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1 | INTRODUCTION
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Abstract

In the present research, we encapsulated a flavonoid called kaempferol into
nanoliposomal structures and the health-promoting effects of synthesized
nanoliposome-loaded kaempferol (NLK) were evaluated in mice challenged by
cadmium-induced . The NLK characteristics, such as size, zeta potential, and
polydispersity index, were 218.4 nm, —28.55 mV, and 0.29, respectively. The in
vivo experiment revealed that the mice receiving water containing cadmium
(2 mg/kg body weight/day) showed significant (p < 0.05) weight loss, an increase
in liver enzyme activities, and hepatic oxidative stress. Dietary supplementa-
tion with NLK at concentrations of 2.5 and 5 mg/kg mice body weight notably
(p < 0.05) improved the body weight, liver enzyme activities, hepatic oxidative
stress, and antioxidant potential of the liver. Our findings elucidated that NLK
could alleviate the toxicity of cadmium in mice challenged by cadmium-induced

toxicity.
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ation leads to lipid peroxidation and DNA and protein
damage, which can alter cell function and lead to various

Metal toxicity is associated with their catalytic nature,
which induces cellular oxidative stress and thus leads
to massive tissue damage. Cadmium (Cd?*) is an inor-
ganic heavy metal that influences human health through
polluted air, soil, water, and dietary regimens. Cellular
oxidative stress is considered the main result of excessive
reactive oxygen species (ROS) and antioxidant defense
inability. In other words, cadmium-induced ROS gener-

Abbreviations: ALP, Alkaline phosphatase; AST, Aspartate
transaminase; ALT, Alanine transaminase; BW, Body weight; CAT,
Catalase; DLS, Dynamic light scattering; FESEM, Field emission
scanning electron microscope; GPx, Glutathione peroxidase; iNOS,
Nitric oxide synthase; LPS, Llipopolysaccharide; NLK,
Nano-liposome-loaded kaempferol; PDI, Polydispersity index; SOD,
Super-oxide dismutase; TBA, Thiobarbituric acid.
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degenerative diseases.! To defend against such conditions,
the antioxidant defense system, which comprises super-
oxide dismutase (SOD), glutathione peroxidase (GPx),
and catalase (CAT) enzymes, is activated to alleviate the
effects of oxidative stress and counteract ROS.**
Flavonoids protect cells by neutralizing the generated
ROS and preventing oxidative stress.* Kaempferol is
a major flavonoid mainly found in fruits, vegetables,
and herbs and is reported to possess anti-inflammatory,
antioxidant, neuroprotective, and hepatoprotective
activities. It is also known to be effective in cancer
chemotherapy.”'” Dong et al. reported the hepatoprotec-
tive effect of kaempferol, which is a flavonoid of E. mollis,
on D-galactosamine (GalN) and lipopolysaccharide (LPS)-
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induced acute liver injury in mice, who administered them
through the water. Kaempferol exerted anti-inflammatory,
antiapoptotic, and antioxidative effects on GalN/LPS-
induced acute liver injury, and their results suggested
that these activities are attributed to the downregula-
tion of TLR4 and NF-xB signaling pathway activity.!! In
another study by Wang et al., the hepatoprotective effects
of kaempferol 3-O-glucoside (K-3-G) and kaempferol
3-O-rutinoside (K-3-R) were isolated from C. tinctorius,
which were injected intraperitoneally, on CCL4-induced
oxidative liver damage in mice.”> A significant step in
defining the potential mechanism of action of flavonols is
bioactive compound bioavailability. Bioavailability studies
in humans suggest that some plant conjugated forms of
kaempferol are more bioavailable than free forms of the
compound since flavonols are rapidly metabolized in
the human body." In addition, free flavonoids are more
susceptible to oxidation and degradation, which decreases
their health benefits.'* Hence, the encapsulation or con-
jugation of flavonoids with other biomolecules not only
increases their intestinal bioavailability but also enhances
their stability against degradation and oxidation.'>!¢

Nanoliposomes consist of phospholipid bilayers that
are microscopic carriers that can control the release of
natural phytochemicals to the target place and enhance
the effectiveness and cellular uptake of the encapsulated
natural constituent.”” Liposomes can also provide a slow
release of an encapsulated natural constituent, resulting
in sustained exposure to the site of action and increased
efficacy.'® Thus, encapsulation using liposomal technol-
ogy as carriers is aimed at enhancing the bioavailabil-
ity of pharmaceutical and nutraceutical potent bioactive
compounds." Flavonoids such as kaempferol have low sol-
ubility in polar solutions. Therefore, it is not an efficient
natural antioxidant compound due to its low solubility
and intestinal absorption.?’ To solve this problem, loading
kaempferol into an appropriate carrier, such as liposomes,
could improve its solubility and intestinal absorption.
Liposomal-based drugs can benefit from the increased sol-
ubility of the cargo, the longer half-life, and the ability to
overcome the resistance of cancer cells to chemotherapy.
As a result of the pharmacokinetic changes that follow,
adverse effects could become less prevalent and the thera-
peutic index of encapsulated drugs could improve.’! In this
regard, it has been shown that by utilizing nanotechnolog-
ical strategies such as liposomes, scientists could increase
the bioavailability of silymarin, a flavonoid. For instance,
Ochio et al. indicated that encapsulation into PEGylated
nanoliposomes of silymarin and gallic acid led to a syn-
ergistic influence on the liver cancer cell line HepG2.?
Analyses of scanning electron microscopy revealed that
the nanoliposome capsules are spherical in shape with no
signs of aggregation.?>%*

Highlights

* Nanoliposome-loaded kaempferol, a natural
flavonoid, was synthesized.

* Cadmium in the drinking water induced weight
loss and increased liver enzyme activities and
hepatic oxidative stress in mice.

* Nanoliposome-loaded kaempferol alleviated
the toxicity of cadmium in mice challenged by
cadmium.

* The nanoliposome-loaded kaempferol could be
considered as a dietary supplement against cad-
mium toxicity.

Liposomes are tiny synthetic sphered-shaped vesicles
consisting of one or more phospholipid bilayers that can
separate into hydrous solutions and can be made from
cholesterol and natural nontoxic phospholipids.”> These
bipolar structures can trap polar and nonpolar compounds.
Accordingly, the loaded flavonoids could be protected
against external factors such as pH, oxygen, and enzymatic
degradation in the gastrointestinal tract, and thus bioavail-
ability and absorption could be increased.”” Lecithin is
used for liposomal encapsulation due to its safety and
accessibility. Hence, in this experiment, we encapsulated
a flavonoid called kaempferol into lecithin-based nano-
liposomal structures, and the health-promoting effects
of synthesized nanoliposome-loaded kaempferol (NLK)
were evaluated in mice challenged by cadmium-induced
toxicity.

2 | MATERIALS AND METHODS

2.1 | Materials

Kaempferol (Cat: 14590) and soybean lecithin (Cat: 429415)
were purchased from Sigma Aldrich (Germany). Male
Balb/c mice were purchased from Razi Vaccine and Serum
Research Institute (Mashhad, Iran). The other materi-
als and reagents not mentioned here obtained were from
Merck (Germany).

2.2 | Nanoliposome-loaded kaempferol

The NLK preparation was carried out according to the
study conducted by Oskoueian et al.?’ Precisely, 196 g of
hot distilled water (80°C) and 4 g of lecithin were mixed for
60 min on a stirrer (300 rpm). Kaempferol was dissolved in
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ethanol and added to the mixture to reach a concentration
0f 2000 ppm. The blending was continued for an additional
2hat 60°C. To sonicate the mixture at 80% power for 5 min,
an ultrasonic disrupter was utilized. The synthesized NLK
was then freeze-dried and stored at —20°C. Freeze-dried
NLK rehydration was executed by suspending NLK pastes
in deionized water at room temperature under continuous
stirring for 60 min.

2.21 | NLK characterization

The NLK mixture was diluted (1:20) with distilled water
to decrease aggregation and inhibit noise scattering.”®
Employing the dynamic light scattering (DLS) method, the
average size of particles and their stability (zeta poten-
tial) and polydispersity index (PDI) were determined. After
all, field emission scanning electron microscopy (FESEM)
was utilized to ascertain the sizes and morphology of NLK
particles. The PDI and zeta potential parameters were
measured by a Zetasizer Nano ZS-90 (Malvern, UK).

2.3 | Mice trial

Thirty-two male Balb/c mice with a mean body weight
(BW) of 20-25 g (by the age of 8 weeks) were randomly
separated into four groups that consisted of eight mice in
each treatment. The mice were kept in cages at 58 + 10%
humidity and 23 + 1°C with alternating 12-h light/dark
periods for 7 days to adapt to lab conditions. The treat-
ments included a control group that received a normal diet
without obtaining NLK particles and cadmium-containing
water. Three other groups received an NLK-supplemented
diet in various concentrations of NLX (0, 2.5, and 5 mg/kg
mice BW) and cadmium-containing water (2 mg/kg mouse
BW). The mice were weighed three times at the beginning,
middle, and end of the treatment time. The experiment was
performed for 30 days. All animal experiments were car-
ried out according to the ethical principles approved by the
Islamic Azad University, Mashhad, Iran, by the ethics code
IR.IAU.MSHD.REC.1398.094.

2.4 | Histological evaluation

At the end of the trial, the mice were sacrificed, and their
tissues, such as the liver, brain, kidney, and jejunum, were
carefully biopsied, washed with physiological serum for
histopathological study, and then maintained in buffered
formalin (10% formalin in 0.1 M sodium phosphate buffer,
pH 7). Tissues were paraffinized, sliced, and stained
(using the hematoxylin/eosin protocol) after washing

samples with 0.9% NacCl solution based on the reference
protocols.29 The liver, brain, and kidney tissues were then
evaluated for histopathological examination, while the
jejunum was used for histomorphological analysis. The
liver samples were kept at —80°C for mineral analysis and
gene expression study.

2.5 | Liver parameter evaluation

2.5.1 | Liver enzyme analysis

The liver enzymes of mice containing alkaline phos-
phatase (ALP), aspartate transaminase (AST), and alanine
transaminase (ALT) were characterized by an autoana-
lyzer (Hitachi 902, Japan).

2.5.2 | Metal deposition in the liver metal

To define the concentrations of various metals compris-
ing copper (Cu), cadmium (Cd), selenium (Se), manganese
(Mn), and zinc (Zn) in the liver tissue of mice, inductively
coupled plasma-mass spectrometry (ICP-MS) analysis
was applied. In this way, the liver tissues were freeze-dried
at —20°C for 12 h and placed in an electric oven (70°C) for
3 h. The sample powder was hydrolyzed through a mixed
acid solution (nitric acid (68%): hydrofluoric acid 38% with
a ratio of 7.5:1) and warmed for 3 h at 80°C. The sam-
ples were chilled and dried in a Teflon beaker at 150°C.
Then, the acid solution (0.5 mL HCIO, (70%) and 1.0 mL
HNO;) was made and mixed with the sample powder, and
this heating and cooling were repeated (20). The ultimate
powder was blended in nitric acid and analyzed by an ICP-
MS device (Agilent 7500, USA) as previously explained by
Yoshida et al.*’

2.5.3 | Lipid peroxidation assay

The lipid peroxidation of liver tissues was determined
with slight modifications. The definitive product of lipid
peroxidation is malondialdehyde (MDA). It can form
a colored complex by reacting with thiobarbituric acid
(TBA). Hence, the absorption index demonstrates the
rate of lipid oxidation. Compactly, liver tissues were
incorporated in phosphate-buffered saline (PBS) at a
ratio of 1 g: 9 mL (0.01 M) at pH 7.4, and the lysate was
centrifuged at 10,000 rpm for 10 min. The 200-uL of
homogenized tissues was blended with 35 uL of BHT,
300 uL of distilled water, 2 mL of TBA, and 165 uL of
sodium dodecyl sulfate. The composition was heated for
60 min in a water bath at 90°C. The suspension was refrig-
erated, and 2 mL of n-butanol was added and vortexed
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TABLE 1 The primer sets of targeted genes
Gene Forward (5—3) Reverse (3—5)
GAPDH GCAGGGGGGAGCCAAAACGGT GGGTGGCAGTGATGGCATGG
iNOS CACCTTGGAGTTCACCCAGT ACCACTCGTACTTGGGATGC
SOD GAGACCTGGGCAATGTGACT GTTTACTGCGCAATCCCAAT
CAT ACATGGTCTGGGACTTCTGG CAAGTTTTTGATGCCCTGGT
GPx CAAGTTTTTGATGCCCTGGT TCGGACGTACTTGAGGGAAT

Abbreviations: CAT: catalase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; GPx: glutathione peroxidase; iNOS: inducible nitric oxide synthase; SOD:

superoxide dismutase.

for 60 s. It was then centrifuged at 2000 g for 5 min.
The n-butanol was segregated, and the absorbance was
distinguished at 532 nm with a visible spectrophotometer
(UNICO, China). The results were standardized to the
control group and stated as a percentage relative to the
control.’!

2.5.4 | Gene expression analysis

The gene expression profile of the mice’s liver tissues was
measured for four different genes, including inducible
nitric oxide synthase (iNOS), glutathione peroxidase
(GPx), catalase (CAT), and superoxide dismutase SOD,
under disparate NLK concentrations and cadmium cyto-
toxic effects. The mice’s liver tissues of all four treated
groups of mice were used for the RNA extraction phase
with an RNeasy Mini kit (Qiagen, Hilden, Germany).
Then, cDNA libraries were produced by a Quantitect
Reverse Transcription kit (Qiagen, Hilden, Germany).
Next, the forward and reverse primer sequences for the
intended genes (CAT, iNOS, GPx, and SOD) and house-
keeping gene (GAPDH) were designed (Table 1). SYBR
Green PCR Master Mix (Qiagen, Hilden, Germany) was
employed for comparative real-time PCR (Roche Diag-
nostics). The intended genes were reinforced as follows:
95°C for 5 min (1x), 95°C for 20 s, then 55°C for 20 s,
and 72°C for 25 s (35%). Gene expression was normalized
to that of GAPDH as a reference gene and then normal-
ized to the expression of related genes in the control
group.!

2.6 | Statistics

One-way analysis of variance (ANOVA) using the GLM
procedure of SPSS (Version 21) was applied to conduct
the statistical analysis. The averages were compared by
Duncan’s multiple range test. The means are supposed to
be significantly distinct when p < 0.05. All the analyses
were accomplished three times, and the results are repre-
sented as the mean values + standard error of the mean or
standard deviation.

3 | RESULTS

3.1 | NLK characterization

Figure 1 indicates the NLK physical features, including the
zeta potential, Z-average particle size, and FESEM image.
The zeta potential, Z-average particle size, and PDI were
—28.5 mV, 218.4 nm, and 0.26, respectively. A PDI less
than 0.3 is considered a sufficient index for homogenous
dispersions of NLK particles. The zeta potential of —28.55
mV indicates that the NLK surface electric potential
showed acceptable particles with repulsion and stability.
The FESEM analysis confirmed that the nanosizes of
NLK, which were morphologically spherical and exhib-
ited almost the same size, confirmed the particle size
results.

311 | Mice trial
The control group mice displayed an increase in weight
of approximately 7.34 + 0.27 g/30 days. Instead, the mice
receiving cadmium showed a weight loss of 9.1 + 0.46
(g/30 days) during treatment. Dietary supplementation
with NLK at concentrations of 2.5 and 5 mg/kg mice body
weight significantly ameliorated weight loss (p < 0.05)
(Table 2). The results of the relationship between food con-
sumption and changes in body weight are given. These
results showed an increase in food intake in the control
group, while food intake in the group of cadmium recipi-
ents decreased due to appetite loss. However, in the groups
receiving dietary supplements NLK, we observed an incre-
ment in appetite and, accordingly, a rise in food intake
(Table 2). Liver enzymes such as AST, ALT, and ALP are
biomarkers that show the function and health of the liver.
The rates of these enzymes were increased in the serum of
the mice receiving cadmium (Cd-treated group); however,
dietary supplementation with NLK modulated the levels of
these enzymes (Table 3).

Mineral deposition alterations in the liver of mice,
including copper, cadmium, selenium, manganese, and
zinc, are shown in Table 4. The control group had the
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FIG 1 The features of nanoliposome-loaded kaempferol

TABLE 2 Changes in the mice’s body weight and food consumption within the experiment after receiving various treatments

Group 1 Group 2

(Cd +2.5mg/kg  (Cd +5mg/kg
Average Control group Cd-treated group BW NLK) BW NLK)
Bodyweight changes (g/30 days) +7.34 + 0.27° —9.1 + 0.46¢ —6.2 + 0.81]¢ —4.4 + 0.79)°
Food consumption (g/30 days) 58.8 + 4.26% 34.2 + 3.60¢ 38.7 + 3.12° 44.6 + 2.12°

Note: Values with various superscript letters in the same line are significantly different (p < 0.05). All analyses were performed in triplicate.
Abbreviations: —, weight lost; +, weight gain; Cd, cadmium; NLK, nanoliposome loaded kaempferol.

TABLE 3 Aspartate AminotransferaseAST), Alanine transaminase (ALT), and Alkaline phosphatase (ALP) serum concentrations in the
mice that received various treatments

Group 1 Group 2

(Cd + 2.5 mg/kg (Cd + 5 mg/kg
Liver enzymes (IU/L) Control group Cd-treated group NLK) NLK)
AST 318 + 13.68¢ 787.5 + 24.91% 682 + 14.72° 505 + 11.94°
ALT 47.5 + 9.67¢ 193 +8.91* 1515 + 7.92° 110.5 + 8.01°
ALP 121.5 + 6.164 278 + 7.522 2245 + 6.31° 167 + 5.81°

Note: Values with various superscript letters in the same line are significantly different (p < 0.05). All analyses were performed in triplicate.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase.
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TABLE 4 The alterations in the liver mineral compound of mice receiving distinct treatments

Group 1 Group 2

(Cd + 2.5 mg/kg (Cd + 5 mg/kg
Liver Elements (ppm) Control group Cd-treated group BW NLK) BW NLK)
Cadmium 0.09 + 0.04¢ 6.5 + 0.06% 42 + 0.08" 3.3 + 0.06°
Copper 13.5 + 0.21% 101 + 0.11¢ 113 + 0.18° 123 + 015°
Manganese 43 + 0.09° 2.36 + 0.07¢ 2.9 + 0.08° 3.8 + 0.06"
Selenium 1.42 + 0.07 0.82 + 0.05¢ 1.2 + 0.06° 13 + 0.09°
Zinc 51.8 + 0.22° 458 + 0.28¢ 47.3 + 0.16° 49.5 + 0.16°

Note: Values with various superscript letters in the same line are significantly different (p < 0.05). All analyses were performed in triplicate.
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lowest amount of cadmium, and the group that received
cadmium through drinking water had the highest amount
of cadmium. A diet containing NLK inhibited cadmium
deposition in the liver. The liver deposition of other min-
erals, including zinc, manganese, copper, and selenium,
in the cadmium-containing water-treated mice decreased
(p £ 0.05). Instead, the embodiment of NLK as a dietary
supplement resulted in these depositions.

3.2 | Lipid peroxidation

The results showed that lipid peroxidation increased in
the liver in the presence of cadmium. Consumption of
NLK significantly (p < 0.05) reduced lipid peroxidation.
In this way, NLK supplementation had a high antioxidant
capacity and cytoprotective activity that inhibited lipid
peroxidation (Figure 2).

b
I c
Cadmium+2.5 mgkg Cadmium+5 mg/kg

kaempferol kaempferol
nanoliposome nanoliposome

Lipid peroxidation in the liver tissue of mice that received different treatments

3.3 | Gene expression analysis

The results of the inflammatory gene, inducible iNOS
expression, and antioxidant regulatory genes such as CAT,
SOD, and GPx are reported in Table 5. Cadmium resulted
in inflammation in the mice’s liver, and the increase in
the expression of the iNOS gene confirmed the presence of
inflammation. Dietary supplementation with NLK signifi-
cantly (p < 0.05) alleviated the expression of the iNOS gene
and thus reduced liver inflammation. Antioxidant-related
gene expression comprising SOD, CAT, and GPx was
significantly (p < 0.05) downregulated in the cadmium-
treated mice. Cadmium increases free radicals and induces
oxidative stress, thereby suppressing antioxidant-related
gene expression (SOD, CAT, and GPx). Treatment of mice
with NLK removes free radicals and enhances the cellular
redox potential, thus promoting antioxidant-related gene
expression.
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TABLE 5 Gene expression analysis of the livers of mice that received different treatments (fold changes)
Group 1 Group 2
(Cd + 2.5 mg/kg (Cd + 5 mg/kg

Liver Genes Control group Cd-treated group BW NLK) BW NLK)

Upregulated gene

iNOS 1.0 + 0.13¢ +7.1 + 0.26* +4.7 + 0.13° +3.4 + 0.37°

Downregulated genes

CAT 1.0 + 0.28¢ —4.4 + 0.63° —3.5 +0.39 —-1.9 + 0.17°

SOD 1.0 + 0.144 —54 + 0.62° —4.1 + 0.38° —3.2 + 018

GPx 1.0 + 0.214 —3.5 + 0.37* —2.7 + 0.26° —2.1 + 0.16°
Note: Values with various superscript letters in the same line are significantly different (p < 0.05). All analyses were performed in triplicate. +, upregulated; —,
downregulated.

Group 1 Group 2
Cd-treated P P
Control group : (Cd+2.5mg/kg (Cd+S mg/kg
gronp NL NLK
Brain
Liver
Kidney
Jejunum

FIG 3 The histopathology of the brain, kidney, liver, and jejunum tissues of the mice that received various treatments

3.3.1 | Histopathology results

Figure 3 shows the histopathological characteristics of
the mice’s liver, kidney, brain, and jejunum. The mice
challenged by cadmium-induced oxidative stress revealed
the normal architecture of tissues in the liver, kidney,
brain, and jejunum in comparison to the control. The
administration of cadmium for 30 days did not induce
any prominent histopathological changes. The treatment
of mice with NLK did not affect the histopathology of the
liver, kidney, and brain.

3.4 | Jejunum morphological
characteristics

The villus height, crypt depth, and villus width in the
mice jejunum that received various treatments are
depicted in Table 6. The presence of cadmium sig-
nificantly (p < 0.05) impaired the villus width, crypt
depth, and villus height. Dietary supplementation with
NLK improved the villus width and height and crypt
depth.
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TABLE 6 The morphometric features of mice jejunum receiving diverse treatments
Group 1 Group 2
Cd-treated (Cd + 2.5 mg/kg (Cd +5 mg/kg
Description Control group group NLK) NLK)
Villus height (um) 408.2 + 29.24* 357.4 + 22.7¢ 369.1 + 17.8° 384.9 + 26.64°
Villus width (um) 156.9 + 16.9* 88.6 & 13.16 93.1 + 5.89° 110.5 + 6.9°
Crypt depth (um) 164.8 + 13.64¢ 212.8 +14.8° 194.4 +17.15° 183.8 +18.4°

Note: Values with various superscript letters in the same line are significantly different (p < 0.05). All analyses were performed in triplicate.

4 | DISCUSSION

Nanotechnology and nanoscience are the study and usage
of tiny things and can be utilized in several other sci-
ence fields, such as biology, chemistry, materials science,
physics, and engineering. The advantages of nanolipo-
somal drug delivery systems are biocompatibility and
bioaccessibility, which make them an appropriate tool in
the pharmaceutical industry for drug delivery. Nanolipo-
somes are capable of elevating the functional properties
of bioactive compounds by increasing their bioavailability
and solubility in addition to inhibiting their undesirable
interactions with other molecules. Another positive aspect
of nanoliposomes is cell-specific targeting, which is essen-
tial to deliver the required drug concentrations into the
targeted location while lowering detrimental effects on
healthy cells and tissues.

Environmental cadmium pollution is an important pub-
lic health-threatening problem due to its potential for
accumulation in tissues.>’ The liver is usually consid-
ered the primary defense system against various poisonous
compounds, including heavy metals,*** and ALT, AST,
and ALP are important biomarkers of liver function.* Cad-
mium deposited in liver cells influences liver function and
causes cellular damage. In the current study, cadmium
at a concentration of 2 mg/kg body weight in drink-
ing water led to liver hepatotoxicity and dysfunction, as
revealed by the increase in liver enzymes and suppression
of antioxidant-related genes. Cadmium not only reduced
appetite but also impaired intestinal morphological char-
acteristics and consequently reduced nutrient absorption,
which altogether resulted in weight loss in the mice. Sim-
ilar toxicity symptoms have been reported by early studies
of Cd-mediated toxicity in in vivo conditions.***® Previ-
ous studies have also indicated the detrimental impacts
of cadmium on the cellular ion-regulatory network,***°
which then leads to interruption of molecular signaling
pathways and gene expression regulation.* Cadmium in
the cells increases the generation of hydroxyl radicals and
superoxide radicals indirectly.*>*> Hence, elevated rates of
ROS induce oxidative stress. Cd-induced oxidative stress
compels cells to activate antioxidant defense system genes,

including SOD, CAT, and GPx, to neutralize the redun-
dant contents of ROS and to prevent oxidative stress. In
this study, the animals that were exposed to cadmium
showed increased expression of iNOS, SOD, CAT, and
GPx genes and confirmed substantial liver oxidative stress.
ROS-induced lipid peroxidation is one of the reasons for
cell membrane damage."** Therefore, it has been con-
sidered a useful biomarker for metal-induced oxidative
damage.**° In the existing study, there was a significant
increase in lipid peroxidation in response to cadmium
poisoning in mice liver tissue. The histopathological exam-
inations in the mice’s kidney, liver, and brain tissues did
not indicate any histopathological variations in any of the
treatments. Several studies reported different observations
regarding the pathophysiology changes in mice and rats
upon cadmium exposure. Some studies reported signifi-
cant alterations in the liver and kidney tissues*’~"> while
others reported no significant alterations.*?>* The lack
of histopathological alterations in some studies could be
attributed to the short length of cadmium treatment or the
low concentration of applied cadmium.

Cadmium impaired the morphological characteristics
of the jejunum, such as villus width and height and
crypt depth. Early studies reported that heavy metals
impaired the morphological characteristics of the intestine
through intoxication in epithelial cells and gut microbial
dysbiosis.’** In this study, NLK modulated the toxicity
induced in epithelial cells and regulated microbial gut
function, which improved the morphological characteris-
tics of the jejunum.

In this study, dietary supplementation with NLK was
able to increase appetite and, consequently, increase
the weight of mice. It also improved the function of the
liver, as indicated by the modulation of liver enzymes
and inflammatory biomarkers (iNOS). NLK could reg-
ulate antioxidant gene expression in liver cells, which
was interrupted by cadmium. Earlier surveys have
shown that nanoliposome-encapsulated compounds
such as fisetin, quercetin, resveratrol, epigallocatechin
gallate, and curcumin can be used as appropriate and
effective dietary supplements against liver oxidative
stress.”*8
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| CONCLUSION

The dietary supplementation of NLK synthesized in this
study improved the mice’s body weight, liver function, and
antioxidant potential of the liver in mice challenged by
cadmium-induced toxicity.
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