fine pow-
der was separated and stored in plastic bag at room tem-
perature until further use [40].

2.6 Characterization of TiO,NPs

2.6.1 TiO,NPs characterization by XRD-frication

The generated TiO,NPs sample was analyzed by X-ray
diffraction (XRD) utilizing Cu-Ka X-rays with a wave-
length (\) of 1.5406 A and a Bruker diffractometer. The
results confirmed the size of the nanoparticles in the
TiO, powder [40].

2.6.2 Characterization of TiO,NPs by transmission electron
microscopy (TEM)

At the Desert Research Center in El Matareya, Cairo,
Egypt, TiO,NPs were characterized. For TEM analysis,
copper grids were coated with a droplet of the TiO,NPs
suspension, air-dried, and then examined under a high-
resolution TEM to assess particle morphology and size
distribution.
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2.7 Experimental animals

Two-month-old male adult albino rats, weighing between
150 and 200 g, were acquired from Mansoura Universi-
ty’s breeding center, Mansoura, Egypt. All experimental
treatment adhered to the National Institutes of Health’s
guidelines for the care and use of laboratory animals
(NIH Publication No. 8023, revised 1978) and were
approved by the Animal Care and Use Committee of the
Faculty of Science, Arish university (approval no. ARU/
SE12#), ensuring humane treatment throughout the
study.

2.8 Study design

After a one-week adaptation period, animals were split
into six groups randomly (5 animals per group), as out-
lined in Scheme 2. TiO,NPs were administered orally
at a dose of 300 mg/kg b.w/day, following the protocol
of Orazizadeh et al. [41]. Furthermore, M. crystallinum
ethanolic extract (MEE) was given at two concentrations:
low concentration of 50 mg/kg b.w/day/PO based on Lee
et al. [28] and a high concentration 100 mg/kg b.w/day/
PO, achieved by doubling the low concentration of MEE.
The animals had free access to water and starved over-
night after the final treatment.

Throughout the 14-day experimental period, body
weight was recorded at the beginning and end of the
study for each group. On day 15, blood samples were
collected under isoflurane anesthesia. For hematologi-
cal examination, samples were placed into EDTA-coated
tubes, while separate plain tubes were used for serum
collection. After clotting, serum was separated by refrig-
erated centrifugation and kept at — 80 °C until further
analysis.

After dissection, selected organs—including the liver,
heart, stomach, testes, and kidneys—were immediately
removed, rinsed in saline, and weighed. Relative organ
weight was calculated by dividing the absolute organ
weight by the final body weight and multiplying by 100.

Biochemical analysis—including liver and kidney func-
tion, lipid profile, and cardiac function (LDH and CK),
was performed using spectrophotometer following the
manufacturer’s instruction. After blood collection, sam-
ples of liver and kidneys were taken out, weighed, and
homogenized in phosphate buffer (pH 7.4) [42]. Antioxi-
dant enzyme activities and GSH content were measured
in both serum and tissue supernatants using spectro-
photometric methods. For histological analysis, liver,
kidney, heart, as well as testicular tissues were preserved
in formalin, cleared in xylene, and embedded in paraffin.
Sections of 5 um thickness were prepared and stained
with hematoxylin and eosin (H&E) following the proto-
col described by Bancroft & Gamble [44] and examined
using an Olympus BX 52 microscope (Fig. 2).
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2.9 Inductively coupled plasma mass spectroscopy
(ICP-MS)

For digestion, each tissue sample was oven-dried and
mixed with 200 mg of NH4Cl, 2 mL of 96% H2SO4,
and 2 mL of 65% HNO;. The digestion process was con-
ducted using a microwave assisted program with sequen-
tial power settings: 500W for five minutes, 400W for
five minutes, 650W for five minutes, and 250W for five
minutes. After complete cooling, the digested solutions
were transferred to 10 mL graduated flasks and diluted
with distilled water. After being diluted five times, the
solutions were kept at 5 °C until they could be analyzed.
Before examining the samples, the spectrometer was
recalibrated using a freshly prepared calibration curve.
Every sample was measured in triplicates to ensure data
accuracy and repeatability.

2.10 In Silico absorption, distribution, metabolism,
excretion, and toxicity (ADMET) analysis of M.
crystallinum compounds

The Swiss ADME server (http://www.swissadme.ch/

index.php) was used to evaluate the ADMET character-

istics of the phytochemicals identified in MEE extract.

The compounds’ physicochemical properties, lipophi-

licity, water solubility, pharmacokinetics, drug-likeness,

and medicinal chemistry aspects are provided on this
platform. Additionally, the web servers StopTox (https://
stoptox.mml.unc.edu/) [45] and ProTox-II (https://tox-
new.charite.de/protox_I1/) [46] were used to evaluate the
toxicity characteristics of the discovered phytochemi-
cals. While StopTox offered predictions for cardiotoxic-
ity (hERG liability), ProTox-II predicted the toxicity class
and LD50 (lethal dose 50%) of the listed phytochemicals.

2.11 Statistical analysis

Software Graph Pad Prism 8.0.1 (San Diego, CA, USA)
was used to analyze the data. The data are presented as
mean+SEM for each group (#=5). Statistical signifi-
cance between groups was conducted using one-way
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test. A p value<0.05 was considered
statistically significant. Significance levels relative to con-
trol group were indicated as follows: 'P<0.05, "P<0.01,
"™P<0.001, and “"P<0.0001. The group comparisons
for TiO,NPs were *P<0.05, **P<0.01, ***P<0.001, and
####P<0.0001.

3 Results

3.1 Phytochemical composition of M. crystallinum

Table 1 shows the quantified levels of total phenolics,
flavonoids, tannins, saponins, and carbohydrates in the
extract. Among these, total phenolics exhibited the high-
est concentration (41.86+2.26 mg/g), indicating strong
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G1: Control group received saline (2ml/kg b.w. /day/P0O)

6 groups(5 rats/
group )

( G4: MEE high dose treated group (100 mg/kg b.w/day/P0) ]

Fig. 2 Created by BioRender.Com, showing treatment schedule

Table 1 Phytochemicals compounds and total carbohydrates of
M. crystallinum. The mean £ SD of three separate calculations at
p <0.05 was used to express the values

Created in BioRender.com bio

Table 2 Antioxidant activity of M. crystallinum. The mean +SD
of three separate calculations at p <0.05 was used to express the
values

M. crystallinum (mg/g) Sample TAC (mg GAE/qg)
Total phenolics 41.86+2.26 MEE 23.79+1.03

Total flavonoids 30.02+0.59 Ascorbic acid (positive control) 76.12+324
Total tannins 1261+0.84

Total saponins 28.66+1.20

Total carbohydrates 580.33+11.05

antioxidant potential. On the other hand, total tannins
showed the lowest content (12.61 +0.84 mg/g). Notably,
total carbohydrates were present at a significantly higher
level (580.33+11.05 mg/g), reflecting the extract’s rich
nutritional composition.

3.2 Antioxidant activity of M. crystallinum

The antioxidant activity of M. crystallinum extract
and ascorbic acid, expressed as milligrams of gallic
acid equivalents per gram (mg GAE/g), is presented in
Table 2. The extract exhibited an antioxidant capacity

of 23.79+1.03 mg GAE/g, while ascorbic acid showed
higher activity at 76.12 + 3.24 mg GAE/g.

3.3 Evaluation of cytotoxicity of M. crystallinum extract
against BHK-21 cell line

Table 3 shows the cytotoxic effect M. crystallinum extract
on the BHK-21 cell line across a range of concentrations
(0-1000 pg/ml). The highest inhibition was observed at
1000 pg/ml, reaching 88.93 + 1.51%; meanwhile, the low-
est inhibition occurred at 15.6 pg/ml (0.43 +0.15%). No
inhibitory activity was detected at concentrations of
0, 2, 3.9, and 7.8 pg/ml (inhibition=0%). The 50% cell
cytotoxic concentration (CC50) was calculated to be
281.32+8.94 pg/ml, indicating lowest cytotoxic potential
of the extract.
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Table 3 Effect of M. crystallinum on cytotoxicity against BHK-21

cell line

M. crystallinum conc. (png/  Viability % Inhibitory %
ml)

1000 11.07 88.93+£1.51
500 30.94 69.06+1.82
250 5273 47.27+235
125 7415 25.85+£1.83
625 88.46 11.54+0.82
31.25 96.79 3.21+0.53
15.6 99.57 043£0.15
7.8 100 0

39 100 0

2 100 0

0 100 0

3.4 GC-MS analysis of M. crystallinum

GC-MS analysis identified 32 phytochemical com-
pounds in M. crystallinum extract (Table 4 and Fig. S1).
These compounds were classified as ester, ether, glyco-
side, silane, heterocyclic compound. Ester was the most
abundant (55.99%), followed by ether (32.68%), glyco-
side (6.5819%), silane (2.3%), heterocyclic compound
(1.8267%), and epoxide (0.6406%) (Fig. S2).

3.5 Characterization of TiO,NPs by XRD diffraction
and transmission electron microscope

The prepared sample’s phase was examined using the
X-ray diffraction (XRD) technique. Results revealed that
TiO, NPs peaks were obtained at (20=24.8°, 37.2°, 47.7°,
53.6°, 55.04°, and 62.2°) with the corresponding reflection
planes of (101), (004), (200), (211), (220), and (118). The
XRD (X-ray diffraction) patterns of TiO,NPs revealed a
prominent peak at 20=24.8°, which confirms the pres-
ence of the anatase phase of TiO,. This peak is character-
istic of the anatase structure, a common crystalline form
of TiO,. Additional strong diffraction peaks at 24.8° and
47.7° further support the anatase structure. As the par-
ticle size increased, the intensity of the XRD peaks also
increased, suggesting enhanced crystallinity and struc-
tural ordering. The broadness of the peaks indicates
nanoscale crystallite dimensions, consistent with typical
nanoparticle features (Fig. S3). TEM images (Fig. S4a and
S4b) showed spherical shape particles with uniform size
distribution. TiO, nanoparticles are aggregated together
and are composed of primary particles with diameters
between 10 and 50 nm. This result is confirmed by the
crystallite size. The characterization of TiO,NPs aggre-
gates using TEM provides valuable insights into their
size and shape. The morphometric analysis of randomly
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selected fields (2>100 aggregates) was found to be
34+9 nm. This result is in line with the expected range
for nanoparticles, relatively indicated low standard
deviation.

3.6 The impact of MEE on final body and relative organs
weight (RW) in rats treated with TiO,NPs

In Vivo findings revealed a significant reduction in body
weight among rats exposed to TiO,NPs and MEE com-
pared to control group (Fig. 3). Notably, the co-treatment
MEE did not produce any significant effect on body
weight. Regarding organ weights, the TiO,NPs-treated
group showed no significant changes in relative organ
weights, with exception of a pronounced decrease in the
relative weight of the testes when compared to the con-
trol group (Table 5).

The values were displayed as mean+SE (n=5). Sta-
tistical analysis was performed using one-way ANOVA
followed by Tukey’s test. Symbols indicate significant dif-
ferences: "P<0.05 versus control group; *P<0.05 versus
TiO,NPs-treated group.

The values were displayed as mean+SE (n=5). Sta-
tistical analysis was performed using one-way ANOVA
followed by Tukey’s test. Symbols indicate significant dif-
ferences: "P<0.05 versus control group; *P<0.05 versus
TiO,NPs-treated group.

3.7 The impact of MEE on hematological parameters
in rats treated with TiO,NPs

Hematological indices did not show significantly sig-
nificant alterations across treatment groups (Table 6).
However, a slight elevation in HB levels was noted in
both MEE100 and TiO,NPs+MEE100 treated groups.
Additionally, the TiO,NPs-treated group exhibited a sig-
nificant increase in lymphocyte count compared to the
control group, suggesting a potential immunomodulatory
response.

The values were displayed as mean+SE (n=5). Sta-
tistical analysis was performed using one-way ANOVA
followed by Tukey’s test. Symbols indicate significant dif-
ferences: "P<0.05 versus control group; *P<0.05 versus
TiO,NPs-treated group.

3.8 MEE’s influence on serum biochemical markers in rats
was given TiO,NPs treatment

Biochemical analysis of liver, kidney, and cardiac func-
tion markers (Table 7) revealed that with the excep-
tion of y-GT activity, which remain unchanged across
groups, and TP and ALB, which displayed non-signifi-
cant declines, all other parameters were elevated in the
TiO,NPs-treated group. CK activity was significantly
increased (twofold) compared to the control group
(p<0.05), indicating potential cytotoxic effects. Although
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Table 4 The phytochemical components of M. crystallinum identified by GC-MS

No RT Compound Name Molecular Molecular formula Area %
weight (g/
mol.)
Glycoside a-D-Galactopyranoside, methyl 2,3-bis-O-(trimethylsilyl)-, cyclic ~ 746.42 CioH33BOGSI 6.5819
1109712 phenylboronate
Ether 1,5-Anhydrohexitol, 4TMS derivative 287.35 CigH440550, 5.6061
211.1314
3 11.2344  D-Pinitol, pentakis(trimethylsilyl) ether 41273 Cy4H470,5i5 20.5217
4 147076 16-Hydroxydehydroandrosterone, 2TMS derivative 43565 G 1H;300;5 1.2547
5 15.1539  (Methoxymethyl) trimethylsilane 104.22 (CH3);SiI0CH; 13193
6 15.0795  2-Mono-isobutyrin, 2TMS derivative 144.21 CsHy00, 0.7114
7 15.2169  2-Mono-isobutyrin, 2TMS derivative 56.08 CH,,0, 23491
8 15.3828 2-Butene-14-diol, (E)-, 2TMS derivative 264.36 C,Hg0, 0.3993
9 15.7719 2-Butene-1,4-diol, (E)-, 2TMS derivative 284.40 C,HgO, 03215
10 16.0981 1-Trimethylsilyloxy-n-octene 204.32 Cy4H,4Osi 0.0902
i 18.2953  1,5-cis,8-cis-Undecatriene-3,7-diol bis(trimethylsilyl)ether 276.23 Cy3H,8055i, 0.1109
Esters and fatty acids Palmitic Acid, TMS derivative 256.42 C19H4002Si 7.3406
12 12.3044
13 13.1169  Linoleic acid, TMS 28045 CigH3,0, 33.1259
14 13.1913  Stearic acid, TMS derivative 37861 CyH40,5i 8.7317
15 146103 17-Octadecynoic acid, TMS derivative 34245 C3oHe,FOSSI 0.5857
16 14.6847 2-Oxovaleric acid, TBDMS derivative 152.22 CeH1003 1.0032
17 14925  17-Octadecynoic acid, TMS derivative 24646 CigH340, 0.7234
18 15.0566 15-Tetracosenoic acid, (Z)-, TMS derivative 34135 CioH360, 1.2326
19 15.4171 13-Octadecenoic acid, (2)-, TMS derivative 294.39 CigH340, 1.506
20 15.5831 2-Butoxyethoxy) acetic Acid, TMS derivative 204.27 CgH1604 03672
21 15646  13-Octadecenoic acid, (E)-, TMS derivative 296.39 CigH340, 0.3877
22 15.7891  13-Octadecenoic acid, (E)-, TMS derivative 41455 CigH340, 0.5643
23 15.9264  Linoleic acid, trimethylsilyl ester 339.54 Cy5H350,5i 0.2666
24 18.6386 4-Piperidinecarboxylic acid, 4-phenyl-1-(trimethylsilyl)-, tri- 34352 CigH3NO5SI, 0.1619
methylsilyl ester
Epoxide 1,2-15,16-Diepoxyhexadecane 27238 Ci6H300, 03179
2515.892
26160237 1,2-15,16-Diepoxyhexadecane 28641 Ci6H300, 03227
Heterocyclic compound 1,2-Benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide ~ 261.31 Ci3H14N5055 1.8267
27 16.9735
Silane Silane, [1,1-dimethyl-2-propenyl) oxyldimethyl- 48.04 CgH,g0si 0.5983
2817.1337
29 18.3639 Silane, [1,1-dimethyl-2-propenyl) oxyldimethyl- 130.263 CeH 4510 0.533
30 184269 Silane, [1,1-dimethyl-2-propenyl) oxyldimethyl- 130.263 CgH50S 0.7643
31 184841 Silane, [1,1-dimethyl-2-propenyl) oxy] dimethyl- 130.263 CgH,g0si 0.232
32 18.5013 Silane, [(1,1-dimethyl-2-propenyl) oxy]dimethyl- 130.263 CgH,g0si 0.1514

LDH levels were elevated, the increase did not reach sta-
tistical difference. Co-treatment with MEE at both doses
resulted in marked reductions in ALT, AST, urea, uric
acid, and creatinine levels, suggesting a protective effect.
However, CK levels remained unaffected by MEE co-
treatment. Notably, the high-dose MEE group (MEE100)
successfully normalized uric acid, AST, and creatinine
levels, although ALT levels remained elevated relative to
the control.

The values were displayed as mean = SE (n=5). Sta-
tistical analysis was performed using one-way ANOVA
followed by Tukey’s test. Symbols indicate significant
differences: "P < 0.05 versus control group; *P<0.05 ver-
sus TiO,NPs-treated group.
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Fig. 3 Body weight of rats administered TiO,NPs for 14 days and daily
MEE

3.9 MEEFE’s influence of MEE on the lipid profile in rats
given TiO,NPs
Table 8 summarizes the impact of various treatments

Table 5 Effect of MEE on organ RW in rats treated with TiO,NPs
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on lipids. Administration of TiO,NPs led to a significant
elevation in CHO and total lipid levels compared to the
control group, while TG, LDL, and HDL remained unaf-
fected. Co-treatment with MEE at both tested dosages
resulted in a dose-dependent decrease in these param-
eters levels, indicating a potential lipid-lowering effect on
the extract.

The values were displayed as mean+SE (n=5). Sta-
tistical analysis was performed using one-way ANOVA
followed by Tukey’s test. Symbols indicate significant dif-
ferences: "P<0.05 versus control group; *P<0.05 versus
TiO,NPs-treated group.

3.10 Effect of MEE on oxidative stress markers in rats
treated with TiO,NPs

In the present investigation, exposure to TiO,NPs results
in a significant increase in MDA levels in serum, liver,
and kidney tissues (Figs. 4, 5A & 6A), indicating elevated
lipid peroxidation and oxidative stress. Despite a drop
in serum antioxidant levels, CAT activity in hepatic and
renal tissues remained unchanged. Administration of
MEE alone at both tested doses showed no discernible
changes in oxidative markers, except for a notable rise
in SOD activity at the higher dose. Co-treatment with
TiO,NPs and MEE led to marked improvements in oxi-
dative markers, especially in MDA, GPx, SOD, and GSH

Parameters Control TiO,NPs MEE50 MEE 100 TiO,NPs+MEE50 TiO,NPs+MEE100
Liver RW (%) 3.032£0.1690 262+0.38 3.74+0.21 3.33+0.17 3.62+0.31 331011

Heart RW (%) 0.36+0.02 0.39£0.01 041£0.01 0.38+0.01 0.38+0.02 043+0.03

R. kidney RW (%) 0.35+£0.02 0.34+£0.02 0.38+0.01 0.38+0.01 0.42+0.02 043+003*

L. kidney RW (%) 0.38+0.02 0.38+0.02 041+0.04 0.41+0.01 041+0.01 043+0.02

R. Testis RW (%) 0.54+0.03 065+0.03" 0.57+0.03 0.62+£0.04 0.61£0.02 0.63£0.02

L. Testis RW (%) 0.55+0.03 069+0.03" 0.58+0.03 0.61+£0.03 0.58+0.01 0.63+0.03

Table 6 Impact of MEE on hematological parameters in rats treated with TiO,NPs

Parameters Control TiO,NPs MEE50 MEE 100 TiO,NPs +MEE50 TiO,NPs+MEE100
RBCs (x 105/mm3) 5.067 £0.04 457+0.29 529+0.22 530£0.70 3.29+£0.29 492+0.29

HB (g/dL) 873+032 7.97+0.15 9184025 13.27+032™ 843+0.58 11.21+£023%#
HCT (%) 3543£057 2840+3.28 36.08+1.58 30.73£3.92 2663211 33.07£1.24

MCV (FL) 72.80+2.82 61.77 £4.01 67.65+3.66 57.73+017" 61.40£3.06 56.10£1.16

MCH (pg) 2243+252 17.53+£0.98 22.09+2.41 2747 £3.09 35.87+£1.98 2433410714
MCHC (g/dl) 29.27+1.786 28.73+3.24 31.82+345 5343+8.08 47.80+9.61 43.10+1.05

WBCs (x 10°/mm?) 583+1.03 1243£1.13 6.54+1.18 10.27+3.35 12.60+1.24 5.67+043

LYM (%) 34.01+£067 42204136 3412+£1.04 34.40+£091 40.83+1.73 36.62+1.34

NEUT (%) 50.14+£1.48 4847+157 49.65+0.23 52.10£1.35 51.50+£1.31 56.51+0.87%

PLT (x 10°/mm?) 2940+15.37 2203+9.94 2933+9.35 229.7£36.99 2263+13.13 3223+31.86
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Table 7 Effect of MEE on serum biochemical markers in rats given TiO,NPs treatment
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Parameters Control TiO,NPs MEE50 MEE 100 TiO,NPs + MEE50 TiO,NPs+MEE100
TP (g/dL) 599+0.21 5184031 630+0.16 6.50+0.12 573406 6.235+0.18#
ALB (g/dL) 3.13+027 259+036 371+0.28 359+009 323023 356+0.14
ALT(U/L) 5822+562 85.87+336™" 52474343 50.70+3.58 69.91+226 64.11+291%
AST(U/L) 28434147 40.72+159" 27.14+1.94 24.04+2.08 3065+1.78" 2871 +1.44%
Y-GT (IU/L) 3269+0.55 35844152 31184123 29.80+1.55 31.99+31.19 31.19+1.03

Urea (g/dL) 26254293 48254525 28.00+2.48 23.75+1.89 35254202 3200+ 1.68*
CREA(g/dL) 1.03+0.12 205+0.16™ 0.84+0.03 0.75+0.04 1.07 +0.09"## 1.06+0.09"##
Uric acid (g/dL) 3.65+0.20 8.09+0.67"" 281+0.26 2.05+0.25 3.79+0.27%## 345+0.20%#
LDH (U/ml) 2848+ 2.54 3743+187 26.85+2.21 26.25+130 33.95+247 3098+2.12

CK (pg/mL) 12604672 240.0+28.58™" 13654552 133.3+9.810 207.0+3.11 181.3+13.03
Table 8 Effect of MEE on lipid profile in rats TIO,NPs

Parameters Control TiO,NPs MEE50 MEE 100 TiO,NPs + MEE50 TiO,NPs+MEE100
CHO (mg/dL) 104.30+6.01 14380+5.79™" 1080+5.72 90.50+2.63 115.50+2.59* 105.50+4.35%##

TG (mg/dL) 78254357 119.80+27.03 79.25+2.46 72.50+581 85.75+4.66 98.25+7.09

HDL (mg/dL) 50.88+646 65.00+3.24 52.25+2.46 4475+519 56.75+7.87 5300+1.17

LDL (mg/dL) 3863+9.22 54.98+840 4375+4.66 31304920 4420+3.83 33.00+4.62

T. lipids (mg/dL) 274141161 385.7+25.07" 285441158 24134335 304.3+11.24% 291.8+9.100%

levels. It is noteworthy that MEE had a strong inhibi-
tory effect MDA and GPx in the kidney tissue. Further-
more, high-dose MEE (100 mg/kg) significantly elevated
hepatic levels for SOD, GSH, and CAT above control val-
ues (p<0.05), suggesting a dose-dependent antioxidant
protective effect.

3.11 Tissue accumulation of TiO, nanoparticles
Inductively coupled plasma mass spectroscopy (ICP-MS)
analysis revealed that rats administered TiO,NPs at a
dose of 300 mg/kg bw/day exhibited a significant increase
in Ti accumulation in both hepatic and renal tissues over
the 14-day exposure period (Table 9).

ICP-MS was used to assess the levels of TiO,NPs (ug/g
of tissue). Three attempts were made at each measure-
ment. Data are displayed as mean+SE (n=5). Signifi-
cant changes from the control group are indicated by *
p<0.05 " p<0.001; ™ p<0.0001, and significant differ-
ences from the TiO,NPs group are indicated by * p <0.05;
* p<0.001; *** p<0.0001.

3.12 Influence of MEE on histopathology in rats treated
with TiO,NPs

Liver slices of control and those treated with MEE50

exhibited normal hepatocytes displaying intact cyto-

plasm and slightly dilated sinusoids radiating from cen-

tral vein with (Fig. 7B). In MEE100 treated animals,

hepatocytes polyhedral cells appeared with acidophilic,
finely vacuolated cytoplasm, central rounded vesicular
nuclei with prominent nucleoli, and normal sinusoids
between hepatocytes (Fig. 7C). Conversely, liver HE-
stained sections from TiO,NPs-exposed rats displayed
significant histological alterations, including complete
loss of normal hepatic cord architecture, marked hepatic
necrosis, multi-vacuolation, and infiltration of mono-
nuclear cells within dilated hepatic sinusoids (Fig. 7D).
Rats co-treated with TiO,NPs plus MEE50 demonstrated
partial hepatic recovery, evidenced by reduced apoptosis
and inflammatory infiltration with darkly stained nuclei.
Remarkably, the liver of group receiving TiO,NPs plus
MEE100 maintained normal architecture of the hepatic
cords and histological appearance, indicating a protective
effect of the higher MEE dose.

Kidney HE-stained sections from control animals dis-
played normal structure of kidneys including, intact glo-
merulus surrounded by Bowman’s capsule and capsular
space, a clearly defined vascular pole, and a well-pre-
served normal proximal and distal convoluted tubules
lined with low cuboidal epithelial cells (Fig. 8A). Rats
given MEE50 had kidney cortex slices revealed nearly
normal renal tissue, with little inflammatory infiltra-
tion surrounding the glomeruli (Fig. 8B). Similarly,
kidney cortex of mice given MEE100 displayed well-pre-
served Bowman’s capsule, glomeruli, and renal tubules,
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Fig. 4 Effect of MEE on hepatic oxidative stress markers in rats given TiO,NPs. Parameters assessed include: a malondialdehyde (MDA), b reduced
glutathione (GSH), c catalase (CAT), d superoxide dismutase (SOD). Data are presented as mean + SE (n =5). Statistical analysis was performed using
one-way ANOVA followed by Tukey's test. Symbols indicate significant differences: *P< 0.05 versus control group; #£ < 0.05 versus TiO,NPs-treated

group

indicating minimal histological alterations (Fig. 8C). In
contrast, TiO,NPs-treated rats showed marked renal
damage including, glomerular tuft congestion, bleed-
ing, tubular dilation, interstitial edema, and lymphocytic
infiltration surrounding both glomeruli and renal tubules
(Fig. 8D). Animals treated with TiO,NPs and MEE at
both doses revealed partial restoration of renal architec-
ture, with normal glomerular tufts and only mild cloudy
swelling in some tubules. Notably, rats treated with
TiO,NPs and MEE100 indicated substantial improve-
ment in kidney histology (Fig. 8F), suggesting a protec-
tive effect of the higher MEE dose.

When the control animals’ heart sections were exam-
ined, they showed normal nuclei and longitudinal car-
diac muscle fibers that were well organized. The heart of
rats treated with both doses of MEE displayed a normal
appearance, with well-organized longitudinal cardiac
muscle fibers and normal nuclei (Fig. 9C and D). The
nano-titanium treated group exhibited focal perivascular
mild fibrosis infiltrated by a few leukocytes. In addition,
there is evidence of hyalinization and vacuolation of car-
diac muscle fibers, as well as disorganization of the car-
diac muscle fibers and congested cardiac blood vessels.
Animals given TiO,NPs+MEE50 had modest clogged
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Fig. 5 Effect of MEE on serum oxidative stress markers in rats given TiO,NPs. Parameters assessed include: a malondialdehyde (MDA), b reduced
glutathione (GSH), ¢ catalase (CAT), d superoxide dismutase (SOD). Data are presented as mean + SE (n =5). Statistical analysis was performed using
one-way ANOVA followed by Tukey's test. Symbols indicate significant differences: P < 0.05 versus control group; # < 0.05 versus TiO,NPs-treated

group

cardiac blood arteries in their hearts, but their cardiac
muscle fibers and nuclei remained normal (Fig. 9E).
Meanwhile, TiO,NPs plus MEE 100 showed normal
appearance with well-organized longitudinal cardiac
muscle fibers (Fig. 9F).

Figure 10A1 & A2 illustrates that the testes of con-
trol rats displayed a normal arrangement of somnif-
erous tubules with germ epithelial cells, including
numerous spermatogonia featuring normal nuclei with

many mature spermatozoa present. Organization of
spermatogenic cells in the testes of rats that given both
doses of MEE appeared normal, with multiple phases
of germ cell maturation and plentiful mature spermato-
zoa (Fig. 10C1, C2, D1 & D2). Necrosis in several layers
of spermatogenic germ cells—predominantly impacting
spermatogonia and primary spermatocytes, resulting
in testicular architecture in rats treated with TiO,NPs.
Clumps of sloughed germ cells were observed within
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the tubular lumen, indicative of degenerative changes in
the testis; this included severe vacuolation and pyknosis
of spermatogonia, and significant eosinophilic necrotic

Table9 Levels of TIO,NPs (ug/g of tissue) in liver and kidney debris occluding the tubular lumen (Fig. 10B1 & B2).
tissues The treated animals with TiO,NPs plus MEE50 exhib-
Parameters Titanium (ug/g liver  Titanium (ug/g ited a slightly normal structure of germ epithelial cells,

tissue) inkidney tissue)  \yith some spermatocytes showing intracellular vacu-
Control 00+0.00 0.00+0.00 olation and a thinning of the spermatogenic epithelium,
TIO,NPs 5240+081™" 62004007 while those treated with TiO,NPs plus MEE100 exhib-
TIO,NPs+ MEES0 93,004+ 0.71#### 1040+ 0,51 ##4# ited a regular arrangement of spermatogenic cells within

TIO,NPs + MEET00 14004 0.7 ### 48040374 the seminiferous tubules, with clear evidence of multiple
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Fig. 7 Photomicrograph of a liver paraffin section from the experimental and control groups: a Control group exhibits typical hepatic cell
aggregation and normal liver tissue histopathology. Hepatic sinusoids (S) divide the rows of normal hepatocytes (H), which are elevated

from the normal central vein (CV). b The TiO,NPs group shows obvious hepatic necrosis (black arrow), multi-vacuolation (#), and hepatic sinusoidal
dilatation, along with a total loss of normal hepatic cord architecture. C Normal polyhedral hepatocytes (H) in the high-dose group have central
rounded vesicular nuclei with prominent nucleoli and acidophilic coarsely vacuolated cytoplasm. Normal sinusoids appear in between hepatocytes
(S). D Low-dose group normal hepatocyte (H) raised from normal central vein (CV), with slightly dilated sinusoids (S). e TIO,NPs + low dose showing
fine and partial improvement of hepatic tissue with still presence of apoptotic hepatocyte (black arrow) and inflammatory infiltration with darkly
stained nucleus. f TIO,NPs + high-dose-only hepatic cord preserves its normal architecture and histological appearance. Nearly normal hepatocytes
(H) and sinusoids (S) appear more or less normal; The sinusoids are lined with Kupffer cells (arrow head) for regeneration. Magnification X: 400. scale

bar 50 um

maturation stages and overall preservation of testicular
architecture.

4 In Silico ADMET profiling of phytoconstituents
from M. crystallinum

4.1 ADME analysis of tested phytochemicals in Silico

Poor ADMET features can compromise the therapeu-
tic potential of otherwise promising drug candidates.
Among the major challenges in drug discovery, particu-
larly during clinical trials, are unfavorable pharmacoki-
netic properties, which significantly increase the cost
of development. To assess the potential of M. crystal-
linum ethanolic crude extract as a viable candidate for
drug development, ADMET parameters were estimated
using in silico tools (Tables 10 and 11). The majority of
the identified phytoconstituents complied with Lipinski’s
rule of five, and several of them demonstrated a good bio-
availability score by passing the Ghose, Veber, and Egan

filters. Solubility is another essential factor that affects
a compound’s distribution and absorption in the body.
Notably, most compounds demonstrated higher water
solubility, further supporting their potential for oral bio-
availability (Fig. 11).

4.1.1 Toxicity profiling of screened phytochemicals using
in silico tools

Complementary in silico toxicity assessment introduces
an effective approach to reduce reliance on animal test-
ing, as well as the cost and time, supporting ethical
research practice. As outlined in Table 11, inhalational
and oral toxicity of selected phytochemicals from M.
crystallinum was predicting using software (ProTox-II).
The four compounds exhibited no toxicity under either
inhalation or oral route and were classified as class four,
indicating low acute toxicity. Linoleic acid was classified
as class six in toxicity, reflecting an even lower toxicity
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Fig. 8 The control group’s paraffin section of the rat kidney, which includes the vascular pole (P), normal proximal convoluted tubule (PCT),
normal distal convoluted (DCT), and normal glomerulus (G) surrounded by its glomerular capsule (c) and capsular space (S), is shown

in the photomicrograph of the kidney. b The group of TiO,NPs exhibiting severe glomerular tuft bleeding and congestion (G), renal tubule
enlargement (red arrow), and interstitial tissue edema with lymphocytic cell infiltration surrounding glomeruli and renal tubules (yellow arrows). ¢
High-dose group showing normal glomeruli (G) having a well-structured Bowman'’s capsule as well as distal (PCT) and proximal (DCT) convoluted
tubules. d The renal tissue of the low-dose group shows tiny infiltration surrounding the glomeruli, appearing almost normal (yellow arrow). e
TiO,NPs +low dose with a glomerular tuft that is almost normal (G) and some tubules that have hazy swelling (red arrow). f The kidney histological
architecture improved with TiO,NPs + high dose, approximating the control group with little swelling cells (white arrows). 400 times magnification.

scale bar 50 um

potential. The predicted LD50 values further supported
these findings: D-Pinitol, pentakis (trimethylsilyl) ether
was 1500 mg/kg, palmitic acid, TMS derivative and
stearic acid, TMS derivative was 2280 mg/kg, and linoleic
acid, TMS derivative was 20,000 mg/kg. Taken together,
these results suggest that the evaluated compounds pos-
sess favorable safety margins, supporting their candidacy
for further pharmacological investigation and potential
therapeutic application.

5 Discussion

The current study provides a comprehensive into the
phytochemical profile and biological properties of
M. crystallinum cultivated in North Sinai, Egypt, and
explores its potential to mitigate the toxicity of TiO,NPs.
The findings confirm that M. crystallinum is a rich source
of bioactive compounds and possesses strong antioxi-
dants, non-cytotoxic, and organo-protective properties,

making it a valuable candidate for use in food and phar-
maceutical applications.

Numerous studies have confirmed that M. crystalli-
num has a variety of bioactive chemicals influenced by
the weather, climate, soil, and care circumstances [47].
Our results, consistent with previous research, revealed
that the ethanolic extract of M. crystallinum is abundant
with flavonoids, phenolics, saponins, and tannins as well
as alkaloids, chlorophylls, and carotenoids [23, 24, 47].
Previous report have identified 23 polyphenolic compo-
nents, with catechin (41.15%), pyrogallol (7.30%), and
catechol (6.59%) as most abundant [47] aligns with stud-
ies linking these compounds to numerous health benefits
such as free radicals scavenging, carcinogenesis preven-
tion, and immune system enhancement [48].

The antioxidant power was assessed by IC50. The M.
crystallinum extract recorded 23.79+1.03 compared to
ascorbic acid 76.12+3.24. Lower IC50 values indicate
higher activity; hence, the extract demonstrated potent
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Fig.9 A photomicrograph a paraffin section of treatments and control groups hearts. a Demonstrates that the control group longitudinally (L)
cardiac muscle fibers are well organized and have a normal nucleus (black arrow). b Nano-titanium group shows focal perivascular mild fibrosis
infiltrated with few leukocytes (black arrow), demonstrating hyalinization and vacuolation (yellow arrows) of cardiac muscle fibers, disorganization
of cardiac muscle fibers (arrow head) and congested cardiac blood vessels (black arrows). € High-dose group and d low-dose group normal
showing normal appearance and well organization of longitudinally (L) cardiac muscle fibers with normal nucleus (black arrow) in both groups.

e Nano-Ti+low dose shows mildly congested cardiac blood vessels (black arrow) and normal cardiac muscle fibers with normal nucleus. f
Nano-Ti+high dose only showing nearly normal appearance and well organization of longitudinally (L) cardiac muscle fibers. Magnification X: 400.

scale bar 50 um

antioxidant capacity attributed to its flavonoids and poly-
phenols [48]. This highlights its potential use in food and
pharmaceutical industries.

The BHK-21 cell line derived from Syrian hamster’s
kidney cells was used to assess M. crystallinum’s cytotox-
icity. The result showed that M. crystallinum exhibited a
CC50 value of 281.32+8.94 pg/mL. This value is critical
as it represents the concentration at which half of the cell
population is inhibited or killed. According to the criteria
set by The American National Cancer Institute (NCI), a
botanical extracts are cytotoxic if IC50 is less than 20 pg/
mL [49]. Based on this criterion, M. crystallinum can be
considered a non-cytotoxic plant.

The GC analysis further enriched our understanding
of the plant’s active constituents. The high abundance
of ester (>50) and ether compounds (32.6%) particu-
larly, linoleic acid (LA) and D-Pinitol, reveals the
mechanistic basis for the observed biological effects.
LA represents 33% of the M. crystallinum components

that enhance CD8+T cell metabolic fitness and anti-
tumor immunity but may promote inflammation and
metabolic diseases when consumed in excess [50].
Ether compounds showed bactericidal, fungicidal,
antidepressant, anticancer, and herbicidal properties.
Similarly, D-Pinitol (20.5%) is a well-documented com-
pound with potent antidiabetic, anti-inflammatory,
antioxidant, anticancer, hepatoprotective, cardiopro-
tective, and neuroprotective benefits [25, 51]. The syn-
ergistic action of these compounds likely contributes to
the plant’s overall therapeutic efficacy.

Our investigation into the toxicity of TiO,NPs supports
established literature reporting their adverse effects on
multiple organs and metabolic processes [55, 56]. The
gastrointestinal tract is recognized as the primary route
of absorption, and particle size strongly affects pharma-
cokinetics, tissue distribution, and clearance. Nanoparti-
cles within 50-300 nm range are considered optimal for
absorption [52]. In this study, TiIO,NP were spherical and
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Fig. 10 A paraffin segment of the testis from the experimental and control groups is photomicrographed: (A1, A2) The control group exhibits

a typical seminiferous tube (SE) arrangement of germ epithelial cells, with mature spermatozoa and a large number of spermatogonia (Sg)

with normal nuclei (arrowhead). (B1, B2) Nano-titanium group observed. Several spermatogenic germ cell layer necrosis (mostly in spermatogonia
and primary spermatocytes) and altered testicular architecture testicular degenerative abnormalities, such as severe spermatogonia vacuolation
with spermatogonial pyknosis (green arrows), and noticeable eosinophilic necrotic debris obstructing the tubular lumen (arrowhead), are
evident in the admixed intraluminal clumped sloughed germ cells. The spermatogenic cells in the (C1, C2) high-dose group are arranged
normally, and there are numerous mature spermatozoa (arrowhead) at different stages of maturation. (D1, D2) Low-dose group showing a typical
spermatogenic cell arrangement with several mature spermatozoa (arrowhead) and different phases of maturation. (E1, E2) Nano-Ti +low

dose exhibiting intracellular vacuolation, spermatocytes, germ epithelial cells, and spermatogenic epithelium thinning with a slight normal
structure (arrowhead). (F1, F2) Nano-Ti+high dose showing diverse levels of germ cell maturation throughout the germ cell layer in the testicular
architecture, together with a regular arrangement of spermatogenic cells (Sg) in the seminiferous tubules. (Image magnification X: 200 for A1, B1,
C1,D1,E1,and F1. X: 400 for A2, B2, C2, D2, E2, and F2). scale bar 50 um
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Table 10 Predictive ADME analysis of bioactive phytochemicals via in silico tools
Descriptors D-Pinitol, pentakis(trimethylsilyl) Palmitic Acid, TMS derivative Linoleic acid, TMS Stearic
ether acid, TMS
derivative
SMILE COCTC(C(C(CCTOISNCHO)OOISTC)  CCCCCCCCCCCCCCCC(=0)0rIsie) CCCCC/c=Q\/C=Q\ ccceececcc
(OQO)OISTOCO)O)OISTONC)C)OISH (QcC CCCCCCCC(=0)01sH) Cccceeccc

Physicochemical properties

Number of heavy atoms

Number of aromatics
heavy atoms

Fraction Csp3

Number of rotatable
Bonds

Number of H-bond
acceptors

Number of H-bond donors
Molar refractivity

Topological polar surface
area (A2)

Lipophilicity

Log Po/w (iILOGP)
Log Po/w (XLOGP3)
Log Po/w (WLOGP)
Log Po/w (MLOGP)
Log Po/w (SILICOS-IT)
Consensus log Po/w
Water solubility

Log S (ESOL)
Solubility (mg/ml)
Class

Log S (Ali)

Ali Solubility (mg/m
Class

Log S (SILICOS-IT)
Solubility

Class
Pharmacokinetics
Gl absorption

BBB permeant

P-gp substrate
CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Log Kp (skin permeation)
(cm/s)

Drug-likeness
Lipinski
Ghose

Veber

Egan

(elee

151.60
5538

5.50
6.63
6.12
1.14
-3.03
327

-6.73

1.03e-04

Poorly soluble
—7.59

1.41e-05

Poorly soluble
-5.08

4.63e-03
Moderately soluble

High
No
No
No
No
No
No
No
—4.98

[N N

22

0.95
16

102.60
26.30

533
8.87
6.85
4.91
530
6.25

6.41

1.28e—04
Poorly soluble
—-931
1.62e-07
Poorly soluble
- 6.86
4.50e-05
Poorly soluble

Low
No
No
Yes
No
No
No
No
-201

Q¢

24

0.76

16

111.27
26.30

(=0)OISiI(C)
@C

24
0

0.95
18

112.21
26.30

6.01
9.95
763
5.36
6.17
7.02

-713
2.63e-05
Poorly soluble
-1043
1.33e-08
Insoluble
-7.65
791e-06
Poorly soluble

Low
No
No
Yes
No
No
No
No
-1.41
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Table 10 (continued)
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Descriptors D-Pinitol, pentakis(trimethylsilyl) Palmitic Acid, TMS derivative Linoleic acid, TMS Stearic

ether acid, TMS
derivative

Muegge 1 2 - 2

Bioavailability score 0.55 0.55 - 0.55

Medicinal chemistry

PAINS 0 0 0

Brenk 1 1 1

Lead likeness 3 2 - 3

Synthetic accessibility 7.34 453 - 4.77

Table 11 Analysis of phytochemicals that resemble 50% of the MEE in terms of in silico toxicity

No Phytochemicals
(ProTox-Il)

Oral toxicity of phytochemicals

Acute inhalation toxicity Acute oral toxicity

Predicted LD50

Predicted

(mg/kg) toxicity class
1 D-Pinitol, pentakis (trimethylsilyl) ether 1500 4 Non-toxic (59.0%) Non-toxic (81.0%)
2 Palmitic Acid, TMS derivative 2280 4 Non-toxic (71.0%) Non-toxic (92.0%)
3 Linoleic acid, TMS 20,000 6 Non-toxic (75.0%) Non-toxic (93.0%)
4 Stearic acid, TMS derivative 2280 4 Non-toxic (71.0%) Non-toxic (92.0%)

measured between 10 and 50 nm, which is smaller than
the ideal size for efficient mucosal uptake.

For in vivo investigation, TiO,NPs with a crystallite
size of <50 nm were administered orally for 14 days at
dose of 300 mg/kg bw/day. According to EFSA (2021),
repeated oral administration of TiO,NPs has been linked
to adverse health outcomes in animal models. Similar to
studies reports body weight reduction in Wistar albino
rats, male SD, and CD-1 mice [55], our finding revealed
reduced body weight gain in treated rats compared to
control. Evidence suggests that nanoparticles ingestion
disturbs digestion and food absorption, resulting in a
shortage of vital macronutrients and micronutrients that
ultimately alter body weight [56]. In mice, given varied
doses of TiO,NPs have also been linked to loss of appe-
tite, further contributing to body weight reduction [16].
Moreover, histological analysis demonstrated a decrease
in intestinal villi number, thereby reducing absorptive
surface area, impairing nutrients uptake, and further con-
tributing to malnutrition induced body weight loss [17].

The results indicated that TiO,NPs administration led
to abnormal hematological and physiological changes
in male rats. Although no discernible variations were
detected in the absolute numbers of leukocyte subtypes
or total leukocyte counts, the minor alterations were
observed in leukocyte fraction during the 14-day expo-
sure considered of limited toxicological importance
[57]. In contrast, marked abnormalities were evident

in biochemical parameters. These included significant
decrease in total protein, albumin, HDL, and antioxi-
dant enzyme activity, alongside pronounced increase
in liver, kidney, and cardiac function indices, oxidative
marker MDA, cholesterol, TG, and LDL levels. Col-
lectively, these findings clearly showed that TiO,NPs
exposure disrupts hepato-renal function, leading to
detrimental alterations in blood biochemical markers.
Prior studies support these outcomes, reporting that
rats exposed to TiO,NPs had significantly higher blood
urea, creatinine, ALT, AST, T. bilirubin, and uric acid
levels compared to the control group. Such elevations
are indicative of renal impairment, likely resulting from
reduced glomerular filtration rate. Since the liver and
kidneys are primary targets of xenobiotics metabolism
and detoxification, they appear to be particularly sus-
ceptible to nanoparticle toxicity. Sub-acute injection
TiO,NPs has further been associated with dyslipidemia,
renal dysfunction, hyperglycemia, and increased liver
enzyme activity. In a similar vein, acute exposure stud-
ies revealed oxidative damage and adverse alterations in
serum, hepatic, and renal biomarkers in adult male rats
following 14 consecutive days of TiO,NPs administra-
tion [58, 59]. Moreover, disruption of lipid homeostasis
was evident, as TiO,NPs administration significantly
elevated TG, cholesterol, and LDL levels while reduc-
ing HDL. This imbalance indicates that the nanoparti-
cles interfere with the lipoprotein metabolism and lipid
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Fig. 11 D-pinitol, stearic acid, palmitic acid, pentakis (trimethylsilyl) ether, linoleic acid, TMS, and TMS derivative bioavailability radars

transport [17]. Furthermore, cardiovascular disorders
and other metabolic syndromes are linked to elevated
TG and cholesterol levels and given the established role
of LDL in promoting arteriosclerosis, TiO,NPs may
also represent a potential risk factor for cardiovascular
diseases. Supporting this, similar outcomes have been
observed in rats exposed to TiO,NPs [49].

The present study reinforces the well-established role
of oxidative stress as a central mechanism underlying the
toxicity of TiO,NPs. Numerus studies have demonstrated
that TiO,NPs are potent inducers of reactive oxygen spe-
cies (ROS), which initiate a cascade of cellular damage
[60].

Among these ROS, hydroxyl radicals (‘OH) are par-
ticularly potent and are considered the primary agents
responsible for oxidative damage caused by TiO,NPs
[61].

One of the earliest manifestations of ROS-induced
damage is lipid peroxidation (LP), which alters the struc-
tural integrity of cell membranes and disrupts essential
cellular functions. Rajapakse et al. [62] demonstrated
that oral exposure to TiO,NPs due to the production of
*OH, which starts oxidative stress and causes lipid abnor-
malities, accumulation of malondialdehyde (MDA), and a
marked reduction in the hepatic antioxidant capacity. In
particular, glutathione (GSH), a key intracellular antioxi-
dant, was significantly depleted indicating compromised
redox regulation in the liver.

Further evidence of systemic oxidative stress is
reflected in decreased levels of antioxidants in serum,
liver, and kidney tissues, accompanied by elevated MDA
level. These biochemical alterations suggest oxidative
damage and impaired redox balance across multiple
organs; DNA damage as indicated by increased levels of



A. Ibrahim et al. Beni-Suef Univ J Basic Appl Sci (2025) 14:110

8-hydroxy-2’-deoxyguanosine (8-OHdG) in the liver and
kidney tissues further supports the role of ROS in geno-
toxicity [63].

Elevated in MDA and lowering antioxidant enzymes
in tissues may also promote cell apoptosis. Shi et al
[64] highlighted the critical role of nuclear factor eryth-
roid 2-related factor 2 (Nrf,) in cellular defense against
oxidative stress. Their finding revealed that Nrf, defi-
ciency worsens DNA damage and raises the risk of can-
cer. Moreover, the reduction in SOD activity impairs
the detoxification of superoxide radicals which in turn
disrupts CAT activity. This enzymatic disruption leads
to the buildup of hydrogen peroxide (H,0,), a toxic by-
product of normal metabolic processes. Under physi-
ological conditions, CAT converts H,O, into water and
oxygen, thereby preventing oxidative injury. However,
diminished CAT activity following TiO,NPs exposure
allows H,O, to accumulate, intensifying oxidative stress
in liver and kidney tissues [65]. Once enter the body, NPs
are transported via the bloodstream and can accumu-
late in various organs, affecting vital systems such as the
lungs, liver, kidneys, and reproductive organs [66]. Orally
administered TiO,NPs can be absorbed through the gas-
trointestinal tract and transported through lymphatic
pathways [67]. Biodistribution studies confirm predomi-
nant accumulation in the liver, followed by the kidneys,
with slow clearance and long term retention [68, 69].

Histopathological examination reveals inflammatory
infiltration, hepatocellular necrosis, and structural dis-
array in liver tissues [70, 71], while Kupffer cells show
heightened sensitivity to oxidative stress [72]. Renal
damage includes the accumulation of protein materials
in distal tubules and medullary regions [73], and a car-
diac tissues display fibrosis and vascular congestion [55].
Testicular degeneration, necrosis of spermatogenic germ
cell layers, and vacuolation, further supports multi-organ
injury linked to oxidative stress [74]. These findings
underscore the potential threat of TiO,NPs, especially
when used as food additives.

Various medicinal plants are utilized to mitigate the
toxicity of TiO,NPs. For instance, ginger (Zingiber
officinale) contains gingerol and shogaol, both of which
have antioxidant properties [53]. Turmeric (Curcuma
longa) protects cells against inflammation induced by
TiO,NPs. Additionally, allicin and allyl sulfide, which
are found in garlic (Allium sativum), provide chelat-
ing and antioxidant qualities. Astragalus membranous
and Indica provide polysaccharides and flavonoids with
immunomodulatory properties [20, 54]. Hence, M. crys-
tallinum in was evaluated for protective effects against
TiO,NPs toxicity.

Despite limited research on M. crystallinum in Egypt,
emerging evidence highlights its promising role in
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mitigating oxidative damage, particularly that induced by
TiO,NPs.

Recognized as both a functional food and a medicinal
herb, M. crystallinum is rich in bioactive compounds,
including flavonoids, polyphenols, catechin, catechol,
neo-hesperidin, rutin, and hyperoside, and ferulic acid—
all known for their potent antioxidant properties [31].

These compounds are essential for scavenging ROS,
thereby reducing oxidative stress and protecting cellular
integrity. In addition to polyphenolic chemicals, M. crys-
tallinum also contains significant antioxidant enzymes.
Through their ability to scavenge ROS, these enzymes aid
in shielding cells from oxidative damage [75]. D-pinitol,
a substance that exhibits a variety biological actions,
including anti-inflammatory, anticancer, antidiabetic, and
antioxidant benefits, is abundant in M. crystallinum [28].

These properties make M. crystallinum an excellent
candidate for therapeutic applications, especially in
conditions associated with inflammation and oxidative
stress.

Beyond its antioxidant potential, M. crystallinum dem-
onstrates efficacy in metabolic regulation. It has shown
significant benefits in managing diabetes and hyperten-
sion, and obesity. Studies report that M. crystallinum
administration in rats led to reduced body attributed to
its bioactive lipids, particularly linoleic acid TMS and
2-mono-isobutyrin 2TMS derivative, a glyceride which
plays a crucial role in improving lipid metabolism. The
presence of myo-inositol further supports its role in pre-
venting fatty liver disease [76].

When co-administered with TiO,NPs, M. crystallinum
improved liver, kidney, and heart functions. GC analysis
identified hepatoprotective compounds such as palmitic
acid and linoleic acid, which reduce oxidative stress and
support liver health. D-Pinitol also contributes to low-
ering liver enzymes and enhancing liver function [33].
Additionally, M. crystallinum includes 17-octadecynoic
acid, which has anti-inflammatory properties and can
help maintain renal function, while 2-oxovaleric acid and
12-benzisothiazole exhibit antioxidant qualities in renal
tissues [77].

Cardiac protection is facilitated by 2-mono-isobutyrin
2TMS derivative, which supports energy metabolism and
reduces CK activity. Additionally, the (2-butoxyethoxy)
acetic acid TMS derivative may help preserve integrity of
heart muscle and regulate CK level under stress [78].

M. crystallinum also significantly reduces serum cho-
lesterol level when administered with TiO,NPs, as sup-
ported by statistical evidence [79]. Linoleic acid TMS
and linolenic acid trimethylsilyl ester contribute to
improved lipid profiles by reducing LDL and triglycer-
ides levels while increasing HDL. Although the specific
effects of 2-mono-isobutyrin 2TMS derivative on lipid
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parameters are less documented, its role in lipid metab-
olism is noteworthy. The plant’s dietary fiber further
enhances cardiovascular health by reducing fat absorp-
tion, trapping toxin, and promoting healthy gut micro-
biome [31].

Oxidative stress is a major contributor to chronic,
neurodegenerative, and inflammatory diseases [80].
M. crystallinum combats this through its rich phenolic
chemicals including flavonoids and tannins, which neu-
tralize ROS and prevent damage to proteins, lipids, and
DNA. These antioxidant and anti-inflammatory proper-
ties are particularly beneficial for liver health, supporting
detoxification and maintaining hepatic function [33].

The synergistic effects fiber, bioactive compounds, and
antioxidant enzymes in M. crystallinum offer compre-
hensive cellular protection. Its dual role as both food and
medicinal herb positions it as a promising natural remedy
against environmental toxins like TiO,NPs. Carotenoids
like beta-carotene and lutein reduce oxidative stress in
kidney cells, stabilizing enzyme levels and enhancing
kidney health [31]. Triterpenoids and saponins further
support kidney function by mitigating inflammation and
oxidative stress [81].

Histopathological findings confirm the protective
efficacy of M. crystallinum ethanolic extract (MEE)
when co-administered with TiO,NPs. Biochemical data
revealed that MEE effectively ameliorated the oxidative/
antioxidant balance disrupted by TiO,NPs exposure.
These results underscore M. crystallinum capacity to
reduce tissue and cellular damage. The hepatoprotec-
tive effects of M. crystallinum are largely attributed to its
polyphenols and carotenoids, which neutralize ROS and
prevent hepatocyte damage.

These compounds also regulate lipid metabolism by
modulating genes involved in lipid synthesis, trans-
port, and breakdown. Such regulation helps counteract
TiO,NPs-induced metabolic disruptions and support
liver homeostasis. Polyphenols have demonstrated poten-
tial in managing liver diseases through their antioxidant
and anti-inflammatory actions. Therefore, both polyphe-
nols and carotenoids are important in maintaining liver
function [82], while also offering kidney and heart pro-
tection [83].

Antioxidants play a critical role in chelating heavy met-
als and nanomaterials. Administration of M. crystalli-
num at both tested doses significantly reduced TiO,NPs
deposits in the liver and kidney tissues, highlighting
its detoxifying potential [84]. The human antioxidant
defense system benefits greatly from exogenous non-
enzymatic antioxidants, which include vitamins A, C,
and E, PB-carotene, minerals, and plant polyphenols—
which help mitigate oxidative stress, a key contributor to
tissue and cellular damage in various disorders [84].
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L-arginine (Arg), a semi-essential amino acid found in
M. crystallinum, plays a vital role in nitric oxide produc-
tion, vasodilation, immune response, and nitrogen elimi-
nation via urea cycle. Arg supplementation has shown to
protect against oxidative stress induced by gold nanopar-
ticles, improving oxidative parameters and cellular integ-
rity [87].

Plant extracts such as grape seed extract proanthocya-
nidins, cinnamon bark extract, and pomegranate peel
have demonstrated hepatoprotective properties against
nanoparticles toxicity, including TiO,NPs and silver nan-
oparticles [89].

Similarly, M. crystallinum methanolic extract contain
23 phenolic compounds, including catechin, pyrogallol,
catechol, and ellagic acid, with catechin being the most
abundant [90]. Ellagic acid has shown nephroprotective
effects in rats intoxicated with iron oxide nanoparticles.
Flavonoids, like rutin and neo-hesperidin in M. crystal-
linum, contribute to its antioxidative properties. Rutin,
for example, reduces oxidative stress in testicular tissue
of rats intoxicated with TiO,NPs. Furthermore, M. crys-
tallinum has shown antioxidative activity through the
presence of bioactive ingredients [23, 24, 31]. These bio-
active compounds collectively support M. crystallinum’s
protective role against nanoparticles-induced oxidative
damage [91].

6 Conclusion

The present study identified 32 distinct compounds in
M. crystallinum gathered from North Sinai, with ester
(55.99%) and ether (32.68%) being the most abundant,
followed by glycoside (6.5819%), silane, heterocyclic com-
pound, and epoxide. In vitro analysis using BHK-21 cells
demonstrated that MEE extract possesses antioxidant
potential comparable to ascorbic acid and exhibits no-
cytotoxic plant, supporting its safety profile. In vivo study
revealed that the exposure to TiO,NPs led to significant
physiological and biochemical disturbance, including
weight loss, impaired liver, heart, and kidney function,
altered lipid profiles, and elevated MDA in blood and
tissues. Histological examination confirmed damage in
hepatic, renal, cardiac, and testicular tissues, along with
reduced GSH and antioxidant enzymes levels. However,
co-administration of MEE with TiO,NPs at both tested
doses significantly improved antioxidant status and miti-
gated TiO,NPs-induced toxicity. The protective effects
are attributed to plant’s rich composition of bioactive
compounds, including 13-octadecenoic acid (E)- TMS
derivative, 17-octadecynoic acid TMS derivative, a-D-
galactopyranoside methyl 23-bis-O-(trimethylsilyl)-cyclic
phenylboronate, and D-Pinitol pentakis (trimethylsilyl)
ether. These findings suggest that M. crystallinum holds
strong potential as a natural therapeutic agent against
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oxidative stress and nanoparticles-induced toxicity. Its
application in food or medicinal formulation could offer
a valuable strategy for preventing oxidative damage and
supporting organ health.

6.1 Future work

Although research on M. crystallinum in Egypt is still
limited, its strong potential in protecting against oxi-
dative damage caused by TiO,NPs makes it a valuable
subject for further investigation. Future studies should
explore the effects of MEE using varied doses such as
25, 125, and 200 mg/kg b.w, and over different durations
(one or two months). This will help determine the most
effective dose and treatment period for improving the
functions of the kidneys, liver, heart, and testicular func-
tions affected by TiO,NPs-induced toxicity. Expanding
research in this direction could support the development
of M. crystallinum as a natural therapeutic agent.
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