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Abstract: Oxidative stress has been identified as a signifi-
cant contributing factor in developing retinal degeneration
and subsequent vision loss. Hence, compounds possessing
antioxidant characteristics significantly mitigate the detri-
mental impacts exerted on the neurological system by
reactive oxygen species and free radicals. This experi-
mental investigation assessed the neuroprotective effec-
tiveness of rutin-mediated cerium oxide nanoparticles
(R-CeO2NPs) in a diabetic retinopathy animal model. In
this study, the synthesis of R-CeO2NPs was accomplished
using rutin via a straightforward green chemistry method.
The findings derived from utilizing UV–visible, X-ray dif-
fraction (XRD), transmission electron microscopy, dynamic
light scattering, and Zetasizer techniques provided evi-
dence of the nanoscale characteristics of the biosynthe-
sized nanoparticles. The XRD data provide evidence for
the crystallization of R-CeO2NPs in a face-centered fluorite
cubic system with the Fm3m space group. Specifically, we
sought to determine whether nanoceria retains its neuro-
protective properties when administered after the onset of
retinal degeneration. The biological evaluations showed
that the synthesized R-CeO2NPs are biocompatible and
exhibited potent antioxidant activities. Animal studies
revealed that the administration of the synthesized
R-CeO2NPs indicated a protective effect on retinal oxidative
stress and inflammation in streptozotocin-induced diabetic
rats. These findings indicate that the green synthesized
CeO2NPs can be applied as protective agent against diabetic
retinopathy.
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1 Introduction

Diabetes mellitus, a common chronic metabolic disease
that is primarily defined by prolonged elevation of blood
glucose levels and abnormal insulin secretion or function
within the body, has adverse effects on different organs
[1–3]. Diabetic retinopathy is one of the most devastating
side effects of uncontrolled diabetes. Diabetic retinopathy
is the primary etiology of acquired visual impairment in
the working-age population. The development of retino-
pathy is influenced by abnormalities in retinal metabolism,
such as heightened polyol pathway activity, augmented
nonenzymatic glycation and advanced glycation end pro-
ducts, oxidative stress, and protein kinase C (PKC) activity
[4–7]. However, the precise mechanism underlying this
relationship remains unknown. Diabetes is associated
with heightened oxidative stress in the retina, wherein
reactive oxygen species (ROS) are believed to serve as a
mechanistic connection between raised glucose levels and
the metabolic irregularities that play a crucial role in the
progression of diabetic problems [8–11].

In the context of diabetic retinopathy, it has been
shown that inflammation may have a significant impact
on both the initiation and advancement of the disease
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[12]. ROS exhibit potent activation of the transcription
factor nuclear factor kappa B (NF-κB), enhancing the tran-
scriptional activity of inflammatory cytokines and chemo-
kines, as well as enzymes involved in the manufacture of
nitric oxide and prostaglandin E2. The pathophysiology of
diabetic retinopathy encompasses a multitude of variables,
as indicated by previous studies. Nevertheless, the precise
mechanism by which oxidative stress may contribute to
the pathogenesis of diabetic retinopathy has yet to be fully
understood [13–16].

The inhibitory effects of antioxidants and traditional
Chinese medicine on inflammatory responses have been
well-established for a considerable period [17,18]. Antiox-
idants have been observed to exert an inhibitory effect on
NF-κB activity, as well as diminish leukostasis and the pro-
duction of inducible nitric oxide synthase in animal models
of diabetic retinopathy [19,20]. Furthermore, it has been
observed that antioxidants can impede the development
of cell-free capillaries and the production of pericyte
ghosts in rats with diabetes [21,22]. Furthermore, it has
been observed that antioxidants can impede the genera-
tion of ROS while simultaneously enhancing the efficacy of
the antioxidant defense enzyme system [23]. Hence, it is
plausible that antioxidants have the potential to mitigate
the physiological harm caused by oxidative stress in the
retina, reduce the extent of inflammatory responses, and
impede the advancement of diabetic retinopathy [24,25].

Cerium oxide nanoparticles (CeO2NPs), also known as
nanoceria (CeO2), possess the additional benefit of
exhibiting regeneration properties. Therefore, nanoceria
exhibits significant promise in addressing oxidative neuro-
logical illnesses, surpassing the limitations of earlier ther-
apeutic approaches [26,27]. This will be further elaborated
upon in subsequent sections. Cerium is classified as a
member of the lanthanide series, which consists of rare
earth metals, according to its placement in the periodic
table. The fluorite crystalline structure of cerium oxide,
when coupled with oxygen in a nanoparticle (NP) formula-
tion, exhibits distinctive antioxidant capabilities [28].
These features arise from the interplay of kinetics and
thermodynamics involved in the redox processes occur-
ring on the NP’s surface. Cerium can form reversible
oxygen bonds and transition between Ce4+ and Ce3+ oxida-
tion states in response to oxidizing and reducing circum-
stances. The occurrence of oxygen vacancies in the NP
lattice is concomitant with the depletion of oxygen and
the conversion of Ce4+ to Ce3+. Nanoceria has been shown
to exhibit both superoxide dismutase (SOD) and catalase
(CAT)-like activity. This dual capability grants nanoceria
the capacity to replenish its antioxidant activity. The pro-
posed paradigm entails the utilization of Ce3+ nanoceria to

catalyze the reduction of O2˙− species, resulting in the for-
mation of hydrogen peroxide (H2O2) and the oxidation of
Ce3+ to Ce4+. The H2O2 that is produced can then undergo a
reaction with cerium ion (Ce4+) to restore the cerium ion to
its trivalent state (Ce3+) and generate molecular oxygen.
Given these facts, we applied the green chemistry method
to synthesize CeO2NPs to alleviate the oxalate stress
induced by diabetic conditions on the retina. It is the first
report on rutin-assisted CeO2NPs (R-CeO2NPs) and their
application as a retinoprotective agent. The most impor-
tant significance and novelty of this research resides in
applying the green synthesis method using rutin as the
reducing and stabilizing agent to obtain sophisticated
CeO2NPs with potent antioxidant activities, where no stu-
dies were found with rutin for the synthesis of CeO2NPs.
Moreover, the application of the R-CeO2NPs for treating
diabetic retinopathy is novel.

2 Materials and methods

2.1 Materials

Materials used were Ce(NO3)3·6H2O (Merck, Germany),
rutin (Sigma-Aldrich, USA), Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, Canada), phosphate buffered
saline (Gibco, Canada), pen/strep (Gibco, Canada), fetal
bovine serum (FBS; Gibco, Canada), and dimethyl sulfoxide
(Sigma-Aldrich, USA). All chemicals utilized in the experi-
ment were of analytical grade and had been previously
employed, except for those subjected to additional purifi-
cation. The experiment employs ultrapure grade water.

2.2 Synthesis of R-CeO2NPs

According to the previous reports, the present investiga-
tion involved the synthesis of CeO2(IV)NPs using a sol–gel
technique [29,30]. The cerium precursor employed in this
process was Ce(NO3)3·6H2O, while rutin was utilized as the
reducing and stabilizing agent, and distilled water served
as the solvent (Schematic 1). In order to carry out the
synthesis, a mass of 4.37 g of cerium nitrate was dissolved
in 50mL of distilled water in a 200mL round bottom flask.
The resulting mixture was stirred (∼400 rpm) at room tem-
perature for 20 min. Subsequently, the cerium nitrate solu-
tion was cautiously introduced into 30mL of rutin
(100 mM) [31], and the resulting mixture was then put
into a container for further placement in an oil bath. The
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combination solution was subjected to stirring at a tem-
perature of 80°C for 24 h in order to obtain a gel-like sub-
stance. After the completion of the route, the gel obtained
was subjected to a drying process at a temperature of 110°C
for 6 h. In order to complete the procedure, the gels that
were formed were subjected to calcination at a tempera-
ture of 400°C for 2 h. This step led to the successful synth-
esis of yellow-colored CeO2NPs.

2.3 Characterization of R-CeO2NPs

The synthesized R-CeO2NPs were characterized using var-
ious experimental techniques to reveal the physicochem-
ical properties [32,33]. UV–vis spectroscopy was conducted
to determine the absorbance band of R-CeO2NPs in DI
water within the 200–800 nm wavelength range. To con-
duct dynamic light scattering (DLS) analysis, a solution of
R-CeO2NPs was prepared by dissolving them in deionized
water at a ratio of 1:100. The solution was then subjected to
sonication and subsequently examined at a temperature of
25°C using the Malvern Zetasizer. X-ray diffraction (XRD)
examination was conducted on R-CeO2NPs generated
through phytosynthesis. The XRD analysis employed
CuKα radiation with a wavelength (λ) of 1.54060 Å and a
Ni monochromator was utilized. The analysis was com-
pleted within a 2θ range from 10° to 80°. The morphology
of the manufactured R-CeO2NPs was examined using

transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) analysis. The samples were pre-
pared under ambient conditions in order to conduct SEM
and TEM analysis. This was achieved by applying the
R-CeO2NPs in methanol (1 mg/mL) over copper grids pre-
viously coated with a layer of carbon using a drop-wise
coating method. The surplus NP solution was eliminated
using filter paper. The copper grid was subsequently dried
at room temperature and subjected to TEM investigation
using the Tecnai F20 model instrument, which runs at an
accelerating voltage of 200 kV.

2.4 In vitro evaluations

2.4.1 Antioxidant potential of R-CeO2NPs

2.4.1.1 Antioxidant 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay

The antioxidant capacity of R-CeO2NPs was assessed using
a methodology previously established by other researchers
[34,35]. The antioxidant capacity of various concentrations
of R-CeO2NPs (10, 25, 50, and 100 µg/mL) was examined. The
reaction mixture consisted of 1 mL of DPPH and 1 mL of
R-CeO2NPs at varying concentrations. The solution was
rapidly agitated and incubated at ambient temperature
for 30min. Subsequently, the optical density was deter-
mined at a wavelength of 517 nm.

Schematic 1: Illustration of the synthesis of CeO2NPs using rutin.
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2.4.1.2 H2O2 antioxidant assay
The method proposed by Yakoob et al. [36] was employed
to evaluate the H2O2 assay. The reaction mixture consisted
of different doses of R-CeO2NPs (10, 25, 50, and 100 µg/mL),
300 µL of phosphate buffer (50 mM, pH 7.4), and 600 µL of
H2O2 (2 mM H2O2 in phosphate buffer, 50 mM, pH 7.4). The
combination underwent vigorous shaking for 10 min, fol-
lowing which the absorbance was quantified at a wave-
length of 230 nm using a spectrophotometer (Model
U-2900).

2.4.2 Cellular cytotoxicity of R-CeO2NPs

The cytocompatibility of R-CeO2NPs was investigated using
a cell line of corneal epithelial cells known as SIRC. Various
concentrations of R-CeO2NPs (10, 25, 50, and 100 µg/mL)
were examined to assess their acute and chronic toxicities.
The cells were cultured in DMEM supplemented with 10%
FBS. They were then plated in 96-well plates at a density of
3.5 × 105 cells per well and incubated at 37°C in a carbon
dioxide (CO2) incubator with 5% CO2 for 24 h before intro-
ducing NPs. Following the introduction of NPs, the plates
were subjected to an additional 24 h incubation period
before conducting the MTT experiment. The absorbance
at 560 nm was measured using the MTT test, with a back-
ground absorbance recorded at 690 nm. Positive controls
consisted of untreated cells exhibiting 100% vitality, while
blanks comprised cells without the inclusion of assay
reagents.

2.5 Animal studies to assess efficacy of
R-CeO2NPs in a diabetic retinopathy
rat mode

2.5.1 Experimental design and model induction

Based on prior research, the model was induced by
applying streptozotocin (STZ), with a minor adjustment
in administration timing and dosage of STZ [37]. The Zhi-
nanzhen Biology Ethics Committee approved the studies
conducted on animals in our research organization(s),
No.: A2025000119. Before approval, these entities ensured
that the experiments conformed to all essential guidelines,
regulations, and legal and ethical standards pertaining to
animal research. All experimental procedures complied
with the Animal Research: Following the Vivo Experiments
(ARRIVE) guidelines. The animal enclosure was maintained
at a consistent temperature of 23°C, accompanied by

sufficient air circulation. Throughout the trial, the animals
were provided unhindered access to standard feed and
water. Except for the control group, all groups of rats
were administered a solitary intraperitoneal (i.p.) injection
of 60 mg/kg STZ, which was dissolved in a 0.05 mol/L citrate
buffer (pH 4.5) and administered within 10 min. The task
was completed within 2 days. Blood glucose levels were
utilized to identify instances of hyperglycemia in animals.
This study exclusively included animals whose blood glu-
cose levels were above 300 mg/dL. The animals were allo-
cated into three groups using a random process: the
healthy group (consisting of animals that did not undergo
any induction or therapy), the negative control group
(comprising diabetic animals that did not receive any treat-
ment), and the treated group (comprising diabetic animals
that were treated with R-CeO2NPs (85 mg/kg) via the i.p.
injection).

2.5.2 Antioxidant capacity evaluation

After passing the treatment time point, the retinal tissues
were harvested and homogenized in ice-culled sodium
phosphate buffer. The obtained tissues were centrifuged
at 1,000g for 20 min at 4°C, and the resultant supernatant
was collected and applied for antioxidant capacity mea-
surement. The antioxidant capacity was evaluated by mea-
suring lipid peroxidation, glutathione peroxidase (GPx),
CAT, and SOD. The measurements were conducted using
specific commercial kits (Sigma‐Aldrich, St Louis, MO) fol-
lowing the manufacturer’s protocol.

2.5.3 Real‐time PCR

The changes in the expression pattern of the target genes
(heme oxygenase‐1 [HO‐1] and nuclear factor erythroid
2‐related factor 2 [Nrf2]) were evaluated using the RT-PCR.
The total RNA was isolated and applied to synthesize cDNA
using SYBR Green and Reverse Transcriptase. A thermocy-
cler was used to amplify according to the manufacturer’s
protocol. GAPDH was used as a reference gene, and the
expression level was determined using the 2−ΔΔCt method.

2.5.4 Histological analysis

Following the period of isolation, the retinas of the rats
were immersed in a solution containing 4% paraformalde-
hyde. Following that, retinal tissues were sliced into 5 µm
sections, which were then subjected to staining with E&H.
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Subsequently, the sections were observed using an opera-
tional microscope. The high-resolution digital camera
system (C3040-AD6, Shanghai, China) was utilized to collect
the photographs. This system was connected to both the
operational microscope and the desktop computer. Retinal
images were captured at a consistent distance of 1,500 mm
from the optic nerve in both eyes.

2.6 Statistical analysis

The quantitative results were presented as mean value ±

standard deviation. The statistical analysis was conducted
using appropriate methods, such as Student’s t-test, one-
way ANOVA, or two-way ANOVA, depending on the specific
requirements of the study. The normality of the data was
verified using the Kolmogorov–Smirnov test. Statistical sig-
nificance was attributed to all values of p < 0.05, whereas
values of p > 0.05 were deemed statistically
inconsequential.

3 Results and discussion

3.1 Physicochemical properties of R-
CeO2NPs

The confirmation of R-CeO2NPs generation from rutin was
initially verified using UV–vis absorption spectroscopy in
the wavelength range of 150–500 nm. UV–vis spectroscopy
is widely recognized as a crucial technique for character-
izing NPs and determining their optical characteristics.
Figure 1 presents the UV–vis absorption spectra of the
R-CeO2NPs generated using biological means. The R-CeO2NPs
exhibited a maximum absorption peak at around 275 nm,
which can be attributed to the charge transfer transition
from O2P to Ce4f [38]. Maqbool et al. [39] have documented
comparable UV–vis spectra for CeO2NPs produced using
extracts derived from Olea europaea leaves. Furthermore,
the optical band gap of the CeO2NPs was determined to be
4.5 eV based on the analysis of the UV–visible spectral data
using the Tauc equation [40].

To validate the synthesis and assess the biological
activity of R-CeO2NPs, it is imperative to evaluate key para-
meters such as the average particle size, radius, crystalline
characteristics, and surface charge of R-CeO2NPs. The SEM
and TEM pictures provided visual evidence that the
average particle size of R-CeO2NPs was measured to be

85.0 ± 25.1 nm (Figure 2). The SEM/TEM images showed
that the synthesized R-CeO2NPs have a spherical mor-
phology with uniform size. A narrow distribution indicates
a slight variance in the particle diameters of uniformly
sized NPs, which are all the same size or almost the
same. This is frequently a desired feature for many appli-
cations because it can result in more consistent and
predictable qualities. According to a study on the size
dependency of gold NPs, uniform NPs have consistent char-
acteristics like surface area and density, making them
more effective in applications like drug administration or
catalysis [41]. Uniformity guarantees consistent perfor-
mance since a NP’s size might directly impact its function
in certain situations.

The utilization of DLS in the present investigation is
justified due to its ease of operation and ability to decrease
the interference caused by multiple light scattering from
suspended particles. Particles are spread throughout the
liquid medium, specifically water-based solutions, and
these particles’ average size distributions are considered
hydrodynamic diameters [42]. In a broad sense, the pre-
sence of dispersed particles leads to the formation of inter-
faces due to the processes of dissolution and adsorption
involving co-ions (ions with the same charge) or counter
ions (ions with opposite charge). Interacting forces within
the dispersed medium in DLS result in a diverse range of
particle aggregation. The primary factor leading to the lack
of a strong correlation between the hydrodynamic dia-
meter measured by DLS and other size determination tech-
niques, such as SEM and TEM, is agglomerates forming
from inevitable interfacial interactions [43,44]. Figure 3a
represents the DLS result of the synthesized R-CeO2NPs.

Figure 1: UV–vis spectrum of R-CeO2NPs in the solution stat (DI water)
with a maximum absorption peak at about 275 nm.
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The application of an electric field to colloidal particles
induces electrokinetic phenomena. The aforementioned
effects typically have significant implications for the elec-
trical charges present on the surface of colloidal particles.
The term “zeta potentials” refer to the magnitude of the net
surface charge. Various elements, including the velocity of
the moving particle in response to an electric field and the

viscosity of the dispersion medium, influence the zeta
potentials. Compared to bigger particles, smaller particles
exhibit more mobility and velocity inside a less viscous
medium, resulting in enhanced diffusion rates and
increased stability [45]. Zeta potential measurements are
conducted to assess the stability of particles in a colloidal
dispersion. The zeta potential magnitude indicates the
level of electrostatic repulsion between co-ions inside a
colloidal dispersion [42,46,47]. Particles with high zeta
potential values indicate enhanced stability and reduced
susceptibility to agglomeration.

Nevertheless, particles occasionally demonstrate a
zero surface charge, often assessed at a specific pH level.
The absence of surface charge is commonly referred to as
the isoelectric point (IEP) or the point of zero charge.
Several studies have documented varying (IEP pH values
for CeO2 in a particular electrolyte solution. Gulicovski
et al. [48] observed two distinct pHiep values, pHiep 7.6
and pHiep 6.7, when employing KNO3 as the electrolyte.
The authors emphasized that the observed change in pHiep
values, namely from pHiep 7.6 to pHiep 6.7, can be related
to the adsorption of SO4

2− ions. This suggests that the
dispersion’s excess co-ions or counter-ions influence
the shift. This phenomenon could perhaps account for
the variations in reported pHiep values for CeO2 observed
across multiple literature sources within a certain electro-
lyte environment.

The XRD method was employed to validate the crystal-
line characteristics of the NPs. Figure 4 displays the
powder XRD patterns of the R-CeO2NPs produced using a
rutin solution. The XRD pattern revealed the presence of
many crystallographic planes, namely (111), (200), (220),
(311), and (222), which are associated with the CeO2 mate-
rial. The patterns were compared to the JCPDS file 01-075-
0390, and it was observed that cubic CeO2 exhibited

Figure 2: (a) SEM (scale bar: 400 nm), (b) TEM (scale bar: 500 nm), and (c) TEM (scale bar: 100 nm) images of the R-CeO2NPs synthesized using rutin
solution. The images showed that the R-CeO2NPs have a spherical morphology with uniform shape.

Figure 3: (a) DLS and (b) zeta potential of R-CeO2NPs in DI water (0.1 mg/
mL synthesized using rutin solution. Results showed hydrodynamic dia-
meter of 154.3 ± 19.4 nm with the polydispersity index of 0.21 and zeta
potential of 12.3 ± 2.4 eV.
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identical peaks and planes that matched with the reference
file. The XRD data provide evidence for the crystallization
of R-CeO2NPs in a face-centered fluorite cubic system with
the Fm3m space group, which aligns with the standard
JCPDS card no. 34-0394 [49,50]. After calcination, it was
noted that no further distinctive peaks were present in
the pattern, suggesting that the biosynthesized R-CeO2NPs
are of high purity. The energy dispersive X-ray (EDX) ana-
lysis (Figure 4b) showed that the synthesized R-CeO2NPs
were mainly composed of Ce (79.2%) and O (20.8%).

The surface functional groups of the components (pure
rutin and R-CeO2NPs synthesized using rutin solution) were
evaluated using FTIR spectroscopy. The results (Figure 5)
showed that the characteristic peaks of rutin are presented
in the R-CeO2NPs synthesized using rutin solution. The
R-CeO2NPs exhibit a wide peak around 3,380 cm−1 that can
be related to the O–H stretching vibrations of phenols. The
peaks around 1,120, 1,640, and 2,891 cm−1 can be related to
C]O, –C]C–, and C–H of –COOH group, respectively. These
findings confirmed that the synthesized R-CeO2NPs are

Figure 4: (a) XRD pattern and (b) EDX spectrum of the R-CeO2NPs synthesized using rutin solution. The XRD pattern revealed the presence of many
crystallographic planes, namely (111), (200), (220), (311), and (222). The EDX analysis (b) showed that the synthesized R-CeO2NPs were mainly composed
of Ce (79.2%) and O (20.8%).

Figure 5: FTIR spectra of rutin and R-CeO2NPs synthesized using rutin solution. The peaks around 1,120, 1,640, and 2,891 cm−1 can be related to C]O,
–C]C–, and C–H of –COOH group, respectively.
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decoratedwith rutin polyphenolic compounds responsible for
reducing salt and capping the NPs. Table 1 summarizes the
physicochemical properties of R-CeO2NPs.

3.2 Biological activities of R-CeO2NPs

3.2.1 Antioxidant activities

The DPPH antioxidant assay was employed to evaluate the
antioxidant potential of R-CeO2NPs generated by a green
synthesis method in combating free radicals. The disruption
of physiological processes and mutations in macromolecules,

including DNA, RNA, proteins, and lipids, can be attributed to
the imbalance between the creation of ROS and their quenching
by the endogenous antioxidant system. Additionally, this
imbalance can accelerate cellular stress in cell signaling path-
ways. The presence of a high concentration of glucose can
expedite the production of ROS through multiple mechan-
isms. These mechanisms include glucose auto-oxidation, oxi-
dative phosphorylation, activation of PKC C, glycation (the
non-enzymatic bonding of free reduced sugar with free
amino acids such as DNA and RNA), hexosamine metabolism,
and methylglyoxal formation [51–53]. The results (Figure 6a)
showed that the synthesized R-CeO2NPs exhibited potent and
dose-dependent DPPH radical-neutralizing activity. While
these assays can provide valuable information, they do not

Table 1: Physicochemical properties of R-CeO2NPs

Actual size Diameter (nm) Polydispersity index Zeta potential (mV) UV–vis λmax (nm) Crystallographic planes

85.0 ± 25.1 154.3 ± 19.4 0.21 12.3 ± 2.4 257 (111), (200), (220), (311), and (222),

Figure 6: Antioxidant activities of R-CeO2NPs: (a) DPPH radical inhibition percentage and (b) H2O2 radical inhibition percentage. The results showed
dose-dependent radical scavenging activities against DPPH and H2O2 free radical, with the highest antioxidant activities at 100 μg/mL.
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perfectly replicate the complex and dynamic in vivo environ-
ment. In vivo, oxidative stress is influenced by various factors,
including hyperglycemia, hypoxia, inflammation, and the
presence of other reactive species.

H2O2 induces the production of hydroxyl radicals, which
then initiate lipid peroxidation within susceptible cells, leading
to DNA damage and subsequent cellular demise. Acute expo-
sure to H2O2 can jeopardize the health of an individual. H2O2

induces skin irritation upon direct touch. Mitochondria are
cellular organelles that are synthesized through the action of
a specific enzyme, which plays a crucial role in regulating
cellular processes related to growth and programmed cell
death. Nevertheless, the cellular environment already contains
the enzyme responsible for the decomposition of H2O2 prior to
its conversion into hydroxyl radicals [54]. The synthesis of H2O2

within cellular structures serves as a mechanism to safeguard
the body against highly hazardous substances such as super-
oxide radicals. However, in instances where an organism
experiences pathological conditions, the activity of these
enzymes diminishes, resulting in an elevation of H2O2 levels
beyond their normal thresholds. Consequently, the capacity to
eliminate H2O2 and prevent lipid peroxidation is compromised
[55]. The present investigation has revealed that using
R-CeO2NPs exhibits notable and dose-dependent efficacy in
reducing cellular H2O2 levels (Figure 6b).

3.3 Cellular cytotoxicity

The possible cellular toxicity of the synthesized R-CeO2NPs
was evaluated using the MTT assay method. The results

(Figure 7) showed that the synthesized R-CeO2NPs did not
induce significant toxic effects.

We also applied the live/dead staining to visualize and
confirm the results of the MTT assay, which are presented
in Figure 8. Although the MTT assay and live/dead staining
are techniques used to evaluate cell viability, their con-
cepts and uses differ. While live/dead staining employs
fluorescent dyes to distinguish between live and dead cells
visually, MTT tests are colorimetric and measure the meta-
bolic activity of living cells. Direct counting of living and
dead cells is made possible by live/dead staining, which
visually depicts cell viability. The results showed that the
treatment using R-CeO2NPs did not induce cell death.

3.4 Animal studies result

Animal studies on STZ-induced diabetes were conducted to
evaluate the efficacy of the proposed therapy. First, we
evaluated the effect of STZ administration and R-CeO2NPs
on food ingestion, insulin level, and HbAc1 level, and the
results are presented in Figure 9 and Table 2. We found
that the diabetic induction using STZ significantly
increased the daily food ingestion (p < 0.05), while the
treatment using R-CeO2NPs modulated the daily food inges-
tion. We measured the serum insulin level and found that
the diabetic induction using STZ significantly decreased the
serum insulin level (p < 0.05), while treatment using
R-CeO2NPs slightly increased the serum insulin level. We also
measured the HbA1c level and found it was significantly high
in STZ-induced diabetic rats. The treatment using R-CeO2NPs

Figure 7: Cellular cytotoxicity of R-CeO2NPs against corneal epithelial cells. All values are expressed as mean ± SD (n = 3). (NS, not significant. Analyzed
using one-way ANOVA followed by Tukey’s test as a post hoc analysis. The results showed that the R-CeO2NPs did not induce significant toxicity at each
concentration.
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slightly decreased the HbA1c level, but it was significantly
higher than in the healthy animals. It has been demonstrated
that CeO2NPs increase insulin sensitivity in skeletal muscle
and adipose tissue, possibly through improving mitochon-
drial activity [56]. By scavenging free radicals and lowering
the generation of ROS, CeO2NPs can help reduce oxidative
stress, which is a major contributing factor to the develop-
ment of insulin resistance. Although CeO2NPs have not been
shown to lower HbA1c directly, their ability to increase
insulin sensitivity and lessen oxidative stress may indirectly
do so. Blood sugar levels can be controlled by lowering

oxidative stress and increasing insulin sensitivity. HbA1c is
a measurement of average blood glucose levels over several
months. One of the main contributing factors to the patho-
physiology of type 2 diabetes is oxidative damage, which
CeONPs can alleviate the oxidative stress and shield beta
cells from damages [57].

This study aims to investigate the retinal microstruc-
ture and potential ultrastructural alterations that occur
during hyperglycemia and subsequent therapy. Upon his-
tological examination using hematoxylin and eosin
staining, it was observed that the retinas of typical rats

Figure 8: Live/dead assay of the cells under treatment with (a) 0 µg/mL, (b) 10 µg/mL, (c) 25 µg/mL, (d) 50 µg/mL, and (e) 100 µg/mL of R-CeO2NPs.
The results showed that the R-CeO2NPs did not induce significant toxicity at each concentration.
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exhibited a smooth appearance. The cellular distribution
throughout each stratum exhibited a consistent pattern
and well-organized structure, as depicted in Figure 10
(Healthy). The observed structure was characterized by
its clarity and completeness. The retinal cells within the
group of rats with diabetes exhibited signs of disorganiza-
tion, swelling in the nerve fiber layer, and an observed
increase in capillaries (Figure 6b). The degenerative

Figure 9: Effects of R-CeO2NPs on food intake, serum insulin, and glycated hemoglobin (HbA1c) on STZ‐induced diabetic rats. All values are expressed
as mean ± SD (n = 5). (*) p < 0.05. (**) p < 0.01. Analyzed using one-way ANOVA followed by Tukey’s test as a post hoc analysis.

Table 2: Effects of R-CeO2NPs on food intake, serum insulin, and gly-
cated hemoglobin (HbA1c) on STZ‐induced diabetic rats and HbA1c level

Healthy Diabetic Treated

Food intake (g/100 g BW) 7.66 ± 3.51 35.66 ± 2.8 24.65 ± 3.51
Insulin level (uIU/mL) 18.0 ± 3.1 7.66 ± 2.51 12.66 ± 3.21
HbA1c (%) 6.03 ± 1.85 17.33 ± 3.50 13.0 ± 2.64

Figure 10: Effects of R-CeO2NPs on histopathological changes in the diabetic rat retinas: (a) healthy animal, (b) negative control (diabetic animals
without treatment), and (c) treatment (diabetic animals treated with R-CeO2NPs). Results showed that the treatment using R-CeO2NPs alleviated the
thinning of retina induced by the diabetic condition.
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changes induced by diabetes were effectively corrected
with the therapy of produced R-CeO2NPs mediated by
rutin, as demonstrated in Figure 10 (Treated). The mea-
surement and statistical analysis of retinal thickness
were conducted. The retinal thickness in the diabetic group

was observed to be improved by the R-CeO2NPs generated
by rutin mediation. However, it is important to note that
this impact did not reach statistical significance.

The effects of R-CeO2NPs on gene expression level were
evaluated using the PCR technique, and the results are

Figure 11:mRNA expression level of (a) Nrf2 and (b) HO‐1 under treatment with R-CeO2NP. All values are expressed as mean ± SD (n = 5). (*) p < 0.05.
Analyzed using one-way ANOVA followed by Tukey’s test as a post hoc analysis. The results showed that the treatment using R-CeO2NPs modulated the
expression of Nrf2 and HO‐1 mRNA.

Figure 12: Oxidative state of the tissue under treatment with R-CeO2NPs. (a) SOD, (b) CAT, (c) GPx, and (d) malondialdehyde. All values are expressed
as mean ± SD (n = 5). (*) p < 0.05. Analyzed using one-way ANOVA followed by Tukey’s test as a post hoc analysis. The results showed that the treatment
using R-CeO2NPs enhanced antioxidant content and reduced the oxidative stress state.
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presented in Figure 11. We found that the diabetic induc-
tion using STZ significantly suppressed the expression of
Nrf2 mRNA levels. On the other hand, the treatment using
R-CeO2NPs recovered the suppressed effect and improved
the expression of Nrf2 mRNA (Figure 11a). It has been
established that Nrf2 shields cells against both internal
and external stressors. In addition to playing a significant
function as a negative regulator of inflammation, which
attenuates inflammation-associated pathogenesis in var-
ious disease situations, Nrf2 is thought to be a component
of the most significant cellular system that protects against
oxidative stress. Nrf2 has been linked to significant protec-
tive effects, particularly in disease processes with promi-
nent inflammation and ROS. Essentially, Nrf2/HO-1
signaling can be activated by antioxidant NPs, which can
set off a series of events that improve the cell’s resistance
to oxidative stress and potential harm. It was hypothesized
that R-CeO2NPs protect against retina tissue damage by
activating Nrf2/HO-1 signaling by increasing the levels of
Nrf2 and Bcl-2 and endogenous antioxidants like HO-1, glu-
tathione peroxidase (GSH), and SOD.

We also evaluated the mRNA expression level of HO‐1
and found that STZ significantly suppressed the expression
level, and the treatment using R-CeO2NPs recovered the
suppressive effect (Figure 11b). Accordingly, it can be con-
cluded that the treatment using R-CeO2NPs recovered atte-
nuated the diabetic oxidative stress.

The onset and advancement of diabetic retinopathy are
significantly influenced by oxidative stress. By harming cells
and tissues, oxidative stress causes inflammation as well as
changes in structure and function, which in turn causes retinal
damage. Oxidative stress in the retina is caused by metabolic
irregularities brought on by high blood glucose levels in dia-
betes, which also lower antioxidant defenses and increases the
production of ROS. Oxidative stress can harm blood vessels
and retinal cells, resulting in lipid peroxidation, inflammation,
apoptosis (programmed cell death), and structural and func-
tional alterations. Although more clinical trials are required to
validate these results, research indicates that antioxidant
therapy may help manage diabetic retinopathy by increasing
antioxidant defenses and reducing ROS generation [58,59]. We
measured SOD, CAT, GPx, andmalondialdehyde to evaluate the
oxidative state of the tissue under treatment with R-CeO2NPs,
and found that the treatment using R-CeO2NPs alleviated the
oxidative stress of the tissue (Figure 12).

Several studies have shown promising potential of anti-
oxidant NPs as retinoprotective against diabetic retinopathy,
and this study’s results align with those reports. Li et al. [60]
synthesized a ROS-responsive drug delivery system for essen-
tial oils from Fructus Alpiniae zerumbet (EOFAZ) that targets
early diabetic retinopathy stages and oxidative stress. They

reported that the NPs significantly suppressed abnormal cell
growth, alleviated inflammation, and reduced oxidative
stress in vitro. The animal studies on diabetic mice showed
that the synthesized NPs modulated oxidative stress and
inflammation and mitigated early pathological changes.
They showed that the NPSPHE@EOFA administration
decreased malondialdehyde levels and increased SOD and
GSH. Moreover, they found that the treatment reduced IL-6
and IL-1β levels. In another study, Zhang et al. [61] applied
Cyperus rotundus-loaded zinc oxide NPs in diabetic retino-
pathy-induced rats. They assessed the effects by evaluating
FBS, food intake, insulin, HbA1c, retina thickness, lipid perox-
idation, CAT, GPx, SOD, HO-1, Nrf2, IL-1β, IL-18, and apoptosis-
associated speck-like protein (ASC). They reported that the
NPs elevated the food intake, HbA1c, fasting blood glucose,
and lipid peroxidation levels and reduced CAT, SOD, insulin,
and GPx level. They observed the upregulation of IL-18 and
ASC and the downregulation of HO-1 and Nrf2 in diabetic rats.
They concluded that the observed retinoprotective effects can
be due to the potent antioxidant activities of the green synthe-
sized zinc oxide NPs.

4 Conclusion

Oxidative stress has been identified as a significant contri-
buting factor in the development of retinal degeneration
and subsequent vision loss [62,63]. Hence, compounds pos-
sessing antioxidant characteristics significantly mitigate
the detrimental impacts exerted on the neurological
system by ROS and free radicals. The accumulation of these
species might lead to neuronal demise. In the biomedical
domain, there is a growing recognition of the significant
potential of nanotechnology due to its ability to use the
unique physical features of nanoscale materials [64]. In a
previous study conducted by Fiorani et al. [65], it was
demonstrated that non-stoichiometric nanoceria particles
possess antioxidant properties and can be utilized to alle-
viate retinal neurodegenerative processes. This was
observed in a model of intense light-induced retinal
damage, where oxidative stress plays a critical role in the
death of photoreceptor cells. In light of the aforementioned
findings, this experimental investigation was conducted to
assess the neuroprotective effectiveness of R-CeO2NPs in a
manner that closely emulates the conditions experienced
by patients afflicted with retinal degeneration. In this
study, the synthesis of R-CeO2NPs was accomplished using
rutin via a straightforward green chemistry method. The
findings derived from using UV–visible, XRD, TEM, DLS,
and Zetasizer techniques provided evidence of the
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nanoscale characteristics of the biosynthesized NPs. The
results showed that rutin successfully mediated the synth-
esis of CeO2NPs, and the NPs have a spherical morphology
with nanometric scale, good crystallinity, high zeta poten-
tial, and decorated with rutin-related surface functional
groups. The in vitro biological evaluations showed that
CeO2NPs were cytocompatible, did not induce significant
toxicity, and exhibited potent antioxidant activities. The
animal studies showed that the treatment using CeO2NPs
modulated the daily food ingestion, increased the serum
insulin level, and decreased the HbA1c level. Moreover,
animal studies showed that treatment using R-CeO2NPs
improved the expression of Nrf2 and HO‐1 mRNA and alle-
viated the oxidative stress of the tissue. Specifically, we
sought to determine whether nanoceria retains its neuro-
protective properties when administered after the onset of
retinal degeneration. Consequently, the examination of ret-
inal morphology revealed significant neuroprotection in
the peripheral region of the retina, as evidenced by the
preservation of the outer nuclear layer length and thick-
ness. This finding is particularly noteworthy considering
that the central region of the retina had already incurred
damage prior to the initiation of the treatment.
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