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Abstract: Background: Cisplatin, an effective antitumor drug, is clinically limited by its dose-de-
pendent nephrotoxicity. Rational nanocarrier design offers a strategy to improve drug delivery and
minimize off-target effects. In this work, we developed a metformin-loaded mesoporous silica nano-
particle (MSNP) system, which was further coated with chitosan (CTS) and tailored into distinct
sizes and geometries (elliptical vs. rounded) to enhance bioactivity, kidney targeting, and biocom-
patibility.

Methods: Thirty-five rats were divided into seven groups after nephrotoxicity induction with cis-
platin (2 mg/kg, intraperitoneally, once weekly for 4 weeks). Groups were treated orally with met-
formin, uncoated MET-MSNPs, or CTS-coated MET-MSNPs (elliptical and rounded; 40 mg/kg
orally daily for 4 weeks. Biochemical markers, histology, and immunohistochemistry were per-
formed to evaluate renal function and tissue remodeling.

Results: Cisplatin exposure induced oxidative stress, elevated TGF-β1, TNF-α, IL-1β, and cas-
pase-3 levels, and caused renal dysfunction with marked histopathological damage. Both MET and
CTS-MET-MSNPs mitigated these changes, with geometry- and coating-dependent improvements
in renal biomarkers and tissue recovery. qPCR analysis showed that CTS-MET-MSNPs significant-
ly downregulated cisplatin-induced AMPK/PI3K/Akt and restored mTOR expression. CTS-coated
carriers showed superior anti-inflammatory, antioxidant, and anti-apoptotic effects compared with
free MET.

Discussion: In light of the available evidence, the design of our carrier system was guided by key
parameters known to enhance kidney targeting. Rounded nanoparticles were selected since their ge-
ometry has been reported to promote efficient circulation, facilitate passage through the glomerular
filtration barrier, and improve interaction with renal tissues. In addition, surface functionalization
with chitosan was introduced to confer a positive charge, which is expected to favor electrostatic in-
teractions with the negatively charged renal cell membranes. Accordingly, for our formulation strat-
egy, rounded particles with a CH coating were deliberately chosen to maximize kidney selectivity.
The morphological assessment of CTS-MET-MSNPs by TEM showed the successful formulation
of the rounded nanoparticles with a defined mesoporous structure.

Conclusion: This study demonstrated that the CTS-MET-MSNPs offer a superior strategy for miti-
gating cisplatin-induced acute kidney injury compared to free metformin. By optimizing the vehi-
cle's architecture using rounded geometry to promote favorable glomerular filtration kinetics and
applying  a  positively  charged  chitosan  coating  to  exploit  electrostatic  binding  with  negatively
charged renal membranes. We achieved highly site-specific kidney targeting. Morphological evalu-
ation via  TEM confirmed the successful fabrication of these rounded nanoparticles with a wel-
l-defined mesoporous framework. Biologically, the CTS-MET-MSNPs suppressed cisplatin-mediat-
ed oxidative stress, cellular damage, and histopathological degradation, outperforming free MET.
Most notably, qPCR analysis revealed that this advanced nanoformulation achieved its potential an-
ti-inflammatory, antioxidant, and anti-apoptotic properties by precisely downregulating the cisplat-
in-induced AMPK/PI3K/Akt pathway and restoring downstream mTOR expression. Collectively,
these findings highlight CTS-MET-MSNPs as a highly potent, targeted nanomedicine capable of
maximizing the clinical protective window of metformin against chemotherapeutic nephrotoxicity.
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1. INTRODUCTION
Cancer  remains  a  leading  cause  of  death  world-

wide.  While  chemotherapy  effectively  limits  tumor
growth, its clinical utility is often compromised by se-
vere  side  effects,  including  neurotoxicity,  infertility,
and  most  notably  nephrotoxicity  [1,  2].  Cisplatin  re-
mains a cornerstone of chemotherapy for various solid
malignancies,  including  head,  neck,  testicular,  and
ovarian  cancers;  however,  its  clinical  application  is
severely  hampered  by  dose-limiting  nephrotoxicity,
which clinically affects approximately 25% to 35% of
patients following a single dose [3]. This toxic insult
frequently progresses into Acute Kidney Injury (AKI),
a  complex syndrome that,  if  left  unmanaged,  signifi-
cantly increases the risk of developing Chronic Kidney
Disease (CKD) and end-stage renal failure [4]. Current-
ly, there are no effective therapeutic agents available to
fully prevent cisplatin-induced renal failure [5].

Recent research has clarified the molecular basis of
cisplatin-induced  damage.  The  clinical  manifestation
of cisplatin-induced AKI is characterized by a rapid de-
cline in the glomerular filtration rate (GFR) and signifi-
cant histopathological alterations that mirror human re-
nal failure. These include severe renal tubular necrosis,
predominantly in the proximal tubules, as well as inter-
stitial fibroplasia and robust mononuclear inflammato-
ry cell infiltration. Substantial evidence suggests that
these pathologies are driven by a multifaceted “cytotox-
ic  storm” [6].  This  involves  the  excessive  accumula-
tion of reactive oxygen species (ROS) and the concomi-
tant depletion of vital antioxidant enzymes, such as su-
peroxide  dismutase  (SOD)  and  reduced  glutathione
(GSH), leading to irreversible oxidative damage to cel-
lular lipids and proteins [7].

Furthermore, the disease progression is exacerbated
by the activation of a pro-inflammatory cascade involv-
ing cytokines such as TNF-α and IL-1β, which recruit
immune cells to the site of injury and promote tissue re-
modeling. At the molecular level, recent insights high-
light that the transition from acute damage to perma-
nent structural failure is governed by the p53-mediated
apoptotic  pathway.  This  pathway  interacts  with  the
AMPK/PI3K/Akt/mTOR  signaling  axis,  a  critical
metabolic and survival regulator. Dysregulation of this
axis  during  cisplatin  therapy  inhibits  autophagy  and
promotes  programmed  cell  death  in  renal  epithelial
cells, providing a clear mechanistic link between che-
motherapeutic administration and the onset of associat-
ed  renal  diseases  [8].  These  molecular  mechanism-
s—which occur due to cisplatin treatment and include
oxidative stress, inflammation, and necrosis—can play
potential  roles  in  cisplatin-induced  kidney  toxicity.

The  accumulation  of  reactive  oxygen  species  (ROS)
above insufficient antioxidant molecular mechanisms
leads to the reduction of glutathione (GSH) and super-
oxide  dismutase  (SOD);  on  the  other  hand,  cisplatin
treatment leads to the elevation of inflammatory media-
tors, including interleukin-1β (IL-1β) and Tumor Ne-
crosis  Factor-alpha  (TNF)  [9].  Collectively,  previous
studies illustrated that cisplatin-induced renal damage
can be successively improved through regulation of ac-
tivated  protein  kinase  (AMPK)  and  its  main  down-
stream pathway, the PI3K/Akt pathway, together with
the p53 molecular pathway [10].

Metformin, primarily used as a hypoglycemic drug
for  type  2  diabetes,  has  demonstrated  potent  antioxi-
dant and anti-inflammatory properties [11]. Studies in-
dicate that metformin (MET) can reduce ROS produc-
tion and enhance antioxidant expression via the AMP-
K/FOXO-Trx axis [12]. While some research suggests
MET  may  act  synergistically  with  cisplatin,  other
studies  report  potential  antagonism  in  certain  cancer
cell  lines,  necessitating further  in  vivo  exploration to
determine if MET co-administration can safely amelio-
rate nephrotoxicity [13, 14].

To optimize delivery, Mesoporous Silica Nanoparti-
cles (MSNPs) have emerged as versatile platforms due
to their high surface area, tunable pore size, and bio-
compatibility [15]. Rounded MSNPs, in particular, ex-
hibit superior biodistribution and tissue accumulation
[16]. To enhance renal targeting, MSNPs can be coat-
ed with chitosan, a biocompatible, positively charged
polysaccharide [17]. A chitosan-coated system can tar-
get  the  negatively  charged  glycocalyx  layer  of  the
glomerular  capsule  through  electrostatic  interactions
[18].

Based on these insights, this study aimed to devel-
op a metformin-loaded, chitosan-coated MSNP system
to  mitigate  cisplatin-induced  nephrotoxicity  in  rats.
The system’s design utilizes two strategies for renal se-
lectivity; Charge-Mediated Interaction: The positive ze-
ta potential of chitosan favors interaction with the nega-
tively  charged  renal  glycocalyx;  and  Size-Dependent
Filtration:  The  optimized  hydrodynamic  diameter  of
the nanoparticles facilitates renal accumulation via se-
cretion from peritubular  capillaries  into  the  proximal
tubules [19].

2. MATERIALS AND METHODS

2.1. Materials
Metformin  hydrochloride  was  gifted  by  EVA

Pharm (Egypt). Mesoporous silica (50 nm rounded and
rounded) was purchased from Nanotech (Egypt). Chi-
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tosan  (medium  molecular  weight)  and  glacial  acetic
acid were procured from Sigma-Aldrich (USA). Sodi-
um phosphate dibasic, potassium chloride, and potassi-
um dihydrogen phosphate were obtained from Al Nasr
Pharmaceuticals  Chemical  Company  (Egypt).  Cis-
platin  (cisPtCl2  (NH3)2)  was  supplied  by  Oncotec
Pharma Company. All other chemicals employed were
of pharmaceutical grade.

2.2. Loading Metformin (MET) on Mesoporous Sili-
ca Nanoparticles (MSNPs)

Metformin was loaded onto mesoporous silica nano-
particles (MSNPs) by dispersing 0.1 g of MSNPs in 10
mL of a 400 ppm aqueous metformin solution (pH 7)
[20]. The suspension was continuously agitated for 24
h to facilitate drug adsorption onto the nanoparticle sur-
face and within the mesopores. The mixture was then
subjected to vacuum filtration to remove unbound met-
formin, and the resulting metformin-loaded nanoparti-
cles  (MET-MSNPs)  were  collected  for  further  use
[21].

2.3.  Coating  Metformin-loaded  Mesoporous  Silica
Nanoparticles (MET-MSNPs) with Medium Molecu-
lar Weight Chitosan

A  0.6%  (w/v)  chitosan  solution  was  prepared  in
10% (v/v) acetic acid and adjusted to pH 6. MET-MS-
NPs were dispersed in this solution and stirred for 48 h
to  facilitate  surface  coating.  Excess  chitosan  was  re-
moved by ultracentrifugation, and the chitosan-coated
nanoparticles  (CTS-MET-MSNPs)  were  collected,
freeze-dried, and stored in tightly sealed containers un-
der dry conditions until further use [22].

2.4. Characterization of CTS-MET-MSNPs

2.4.1. Drug Entrapment Efficiency
The entrapment efficiency (EE%) of CTS-MET-M-

SNPs  was  determined  indirectly  by  measuring  the
amount  of  free  drug  present  in  the  supernatants  ob-
tained during the preparation steps. After the loading
process, the dispersion was centrifuged at 15,000 rpm
for 30 min at 4 °C, and the supernatant was collected.
The MET-MSNPs nanocarrier was washed once with
the same medium, centrifuged under the same condi-
tions, and the wash supernatant was also collected. Fol-
lowing  the  coating  step,  centrifugation  and  washing
were  repeated,  and  the  supernatants  were  combined.
The  concentration  of  unentrapped  metformin  (Dᵤ)  in
the pooled supernatants was quantified spectrophoto-
metrically  at  λmax  234  nm  using  a  Shimadzu
UV-2401/PC  spectrophotometer.  The  total  drug
amount (D) corresponded to the amount of metformin

initially  added  during  the  loading  process.  EE%  and
LC% were calculated according to the following equa-
tions [23]:

 

 

 
Where Dt represents the total drug amount and Du

the unentrapped drug amount quantified in the pooled
supernatants.

2.4.2. Particle Size (PS), Polydispersity Index (PDI)
and Zeta Potential (ZP)

The  particle  size  (PS)  and  polydispersity  index
(PDI) of the prepared nanoparticles were measured by
dynamic light scattering (DLS) using a Malvern Zeta-
sizer  Nano-ZS  (Malvern  Instruments,  UK)  at  25  °C.
Samples were diluted with distilled water to obtain an
appropriate  scattering  intensity  before  measurement.
The PDI, which reflects the width of the size distribu-
tion, was automatically calculated by the instrument. A
lower PDI value indicates a more homogeneous parti-
cle  size  distribution.  All  measurements  were  carried
out  in  triplicate,  and  results  are  presented  as  mean ±
SD.

The  zeta  potential  (ZP)  was  determined  on  the
same instrument by electrophoretic mobility measure-
ments in double-distilled water. Each sample was ana-
lyzed  in  triplicate,  and  the  results  were  expressed  as
mean ± SD. A ZP value greater than ±30 mV was con-
sidered indicative of good colloidal stability [24].

2.4.3. In Vitro Drug Release
Drug release was evaluated using the membrane dif-

fusion  method  for  MET  aqueous  solution  and  CT-
S-MET-MSNPs. A cellulose membrane, pre-soaked in
phosphate-buffered saline (PBS, pH 7.4) for 24 h, was
loaded  with  1  mL  of  each  sample  (equivalent  to  0.4
mg/mL MET).  The membrane was then immersed in
100 mL PBS (pH 7.4) and incubated at 37 ± 0.5 °C un-
der  shaking at  50 rpm.  At  predetermined intervals,  5
mL aliquots were withdrawn and immediately replaced
with  fresh  PBS  to  maintain  sink  conditions.  The
amount of released MET was determined spectrophoto-
metrically  at  λ  max  234  nm.  Results  are  expressed  as
mean ± SD of three independent experiments [25].
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2.4.4. Transmission Electron Microscope (TEM)
The  morphology  of  MSNPs  and  CTS-MET-MS-

NPs was examined using transmission electron micros-
copy (TEM, JEM-2100, JEOL, Japan) operated at an
acceleration voltage of 80 kV. Samples were prepared
by diluting nanoparticle dispersion in ethanol, placing
one drop on a carbon-coated copper grid, and allowing
it to air-dry. The dried samples were negatively stained
with 2% (w/v) phosphotungstic acid, dried again, and
then imaged under TEM.

2.4.5.  Fourier  Transform  Infrared  Spectroscopy
(FTIR)

FTIR spectra were recorded for chitosan, MET, MS-
NPs, MET-MSNPs, and CTS-MET-MSNPs. For each
analysis, 2 mg of sample was mixed with dry KBr and
compressed into a pellet. Spectra were obtained using
a  Shimadzu  IR Affinity  spectrometer  (Shimadzu,  Ja-
pan) over the range 400-4000 cm−1 [26].

2.5. Animal Experimentation
Thirty-five  Wistar  male  rats  (approximately

110-120  g  in  weight)  were  purchased  from  the  Nile
Pharmaceutical Company, Cairo, Egypt. All rats were
allowed to adapt in cages for a week before starting the
experiment.  Rats  with evidence of  renal  dysfunction,
systemic disease, infection, or physical abnormalities
before  treatment  initiation  were  excluded  from  this
study. Rats were kept in cages at a temperature of 25 ±
2°C with a light and dark cycle. Animals were random-
ly allocated to experimental groups using a simple ran-
domization method based on a computer-generated ran-
dom  number  table,  ensuring  equal  group  sizes.  The
rats in cages were accommodated with free access to
water and food.

All animal experiments were carried out according
to the guidelines of the ethical committee in the Facul-
ty  of  Pharmacy  at  MSA  University  (ethical  code:
PB37/REC37/2024P). This study adheres to internatio-
nally accepted standards for animal research, following
the 3Rs principle. The ARRIVE guidelines were em-
ployed  for  reporting  experiments  involving  live  ani-
mals, promoting ethical research practices. The use of
male Wistar rats, a well-established model for cisplat-
in-induced  nephrotoxicity,  supports  internal  validity
and allows comparison with a substantial body of pre-
clinical literature. Key pathological features observed
in this model, including oxidative stress, inflammation,
and tubular injury, closely resemble those reported in
human  cisplatin-associated  acute  kidney  injury,
suggesting  biological  relevance.

2.6. Experimental Design
Thirty-five male Wistar rats were randomly divided

into seven equal groups (n = 5 per group) and housed
in separate cages using a computer-generated random
sequence to ensure unbiased sample distribution. The
sample  size  (n=5  per  group,  total  N=35)  was  deter-
mined  a  priori  using  G*Power  software  (version
3.1.9.7).  A  one-way  fixed  effects  ANOVA was  used
with an effect size f = 0.95, alpha = 0.05, and power
(1-beta)  = 0.95.  This effect  size was estimated based
on preliminary data  showing a  projected 40% differ-
ence in serum creatinine between the Cis-intoxicated
and MET-treated groups. The groups were assigned as
follows:  Group  1:  served  as  the  control  group  (con-
trol); it was used to establish baseline physiological pa-
rameters for comparison with cisplatin-induced pathol-
ogy and received distilled water orally and was inject-
ed  with  normal  saline  once  a  week  for  4  weeks  in-
traperitoneally (i.p). For treatment groups, as shown in
Fig. (1a), treatment started on the day of the first cis-
platin  injection  Group  2:  Cisplatin-intoxicated  group
(Cis) rats were injected with 2 mg/kg of cisplatin week-
ly for 4 weeks intraperitoneally. The cisplatin dosage
regimen (2 mg/kg weekly, cumulative 8 mg/kg) was se-
lected to induce a model of chronic-like progressive re-
nal injury rather than a single-dose acute insult, allow-
ing for  the evaluation of  the long-term protective ef-
fects  of  the  nano-formulations.  Group  3:  intoxicated
group treated with metformin; treatment started on the
day of the first cisplatin injection (Cis + MET) with a
dose of 200 mg/kg MET by oral  gavage daily for 28
days and injected with 2 mg/kg of CIS i.p weekly for 4
weeks. Group 4: intoxicated group treated with ellipti-
cal metformin MSNPs (Cis + MET-MSNPs-elliptical),
Rats received MET-loaded MSNPs delivering 40 mg
MET/kg/day (corresponding to 200 mg NP/kg/day; LC
= 20% due to morphological variations in entrapment
efficiency, initial drug-to-carrier feeding ratios were ad-
justed to yield a uniform final loading capacity of 20%
across all  formulations.)  by oral  gavage for 4 weeks,
the 40 mg/kg dose in the nano-formulation was chosen
to demonstrate the dose-sparing effect (enhanced poten-
cy at lower concentrations) compared to the standard
200 mg/kg dose of free MET, The 40 mg/kg nano-for-
mulation dose represents  a  5-fold reduction (1/5th)  of
the standard free MET dose (200 mg/kg), This dose-s-
paring strategy was selected based on established litera-
ture  demonstrating  that  polymeric  and  silica-based
nanocarriers significantly enhance the gastrointestinal
retention, sustained release, and oral bioavailability of
metformin,  thereby  achieving  equivalent  or  superior
pharmacodynamic outcomes at reduced active concen-
trations  [27,  28].  This  served  as  a  direct  test  of  the
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nanocarriers' ability to enhance bioavailability and ther-
apeutic  index,  in  addition  to  cisplatin  (2  mg/kg,  i.p.,
once weekly for 4 weeks “The nanoparticle dose was
calculated  according  to  the  equation:  “Administered
NP  dose  (mg/kg)  =  MET-equivalent  dose  (mg/kg)  ÷
LC. Thus, 40 ÷ 0.20 = 200 mg NP/kg/day”. Group 5:
intoxicated group treated with rounded metformin MS-
NPs  (Cis  +  MET-MSNPs-rounded),  Rats  received
MET-loaded  MSNPs  delivering  40  mg  MET/kg/day
(corresponding to 200 mg NP/kg/day; LC = 20%) by
oral  gavage  for  4  weeks,  in  addition  to  cisplatin  (2
mg/kg, i.p., once weekly for 4 weeks). Group 6: intoxi-
cated group treated with elliptical CTS-MET-MSNPs
(Cis  +  CTS-MET-MSNPs-elliptical),  Rats  received
MET-loaded  MSNPs  delivering  40  mg  MET/kg/day
(corresponding to 200 mg NP/kg/day; LC = 20%) by
oral  gavage  for  4  weeks,  in  addition  to  cisplatin  (2
mg/kg, i.p., once weekly for 4 weeks). Group 7: intoxi-
cated  group  treated  with  rounded  CTS-MET-MSNPs
(Cis  +  CTS-MET-MSNPs-rounded).  Rats  received
MET-loaded  MSNPs  delivering  40  mg  MET/kg/day
(corresponding to 200 mg NP/kg/day; LC = 20%) by
oral  gavage  for  4  weeks,  in  addition  to  cisplatin  (2
mg/kg, i.p., once weekly for 4 weeks). Intraperitoneal
injections and oral gavage were carried out using ap-
propriate  techniques  and  volumes  to  reduce  discom-
fort. By the end of the experiment, rats were anesthe-
tized  with  isoflurane  to  collect  blood  samples  from
rats. All samples were then centrifuged at 3000 r/min
for 20 min. Then, rats were euthanized by cervical dis-
location under deep anesthesia, in accordance with ac-
cepted humane practices. All kidneys were harvested
from all groups for biochemical, histopathological, and

immunohistochemical  analyses.  To  ensure  unbiased
analysis,  histopathological  and immunohistochemical
assessments were performed by a pathologist who was
blinded to the experimental group assignments. No un-
expected adverse events, procedure-related injuries, or
treatment-related mortalities occurred during the study.
No adverse reactions attributable to metformin or nano-
particle  formulations  were  observed.  Predefined  hu-
mane  endpoints  were  established  before  study  initia-
tion. Animals were monitored for clinical signs of dis-
tress,  including  excessive  body  weight  loss  (>20%),
persistent lethargy, abnormal posture, reduced mobili-
ty, impaired grooming, dehydration, and reduced food
or water intake. Monitoring was performed daily, with
body  weight  recorded  weekly.  Animals  reaching  hu-
mane  endpoint  criteria  were  to  be  immediately  re-
moved from the study and humanely euthanized to pre-
vent unnecessary suffering. For molecular quality con-
trol, isolated RNA purity was verified via spectropho-
tometry  (A260/280  ratio:  1.8-2.0),  and  RT-PCR  was
performed in triplicate with internal normalization. Fur-
thermore,  to  ensure  the  quality  of  histopathological
and  immunohistochemical  data,  analysis  was  per-
formed by a blinded pathologist to prevent observer-re-
lated bias.

2.7. Biochemical Analysis

2.7.1. Assessment of Renal Function Tests
Urea and creatinine  levels  were  assayed in  serum

using  specific  diagnostic  kits  (Biodiagnostics,  Giza,
Egypt).

Fig. (1a). Schematic of the experimental timeline. Rats were acclimatized for 7 days. Starting at Day 0, Cisplatin (2 mg/kg)
was administered intraperitoneally (i.p.) once weekly for 4 weeks. Treatment groups received daily oral gavage of MET or
MET-nanoparticles simultaneously for 28 days. Terminal euthanasia and sample collection occurred on Day 29. (A higher reso-
lution / colour version of this figure is available in the electronic copy of the article).
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2.7.2. Assessment of Oxidative Stress Markers
Lipid peroxidation products were measured by the

thiobarbituric  acid  (TBA)  test  to  determine  malon-
dialdehyde (MDA) levels in renal tissue homogenates.
In addition, reduced glutathione (GSH) was assayed us-
ing the dithio-binitrobenzoic acid method. Finally, su-
peroxide dismutase (SOD) activity was determined in
renal homogenates using a commercial kit (Biodiagnos-
tics, Egypt).

2.7.3.  Assessment  of  Inflammatory  and  Apoptotic
Markers

Interleukin-1β  (IL-1β),  transforming  growth  fac-
tor-β1 (TGF-β1), and tumor necrosis factor-α (TNF-α)
were quantified in renal tissue homogenates using en-
zyme-linked immunosorbent assay (ELISA) kits (My-
Biosource,  Inc.,  San  Diego,  USA)  according  to  the
manufacturer’s  instructions.  Additionally,  apoptotic
markers,  including  caspase-3  and  kidney  injury
molecule-1 (KIM-1), were determined by ELISA (Bio-
Source Int., San Diego, USA).

2.7.4.  Assessment  of  AMPK, PI3K,  Akt,  and mTOR
Gene  Expression  in  Renal  Tissue  Homogenate  via
Quantitative  Real-time  Polymerase  Chain  Reaction
(qPCR)

To estimate the changes in mRNA gene expression
for  AMPK,  PI3K,  Akt,  and  mTOR,  TRIzol  reagent
(Life Technologies, USA) was used to isolate the total
RNA from 60 mg of renal tissue. Consequently, the re-
verse  transcriptase  (Invitrogen)  enzyme  was  used  to
make the first strand of complementary DNA (cDNA)
using  a  1  mg  RNA  template.  The  RT-PCR  was  per-
formed  in  a  StepOnePlus  thermal  cycler  (Applied
Biosystems, Waltham, MA, USA) using the Sequence
Detection Software [29]. Relative gene expression lev-
els were calculated using the 2-ΔΔCt method. First, the
Ct  values  of  the  target  genes  (AMPK,  PI3K,  Akt,
mTOR) were normalized to the Ct of the internal con-
trol (beta-actin) to obtain Δ Ct. Then, the Δ Ct of the
treatment groups was compared to the Δ Ct of the con-
trol  group  to  calculate  Δ  Ct.  All  collected  samples
were  allowed  to  run  in  triplicate,  and  cDNA  levels
were  normalized  to  β-Actin  using  specific  primers
(Table  1).

2.8. Histopathological Assessment of Renal Tissue
A histological assessment was performed on kidney

tissues from all studied groups to clarify and investi-
gate the histological changes that were induced by cis-
platin and other  treatments.  The kidney tissues of  all
studied  groups  were  first  fixed  in  10%  formalin,

embedded  in  paraffin,  then  sliced  into  sections  at  a
thickness of 5 μm, and finally stained with H&E [30].
Briefly, the determination of the severity of renal dam-
age was assessed according to the presence of these cri-
teria:  degeneration  of  the  tubular  epithelium  and
glomeruli,  infiltration  and  necrosis  of  the  glomeruli
and  tubular  cells,  and  interstitial  renal  fibrosis.
Table 1. Primers used in RT-PCR.

AMPK
F: 5′-TGATGACCATGTGCCAAC-3′

R: 5′-CCCTGATATCTTTGATTGTGG-3′

PI3K
F: 5′-AGATGAGTGACCGAGGAGGT-3′
R: 5′-CAAAACCAGCCAGAGGCACT-3’

Akt
F: 5′-CTCTTTCCAGACCCACGACC-3′

R: 5′-ACAGGTGGAAGAACAGCTCG-3′

mTOR
F: 5′-CTTGCTGAACTGGAGGCTGATGG-3′
R: 5′-CCGTTTTCTTATGGGCTGGCTCTC-3′

β-Actin
F: 5′-GGTGAAGGTGACAGCAGT-3′
R: 5′-TGGGGTGGCTTTTAGGAT-3′

 

2.9.  Immunohistochemistry  Assessment  of  P  53  in
Renal Tissue

Briefly, renal tissues were sliced into sections of 5
µm  thickness  and  exposed  to  deparaffinization,  fol-
lowed by a heat-induced antigen retrieval process and
the blocking of endogenous peroxidase. After washing,
the renal tissues were then incubated with primary anti-
bodies (1:100 anti-P53, Santa Cruz Biotechnology In-
c.) in PBS overnight. Subsequently, HRP-labelled se-
condary antibodies (Abcam, UK) were applied for 30
min after another wash. A DAB substrate kit was final-
ly used for the development of color, and counterstain-
ing with Mayer's hematoxylin was applied [31].

2.10. Statistical Analysis
Sample size was determined a priori using G*Pow-

er  software  (version  3.1.9.7)  for  a  one-way  fixed  ef-
fects ANOVA. The calculation was based on a large ef-
fect size f = 0.95 (derived from preliminary pilot data
which showed significant separation between MET-M-
SNPs and control groups), alpha = 0.05, and power (1-
\beta) = 0.95, yielding a total N = 35 (n = 5 per group).
All data are expressed as mean ± SEM. The normality
of  data  distribution  was  verified  using  the  Shapiro-
Wilk test. Differences between the control group and
the  six  experimental  treatment  groups  were  analyzed
using  one-way  analysis  of  variance  (ANOVA).  To
identify specific inter-group differences (e.g., MET-M-
SNPs  vs.  free  MET),  Tukey’s  post-hoc  test  was  em-
ployed; this test was selected to strictly control the fam-
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ily-wise error rate across the multiple pairwise compari-
sons. Statistical significance was set at P < 0.05, with
higher levels of significance denoted as P < 0.01 and P
< 0.001  where  applicable.  All  calculations  were  per-
formed  using  GraphPad  Prism  software  version  6.0
(La  Jolla,  CA,  USA).”

3. RESULTS

3.1.  Characterization  of  Metformin-loaded  Meso-
porous Silica Coated with Chitosan (CTS-MET-MS-
NPs)

The  physicochemical  properties  of  the  prepared
nanoparticles are summarized in Table 2. Both ellipti-
cal and rounded bare MSNPs exhibited mean particle
sizes around 50 nm with low PDI values (<0.25), re-
flecting  a  uniform size  distribution.  Upon metformin
loading, particle size increased slightly for both shapes
(49.7 ± 1.2 to 51.2 ± 1.5 nm for elliptical; 52.7 ± 1.3 to
90.1 ± 4.5 nm for rounded). The increase was more pro-
nounced in rounded MSNPs, suggesting shape-related
differences in drug-carrier interaction.

Chitosan  coating  markedly  increased  particle  size
in  both  shapes,  with  CTS-MET-MSNPs-elliptical
reaching 180.4 ± 3.6 nm and CTS-MET-MSNPs-round-
ed 103 ± 2.6 nm. The coating also increased PDI val-
ues  (>0.3),  consistent  with  broader  size  distributions
typically associated with polymer-modified nanocarri-
ers. Free MSNPs showed negative zeta potentials of ap-
proximately  -19  mV,  related  to  their  surface  silanol
groups.  Metformin  loading  caused  partial  neutraliza-
tion of this charge (-15.0 mV and -9.0 mV for elliptical
and  rounded,  respectively),  which  is  consistent  with
the electrostatic interactions between the anionic silica
surface and cationic metformin. The chitosan coating
also shifted the zeta potential to positive values (+10.0
mV for elliptical; +34.0 mV for rounded), proving the
successful colloidal stability and surface modification.

Entrapment  efficiency  (EE)  changed  significantly
between  the  two  geometries:  MET-MSNP-rounded
nanoparticles achieved ~43% EE, which was approxi-
mately four-fold higher than that of MET-MSNP-ellip-
tical nanoparticles (~10%).

3.2. Structural Analysis of CTS-MET-MSNPs

3.2.1.  Fourier  Transform  Infrared  Spectroscopy
(FTIR)

FTIR spectroscopic analysis was carried out to in-
vestigate the chemical composition of the nanocarriers
and confirm drug-polymer-silica interactions. The spec-
trum of bare MSNPs showed the typical silica frame-
work  peaks:  a  broad  band  around  3460  cm−1  (O-H
stretching), a strong band at 1110 cm−1 (Si-O stretch-
ing), and a peak at 815 cm−1 (Si-O symmetric stretch-
ing) (Fig. 1b). Chitosan displayed characteristic absorp-
tion bands at 3596 cm−1,  3420 cm−1,  1655 cm−1,  1589
cm−1, 1380 cm−1, and 1150 cm−1, corresponding to hy-
droxyl,  amine,  amide,  and  methyl  functional  groups
(Fig.  1b)  [32,  33].  Metformin  exhibited  distinctive
peaks at 3445.98 cm−1 (N-H stretching), 2080.31 cm−1

(C=N  stretching),  1632.69  cm−1  (C=O  stretching),
1113.23 cm−1 (C-N stretching), and 619.60 cm−1 (N-H
bending),  consistent  with  its  reported  structure  (Fig.
1b) [32].

The spectrum of CTS-MET-MSNPs showed the co-
existence of these characteristic peaks, confirming the
successful incorporation of both chitosan and metfor-
min into the silica matrix [33]. Importantly, broaden-
ing and slight shifts of silica-related bands, particularly
the Si-O stretching vibration, suggested possible hydro-
gen bonding and electrostatic interactions between the
silica surface and the incorporated molecules (Fig. 1b).
These spectral shifts support the successful coating of
MSNPs and are consistent with earlier reports of CH
of nanoparticle systems [34, 35].

Table 2. Physicochemical properties of prepared nanoparticles. Data points represent mean values ± standard deviation
(SD) of triplicate measurements (n=3).

Particle Size (nm) ± SD PDI ± SD Zeta Potential (ZP)
(mV) ± SD

Entrapment Efficiency
(EE%) ± SD

MSNP-elliptical 49.7 ± 1.2 0.24 ± 0.03 -19.2 ± 0.8 NA
MET-MSNP-elliptical 51.2 ± 1.5 0.32 ± 0.04 -15.0 ± 0.9 10.42 ± 0.52

CTS- MET-MSNP-elliptical 180.4 ± 3.6 0.53 ± 0.06 10.0 ± 1.0 10.73 ± 0.54
MSNP-Rounded 52.7 ± 1.3 0.19 ± 0.02 -19.7 ± 0.7 NA

MET-MSNP-Rounded 90.17 ± 4.5 0.43 ± 0.05 -9.0 ± 0.9 43.21 ± 2.16
CTS- MET-MSNP-Rounded 103 ± 2.6 0.32 ± 0.04 34.0 ± 1.7 42.69 ± 2.13
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Fig. (1b). Spectra were recorded over the range 400-4000 cm−1 using the KBr pellet method to confirm chemical composition
and drug-polymer-silica interactions. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).

3.2.2. Transmission Electron Microscopy (TEM)
TEM analysis showed that rounded MSNPs with an

average size of ~50 nm, were consistent with the mea-
surements of DLS (Fig. 2A). The defined porous chan-
nels of the silica matrix lead to their mesoporous na-

ture  that  is  considered  essential  for  enhancement  of
drug loading owing to their pore volume and high sur-
face area [36]. After chitosan coating, nanoparticles ex-
hibited a rounded morphology but showed an average
larger diameter of ~110 nm (Fig. 2B), as confirmed al-
so by the DLS measurements.

Fig. (2). (A) Bare rounded MSNPs showing a mesoporous framework (~50 nm). (B) CTS-coated MSNPs exhibiting an in-
creased diameter (~110 nm). Imaging was performed at an acceleration voltage of 80 kV using negative staining with 2% phos-
photungstic acid. (A higher resolution / colour version of this figure is available in the electronic copy of the article).



A Potential Therapeutic Strategy Against Cisplatin-Induced Nephrotoxicity Current Medicinal Chemistry, XXXX, Vol. XX, No. XX   9

3.3. in vitro Release Behavior of CTS-MET-MSNP
Nanoparticles

Previous studies on drug release were done at pH
7.4 to mimic physiological conditions. Free MET solu-
tion showed a significant release, with about 100% re-
lease finished within 30 minutes (Fig. 3). On the other
hand, MET-MSNPs revealed a better sustained release,
with about ~80% of MET released after 4 h, showing
the gradual diffusion of drug molecules via the meso-
porous silica nanoparticles. The CTS-MET-MSNPs for-
mulation exhibited the best prolonged release profile,
releasing only about ~84% of the drug over 24 h, re-
flecting the essential influence of the chitosan coating
on drug diffusion retarding.

Kinetic modeling also supported these results, with
the CTS-MET-MSNP results  best  fitting the Higuchi
model  (R2  =  0.998),  which  indicated  diffusion-con-
trolled release. To match the acidic lysosomal environ-
ment that is (pH ≈ 5-6) that occurs after kidney uptake,
the release was also detected at pH 5.5 (Fig. 3). Inter-
estingly, while free metformin exhibited comparable re-
lease at both pH values, MET-MSNPs demonstrated a
faster  release  under  acidic  conditions  (~70% in  2  h).
Likewise,  CTS-MET-MSNPs  released  metformin
more rapidly at pH 5.5 than at pH 7.4, though still in a
sustained manner. The release kinetics again followed
the Higuchi model (R2 = 0.997), confirming diffusion
as the dominant release mechanism even under acidic
conditions [37].

3.4. Biochemical Analysis

3.4.1. MET and CTS-MET-MSNP Improved Kidney
Function Tests

To assay kidney dysfunction that is induced by Cis,
in  our  study  the  serum  levels  of  urea  and  creatinine
were  measured  in  rats  treated  with  MET,  MET-MS-
NPs  rounded  and  elliptical  nanoparticles  and  CT-
S-MET-MSNPs  rounded  and  elliptical  nanoparticles.
As illustrated in Fig. (4), the induction of rats by Cis
caused a significant increase in both serum urea (58.4
±1.5  mg/dl)  and  creatinine  (32.6  ±  2.1  mg/dl)  com-
pared to the control group (44.5 ± 0.8 mg/dl and 8.6 ±
0.9 mg/dl, respectively). Administration of MET with
Cis attenuated serum urea (52.8 ±1.9 mg/dl) and creati-
nine (18.8 ± 8.4 mg/dl) significantly (P < 0.05). Addi-
tionally, the CIS + MET-MSNPs group significantly re-
duced serum creatinine levels (P < 0.05) compared to
the cisplatin group, with rounded and elliptical forms
reaching 18.2 ± 0.6 mg/dl and 21.7 ±1.8 mg/dl, respec-
tively. Rats treated with either the rounded or elliptical
CTS-MET-MSNPs exhibited a substantial alteration in
kidney  function  tests,  as  evidenced  by  a  more  pro-
nounced reduction in serum creatinine (P < 0.05), spe-
cifically reaching 13.4 ±1.7 mg/dl for the rounded CT-
S-MET-MSNPs, which represents a nearly 60% reduc-
tion in creatinine compared to the Cis group, consistent
with the pH-responsive release and protective perfor-
mance of the CTS-modified nanocarrier system.

Fig.  (3).  Release  was  monitored  at  pH  7.4  (physiological)  and  pH  5.5  (acidic/lysosomal)  using  the  membrane  diffusion
method. Data are expressed as mean ± SD of three independent experiments (n=3). (A higher resolution / colour version of this
figure is available in the electronic copy of the article).
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Fig. (4). Serum levels of Urea and Creatinine were measured via diagnostic kits. Data are presented as mean ± SEM (n=5). Sta-
tistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test: aP < 0.05 vs. control group, bP <
0.05 vs. cisplatin (Cis) group, cP < 0.05 vs. free MET-treated group. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

3.4.2. MET and CTS-MET-MSNP Counteract Cis-In-
duced Renal Oxidative Stress

Administration  of  cisplatin  exhibited  prominent
oxidative stress in kidney tissues, which is indicated by
a  considerable  increase  in  MDA  levels  (71.2  ±1.8
µmol/g tissue) (P < 0.05) and a significant suppression
in  SOD  (43.8  ±1.9  U/mg  protein)  and  GSH  activity
(25.4 ±2.3 mmol/mg tissue) (P < 0.05) relative to the
control group (38.5 ±1.3 µmol/g, 81.6 ±1.9 U/mg, and
74.5 ±3.1 mmol/mg, respectively), indicating the pres-
ence of oxidative damage. On the contrary, administra-
tion of MET to Cis-treated rats did not significantly res-
tore the renal MDA (69.2 ±1.2 µmol/g) and SOD lev-
els (43.8 ±0.6 U/mg) (P < 0.05). Regarding SOD lev-
els (P < 0.05), the Cis + MET-MSNPs rounded groups
revealed  a  significant  elevation  in  renal  tissue  (57.4
±1.5 U/mg) when compared to the Cis group; while ad-
ministration with Cis and CTS-MET-MSNPs rounded
nanoparticles exhibited a potential antioxidant activity
in kidney tissues (SOD: 66.4 ±1.6U/mg; GSH: 64.2 ±
0.9  mmol/mg)  compared  to  the  Cis  +  MET-MSNPs

and Cis groups (Fig. 5). Notably, the CTS-MET-MS-
NPs formulations (rounded and elliptical) exhibited su-
perior antioxidant effects, which may be attributed to
the  structural  design  and  surface  functionalization  of
the nanocarrier that were previously optimized for sta-
bility, controlled release, and enhanced potential for re-
nal tissue interaction. This enhanced effect is consis-
tent  with the reported anti-inflammatory and antioxi-
dant activities of both chitosan and metformin, suggest-
ing a possible synergistic contribution from the drug-
polymer combination. Furthermore, the selection of a
40 mg/kg dose for the nano-formulations (representing
a 5-fold reduction compared to free MET) proved that
nanoengineered delivery systems can significantly en-
hance the therapeutic index of drugs. For instance, chi-
tosan-coated MSNPs have been shown to improve bioa-
vailability and reduce acute oral toxicity by providing
sustained release and protecting the payload from rapid
systemic clearance. Consequently, such systems allow
for effective therapeutic outcomes at significantly low-
er  doses  compared  to  free  formulations.  In  addition,
the nanocarrier design is shown in Fig. (5).
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Fig. (5). Levels of Malondialdehyde (MDA), Superoxide Dismutase (SOD), and Reduced Glutathione (GSH) in kidney tissue
homogenates. Data are presented as mean ± SEM (n=5). Statistical significance was determined by Tukey’s post-hoc test: aP <
0.05 vs. control group, bP < 0.05 vs. cisplatin (Cis) group, cP < 0.05 vs. free MET-treated group. (A higher resolution / colour
version of this figure is available in the electronic copy of the article).

3.4.3. MET and CTS-MET-MSNP Mitigate the Eleva-
tion  of  the  Inflammatory  Cytokines  and  Apoptotic
Factors;  TGF-β1,  TNF-α,  IL-1β  and  Caspase-3

In comparison with the control group (TNF-α: 24.8
±0.6  pg/mg;  IL-1β:  45.2  ±0.4  pg/mg;  TGF-β1:  1.35
±0.14ng/mg), the levels of TGF-β1, TNF-α, and IL-1β
were significantly elevated in the Cis group (2.7 ±0.1
ng/mg, 121.3 ±3.1 pg/mg, and 122.3 ±2.8 pg/mg, re-
spectively). However, the alterations in the levels of in-

flammatory  mediators  in  the  MET-treated  group
showed substantially reduced levels when compared to
the  Cis  group.  Administration  of  rounded  CT-
S-MET-MSNPs caused a significant suppression in in-
flammatory cytokine levels (P < 0.05) compared to the
Cis and MET-treated groups (Fig. 6), with a better ef-
fect  for  rounded  nanoparticles  relative  to  elliptical
ones; specifically, rounded CTS-MET-MSNPs reduced
TNF-α  to  52.8  ±1.8  pg/mg,  representing  a  56%  de-
crease compared to the Cis group.
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Fig. (6). Contd....
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Fig. (6). TGF-β1, TNF-α, IL-1β, Caspase-3, and KIM-1 levels were quantified via ELISA. Data are mean ± SEM (n=5). Statis-
tical significance was determined by Tukey’s test: aP < 0.05 vs. control group, bP < 0.05 vs. cisplatin (Cis) group, cP < 0.05 vs.
free MET-treated group. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

In order to investigate the apoptotic effect of Cis,
we assayed the content of caspase-3 in renal tissue us-
ing the ELISA technique, where Cis caused a higher el-
evation  of  the  caspase-3  level  (3.6  ±0.14  ng/g)  com-
pared to the control group (1.8 ±0.19 ng/g). Remarkab-
ly, a significant anti-apoptotic activity was observed in
the  Cis  +  CTS-MET-MSNPs  rounded  nanoparticles
group (2.0 ±0.09 ng/g) relative to the Cis + MET-MS-
NPs elliptical nanoparticles group (2.8 ±0.08 ng/g; P <
0.05). Administration of either MET or MET-MSNPs
alone also reduced the level of caspase-3 significantly
relative to the Cis group. Additionally, CTS-MET-MS-
NPs extensively reduced KIM-1 levels when adminis-
tered  in  combination  with  Cis  (P  <  0.05),  reaching
126.4  ±2.8  pg/mg  for  the  rounded  CTS  form—and
caused better activity relative to the Cis + MET group
(144.5 ±2.6 pg/mg; P < 0.05). Unexpectedly, rats treat-
ed with either rounded MET-MSNPs or the elliptical
form at the same dose revealed a significant reduction
in KIM-1 levels relative to the Cis group (P  < 0.05).
These results highlighted the enhanced protective activ-
ity of MET in both the free form and rounded loaded
nanoforms.

3.4.4.  The  effect  of  MET and  CTS-MET-MSNP on
the AMPK/PI3K/Akt and mTOR signaling pathways
in renal tissue

Fig. (7) showed that the gene expression of AMPK,
PI3K and Akt were significantly activated after Cis in-
toxication (P < 0.05), reaching relative expression lev-
els of 4.12 ±0.12, 4.84 ±0.11, and 4.42 ±0.12, respec-
tively, compared to the control group (0.72 ±0.17, 0.85
±0.10, and 1.18 ±0.10, respectively). Remarkably, the
gene expression of the mammalian target of rapamycin
(mTOR)  was  reduced  in  the  tissue  of  the  Cis  group
(1.08 ±0.14) relative to control rats (3.81 ±0.10). Addi-
tionally, the administration of MET and CTS-MET-M-
SNP alleviated the toxicity of Cis and showed a signifi-
cant  reduction  (P  <  0.05)  in  the  gene  expression  of
AMPK/PI3K/Akt—with  free  MET  reaching  3.24
±0.16, 4.11 ±0.09, and 4.23 ±0.15, respectively—allevi-
ating this signaling pathway as well as enhancing the
expression of mTOR. It is worth mentioning that round-
ed CTS-MET-MSNP showed a substantial reduction in
the genetic expression of this signaling pathway rela-
tive to the MET group. It is obvious in our study that
rounded CTS-MET-MSNP showed a substantial reduc-
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tion  (P  <  0.05)  in  the  expression  of  the  AMP-
K/PI3K/Akt  pathway  (1.48  ±0.07,  2.38  ±0.14,  and
1.89 ±0.06, respectively) relative to the elliptical nano-
particles (2.56 ±0.10, 3.45 ±0.07, and 3.27 ±0.19, re-

spectively), indicating its antiapoptotic and autophagy
regulation  capabilities.  Furthermore,  rounded  CT-
S-MET-MSNPs showed the highest efficacy in restor-
ing mTOR levels to 3.35 ±0.09, representing a signifi-
cant recovery in effect magnitude.

Fig. (7). Relative mRNA levels were determined via qPCR and normalized to β-actin using the 2-ΔΔCt method. Data are mean ±
SEM (n=5). Statistical significance: aP < 0.05 vs. control group, bP < 0.05 vs. cisplatin (Cis), cP < 0.05 vs. free MET-treated
group. (A higher resolution / colour version of this figure is available in the electronic copy of the article).
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3.5. MET and CTS-MET-MSNP Protect the Histo-
logical Structure of the Kidney Tissue

Histopathological  changes  of  the  kidneys  of  rats
were considered to investigate the ability of MET, ei-
ther free or in loaded nanoform to protect the kidneys
from the damaging effects of Cis. Examination under
the  microscope  of  renal  tissues  in  the  control  group
showed normal histological structure of both renal cor-
tex and medulla (Fig. 8A).The rat intoxicated with Cis
showed mononuclear inflammatory cell infiltration and
fibroplasia in the renal cortex. Renal tubular degenera-
tion and necrosis  were frequently  observed.  Some of
the  examined  sections  showed  marked  hemorrhage
with  renal  tubular  necrosis  (Fig.  8B).  Moreover,  the
kidneys of rats treated with MET exhibited moderate
improvement; some of the examined sections showed
small multifocal aggregations of mononuclear inflam-
matory cells in both renal cortex and medulla. In other
groups of rat kidneys treated with rounded and ellipti-
cal  MET-MSNP,  the  kidney  tissue  sections  showed
moderate protection from cisplatin-induced renal dam-
age,  as  the  renal  tubular  degeneration  was  alleviated
with the presence of small focal aggregates of mononu-
clear  inflammatory  cells  in  some  instances  (Fig.  8D
and E). In comparison, CTS-MET-MSNP treatment re-
vealed a marked protective action was noticed as most
of the examined sections were apparently normal, with
a more significant protective effect for rounded nano-
particles relative to elliptical ones (Fig. 8F and G).

3.6.  MET  and  CTS-MET-MSNP  Attenuate  p53
Gene Expression in Kidney Tissue

p53 is a tumor suppressor protein that exerts an im-
portant role in the regulation of apoptosis. Cis induced
a greater elevation in the expression of p53 when com-
pared to the control group (Fig. 9).To confirm the ef-
fect of MET on the changes induced in the expression
of p53, we further investigated the expression of p53,
which decreased with MET administration. Additional-
ly, the level of p53 gene expression in the rounded CT-
S-MET-MSNP group is significantly reduced relative
to the MET and elliptical CTS-MET-MSNP group (P
<0.05). Consequently, the antiapoptotic effect of kid-
ney tissue was investigated by immunohistochemical
staining. Consequently, the results indicated that MET
in both free form and rounded-loaded nanoforms atten-
uated apoptosis under Cis exposure.

4. DISCUSSION
Metformin is one of the most common treatments

for type 2 diabetic patients; it may reduce carcinogene-
sis /nephrotoxicity via activation of the AMPK signal-

ing  pathway.  Additionally,  previous  studies  revealed
that metformin can stop cell apoptosis through autopha-
gy induction in cell culture of tubular cells [38]. Thus,
it is possible that metformin can protect against cisplat-
in-induced nephrotoxicity by activating autophagy in
tubular epithelial cells.

Cisplatin is known as the most common anticancer
drug in treating many cancers; however, its side effects
on several organs have restricted its application [39].
Kidney dysfunction is the most common side effect of
treatment with Cis [40]. In this study, we evaluated the
damaging activity of Cis on the kidney and the possi-
ble effect of MET in both free form and different load-
ed  nano-formulations.  Chitosan  is  a  natural
polysaccharide; it is known for its safety due to its bio-
compatible and biodegradable effects, which increase
its medical uses in drug delivery forms [41].

The design of the CTS-MET-MSNP carrier in our
study followed well-established principles,  aiming to
control enhanced tissue interaction and renal targeting.
CTS-MET-MSNP formulations  revealed  larger  parti-
cle sizes, with the rounded configuration reaching ap-
proximately 103 nm, likely due to the chitosan coating.
Given that nanoparticles slightly above 100 nm can ac-
cess  the  kidneys  through  secretion  from  peritubular
capillaries  into  the  proximal  tubules,  this  size  range
may support renal delivery potential. The higher PDI
values for CTS-MET-MSNP nanoparticles revealed a
wider particle size distribution. These results are con-
sistent with previous reports by [42], reflecting the gra-
dual  increase in the hydrodynamic diameter  after  the
chitosan coating of MSNPs. This chitosan layer con-
tributes to the overall nanoparticle size via the volume
of the coating itself. Additionally, chitosan-coated for-
mulations showed an increased PDI compared to their
uncoated  counterparts  [43].  Loading  MET  onto  MS-
NPs decreased their negative surface charge due to the
cationic  nature  of  MET.  These  findings  were  con-
firmed by previous  reports  by [44],  showing that  the
surface  modification  of  MSNPs  with  chitosan  can
cause a shift in the zeta potential from negative to posi-
tive values. This positive surface charge not only oc-
curs due to colloidal stability but also improves interac-
tion with the negatively charged renal membranes and
the glomerular capsule, thereby improving kidney up-
take [45]. The rounded geometry of both MET-MSNP
and  CTS-MET-MSNP  nanoparticles  revealed  im-
proved entrapment efficiency compared to the ellipti-
cal ones that was confirmed by other reports showing
higher  pore  accessibility  compared  to  the  elongated
ones [46]. The lower entrapment efficiency (~10%) of
the elliptical variant may be attributed to geometric
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Fig. (8). Contd...
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Fig. (8). (A) Control group (normal structure). (B) Cis group (necrosis, hemorrhage, and inflammation). (C) Cis + MET group
(moderate improvement). (D, E) MET-MSNP rounded/elliptical groups. (F, G) CTS-MET-MSNP elliptical/rounded groups
(marked protection). Images were captured at 400x magnification. (A); The kidney of a control rat showed normal structure (H
and E), (B) The kidney of a cisplatin-treated rat presented mononuclear inflammatory cell infiltration and fibroplasia in the re-
nal cortex. Renal tubular degeneration and necrosis were frequently observed. Some of the examined sections showed marked
hemorrhage with renal tubular necrosis (H and E), (C) Moreover, the kidneys of rats treated with MET exhibited moderate im-
provement, some of the examined sections showed small multifocal aggregations of mononuclear inflammatory cells in both re-
nal cortex and medu (H and E × 400), (D and E) the kidney tissue sections treated with rounded and elliptical MET-MSNP
showed moderate protection from cisplatin induced renal damage as the renal tubular degeneration was alleviated with exis-
tence of small focal aggregates of mononuclear inflammatory cells in some instances. (F) CTS-MET-MSNP-elliptical treat-
ment revealed marked protective action was noticed as most of the examined sections were apparently normal (H and E), and
(G) The kidney of the CTS-MET-MSNP-rounded treated rat showed normal renal tissues with congested intertubular blood
vessels with albuminous casts in the renal tubules (H and E). (A higher resolution / colour version of this figure is available in
the electronic copy of the article).

constraints and potential 'pore-end blocking' during the
loading process, which restricts drug diffusion into the
internal mesoporous channels. Beyond loading capaci-
ty, particle shape also plays an important role in biodis-
tribution and kidney targeting. Literature reports indi-
cate that rounded and short rod-shaped MSNs accumu-
late more effectively in renal tissues than elongated or
irregular morphologies, largely due to favorable hydro-
dynamic behavior and enhanced uptake within the re-
nal microenvironment. In this study, a 5-fold reduction
in the metformin dose (40\ mg/kg) was employed for
the nano-formulations compared to the free metformin
group (200\ mg/kg). While direct pharmacokinetic pro-
files  were not  established,  the significantly enhanced
renoprotective effects observed at this lower dose, evi-
denced  by  superior  reductions  in  KIM-1  and  pro-in-
flammatory markers, demonstrate a potent dose-spar-
ing effect. This is likely attributed to the mesoporous
structure and chitosan coating, which protect the cargo
from premature degradation and facilitate targeted in-

teraction with the renal glycocalyx, thereby increasing
the effective concentration at the site of injury despite
the lower systemic dose. Although the free MET group
received  200  mg/kg/day,  the  NP-treated  groups  re-
ceived a significantly lower metformin equivalent (40
mg/kg/day), justified by the enhanced bioavailability,
targeted renal  delivery,  and sustained release charac-
teristics  of  the  MSNP  and  CTS-MSNP  nanocarriers.
This reduced dose is consistent with previous reports
demonstrating superior pharmacokinetic performance
of nanoengineered metformin formulations [47]. Blank
(drug-free) MSNPs and CTS-MSNPs were not includ-
ed as a separate group because previous reports indi-
cate  good  biocompatibility  of  such  carriers.  For  ins-
tance, MacCuaig et al.  demonstrated minimal in vivo
toxicity of 25 nm chitosan-coated MSNs after repeated
injections in mice [48]. In vitro work by Zhang et al.
found no significant cytotoxicity for Cetuximab-modi-
fied silica nanoparticles loaded with ICG in breast can-
cer cells [49].
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Fig. (9). Contd....
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Fig. (9). Panels (A-G) show p53-positive immunoreactivity (brown staining) across groups (Scale bar = 100 µm). Panel (H)
represents the quantitative area % of p53 expression. Data are mean ± SEM (n=5). Statistical significance was determined by
Tukey’s post-hoc test: aP < 0.05 vs. control group, bP < 0.05 vs. cisplatin (Cis), cP < 0.05 vs. free MET-treated group. (A higher
resolution / colour version of this figure is available in the electronic copy of the article).

In light of the available evidence, the design of our
carrier system was guided by key parameters known to
enhance kidney targeting. Rounded nanoparticles were
selected since their geometry has been reported to pro-
mote  efficient  circulation,  facilitate  passage  through
the glomerular filtration barrier, and improve interac-
tion with renal tissues. In addition, surface functional-
ization with chitosan was introduced to confer a posi-
tive charge, which is expected to favor electrostatic in-
teractions with the negatively charged renal cell mem-
branes. Accordingly, our formulation strategy—round-
ed particles with CH coating—was deliberately chosen
to promote potential renal selectivity. The morphologi-
cal assessment of CTS-MET-MSNPs by TEM showed
the  successful  formulation  of  the  rounded  nanoparti-
cles  with  a  defined  mesoporous  structure.  After  chi-
tosan coating, a thin polymeric layer was observed on
the particle  surface  that  blocked the  pores,  reflecting
the effective adsorption of chitosan onto the silica ma-
trix via charge interactions and hydrogen bonding. The
FTIR spectra showed characteristic bands correspond-
ing to chitosan (-NH2 and -OH stretching vibrations) to-
gether with the Si-O-Si stretching of the silica formula-
tion.

In  terms  of  release  behavior,  the  release  of  MET
from  MET-MSNP  showed  biphasic  release  profiles
with an initial burst release followed by sustained re-

lease controlled primarily by diffusion from the porous
matrix [50]. Coating the MET-MSNP with chitosan ex-
hibited an extended-release profile at pH 7.4 relative to
pure  drug.  The  hydrophilic  nature  of  chitosan  facili-
tates the production of a hydrated gel-like barrier after
exposure to the aqueous medium that reduces drug mo-
bility and release, confirming the role of hydration of
the polymer in controlling diffusion rates [51].

In line with these results,  the in-vitro release pro-
files of MET from different formulations were fitted to
some kinetic  models  to investigate the release mech-
anism.  The  release  of  MET  from  MET-MSNPs
showed a biphasic profile with an initial burst followed
by a slow sustained release that fitted with the Higuchi
model (R2 = 0.71 at pH 7.4 and 0.63 at pH 5.5), which
confirms that the release process was diffusion-driven
via  the  mesoporous  framework.  However,  a  best  fit
was obtained from the Korsmeyer-Peppas model (R2 =
0.96 at pH 7.4 and 0.94 at pH 5.5), showing that MET
release followed an anomalous mechanism. On the con-
trary, the release behavior of CTS-MET-MSNPs was
better  indicated  by  the  Higuchi  (R2  =  0.95  at  pH 7.4
and 0.86 at pH 5.5) model, revealing a slightly superi-
or correlation. The chitosan coating played an essential
role in sustaining release, which is consistent with pre-
vious studies on chitosan-modified mesoporous carri-
ers [52].
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Beyond the physicochemical modifications, the bio-
logical  relevance  of  the  MET-MSNP system became
evident upon coating with chitosan, which further influ-
enced its protective role against cisplatin-induced toxic-
ity. Subsequently, the coating of MET-MSNP with chi-
tosan  was  effectively  able  to  mitigate  the  damaging
properties of Cis. The prevalence of kidney toxicity af-
ter induction with Cis mainly occurred due to inhibi-
tion of the defense mechanism and production of ROS.
These ROS control several signaling pathways, includ-
ing  cellular  necrosis.  Additionally,  Accumulation  of
ROS in the rat’s kidney tissue treated with Cis inhibit-
ed the antioxidant mitochondrial competence, leading
to elevated apoptosis of renal tissues [53]. This hypoth-
esis  is  indicated  in  our  present  study  by  elevation  of
MDA and reduction of SOD and GSH levels in the kid-
neys  of  the  Cis  group.  Administration  of  MET in  its
free or nano-formulation form to rats induced by Cis
didn’t restore significantly the MDA, SOD, and GSH
levels.  MET  is  considered  a  potential  scavenger  for
free radicals [54]. Notably, CTS-MET-MSNP demons-
trated  a  significantly  greater  antioxidant  effect  com-
pared with both free MET and MET-MSNP. This en-
hanced activity may be attributed to multiple synergis-
tic  mechanisms.  First,  surface  functionalization  with
chitosan, a cationic polymer, improves nanoparticle sta-
bility, cellular uptake, and tissue adhesion, facilitating
enhanced renal tissue interaction. Second, chitosan it-
self  possesses  well-documented  intrinsic  antioxidant
and anti-inflammatory properties [55], which may com-
plement  the  effects  of  MET.  Third,  the  sustained-re-
lease profile of MET from MSNPs ensures prolonged
drug availability at the target site, reducing rapid clear-
ance  and  maintaining  effective  antioxidant  activity.
Nephrotoxicity induced by Cis has been confirmed in
our study, as verified by an increase in serum creati-
nine  and  urea  levels.  These  changes  in  biochemical
markers are related to histopathological investigations.
Several histological alterations were detected, includ-
ing renal tubular degeneration and necrosis. Additional-
ly,  renal  uptake  of  cisplatin  is  regulated  via  several
transporters, resulting in a potential reduction in renal
function  and  cell  death  [56].  High  expression  of  cy-
tokines  in  our  study  including  IL-1β,  TGF-β1,  TNF,
caspase-3 a and KIM-1 which is a trans-membrane pro-
tein, these markers are considered as early markers for
diagnosis of tubular and glomerular injury caused by
damaged kidney tubules. Especially, KIM-1 is elevat-
ed earlier than other standard markers, including creati-
nine and urea. This suggests a synergistic effect arising
from the combined contributions of metformin’s intrin-
sic  bioactivity,  chitosan’s  reported  anti-inflammato-
ry/antiapoptotic potential, and the engineered nanopar-

ticle design (geometry + surface functionalization), as
also reflected in histopathological improvements. The
ability  of  CTS-MET-MSNP to  regulate  kidney  func-
tion  is  observed  by  a  significant  suppression  in  urea
and creatinine levels, together with a potential reduc-
tion of IL-1β, TGF-β1, and KIM-1 expression induced
by  Cis.  Similarly,  MET  in  free  or  loaded  nanoform
downregulated the expression of caspase-3 and TNF-α,
with more significant effects observed in CTS-MET-M-
SNP-treated groups compared to MET and MET-MSN-
P-treated groups.

To  further  investigate  the  downstream  conse-
quences of metabolic modulation, we evaluated the ex-
pression of P53. While traditionally viewed as a tumor
suppressor, P53 serves as a critical node in the AMP-
K/mTOR  signaling  network.  Furthermore,  P53  rein-
forces AMPK activation through the induction of Ses-
trins, which inhibit mTORC1 activity via the GATOR
complex. The upregulation of P53 in our study likely
reflects a coordinated cellular response to the modula-
tion of the AMPK/mTOR axis, contributing to the over-
all therapeutic efficacy of the MET-MSNP formulation
in regulating apoptosis. Apoptotic activation is linked
to activation of p53 in mitochondria, resulting in activa-
tion  of  caspase-3  and  initiation  of  apoptosis  through
oxidative  stress  signaling  pathways  [57].  Our  results
showed  that  cisplatin  administration  significantly
down-regulated mTOR expression, confirming a state
of severe cellular exhaustion, compromised protein syn-
thesis, and tubular cell death. Interestingly, treatment
with  CTS-MET-MSNP  significantly  restored  mTOR
levels toward control values by successfully stimulat-
ing the AMPK pathway; the nano-formulation orches-
trates  an  immediate  cytoprotective  autophagic  re-
sponse to clear cisplatin-induced damaged mitochon-
dria and aggregates, which structurally paves the way
for  the  observed  downstream  recovery  of  baseline
mTOR-mediated  cellular  proliferation.

In acute kidney injury, basal mTOR activity is es-
sential for renal tubular epithelial cell survival and the
initiation  of  proliferation  necessary  for  tissue  repair
and  regeneration.  Therefore,  the  effect  of  CT-
S-MET-MSNP  represents  a  homeostatic  restoration
rather  than  a  pathological  upregulation,  balancing
AMPK-mediated  protective  autophagy  during  acute
kidney injury with mTOR-mediated structural  recov-
ery during progressive treatment. This dual modulation
underlines the superior therapeutic indexing achieved
by the nano-formulation [58].

To investigate the mechanistic signaling pathways
of  MET  and  CTS-MET-MSNP,  immunohistochem-
istry assessment of renal tissue was performed relative
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to Cis-induced apoptosis and different related proteins.
Our findings confirmed that  Cis-induced renal  injury
was contributed to by apoptosis. We observed that Cis
promoted activation of p53 and caspase-3, thus trigger-
ing renal apoptosis. Previous reports revealed that Cis
promoted apoptosis  in kidneys by reduction of  Bcl-2
and elevation of p53 expression [59].

There  is  clear  agreement  that  Cis  upregulated  the
signaling pathway of caspase-3 and p53, which is con-
firmed with the present study. The expression of these
apoptotic markers was significantly downregulated by
CTS-MET-MSNP compared to the Cis-treated group,
with potential effects for the rounded form compared
to the elliptical ones. This shape-dependent variation is
consistent with literature indicating enhanced renal ac-
cumulation and cellular uptake of more rounded nano-
particles in certain microvascular beds, potentially ex-
plaining  the  superior  bioactivity  of  the  rounded  CT-
S-MET-MSNP in modulating apoptotic signaling. Tak-
en together, the effective protective effect against Cis
renal toxicity is significantly attributed to the chitosan--
coated nanoformulation of MET compared to the free
form [60]. Moreover, MET did not improve GSH and
MDA  levels  compared  to  CTS-MET-MSNP.  Thus,
another  previous  study  revealed  that  the  structure  of
MET should be optimized to develop a new compound
with better solubility and bioavailability. The underly-
ing signaling pathways of Cis and MET investigated in
the text are shown in our results. Several studies have
reported that MET treatment with 500-850 mg of MET
daily has beneficial effects without any toxic reactions
[61]. Accordingly, CTS-MET-MSNP can be given at
lower doses than MET free form to enhance health sta-
tus.

Previous studies have also revealed that Cisinduces
apoptosis  through  the  AMPK  signaling  pathway,
which is important in the promotion of renal injury in-
duced by Cis [62, 63]. Additionally, the target of the
AMPK signaling pathway is the PI3K/Akt downstream
that is correlated with the survival of cells. The activity
of this PI3K/Akt pathway in renal injury is debatable;
many studies revealed that the activation of PI3K/Akt
was correlated with kidney injury and the production
of ROS, together with apoptosis after Cis administra-
tion [64]. On the contrary, others showed that this sig-
naling  pathway  was  suppressed  after  Cis  administra-
tion [65]. Our study showed that Cis treatment induced
the elevation of AMPK/PI3K/Akt gene expression in
kidney  tissue,  which  was  confirmed  by  previous  re-
sults [66, 67].

As  cell  growth  is  controlled  by  mTOR,  which  is
controlled  through  the  upstream  PI3K/Akt  regulator

[68],  we  found  that  CTS-MET-MSNP  treatment  re-
vealed  a  significant  increase  in  the  expression  of
mTOR compared to MET. Therefore, we revealed that
kidney apoptosis induced by Cis could be through the
stimulation of AMPK activity and the PI3K/Akt signal-
ing pathway, along with the stimulation of p53 and cas-
pase-3. Obviously, the suppression of AMPK and the
elevation of mTOR mitigate the progression of kidney
damage that is caused by Cis, which is confirmed by
several studies [69].

Collectively, these findings highlight how the ratio-
nal design of the CTS-MET-MSNP carrier leveraging
chitosan’s functional properties, metformin’s pleiotrop-
ic actions, and geometry-dependent biodistribution con-
tributed to the observed renoprotective effects. This ap-
proach  highlights  a  nanomedicine  perspective  that
aims to potentiate drug delivery and safety following
cisplatin-induced nephrotoxicity.

CONCLUSION
Cisplatin (Cis) induces renal tissue injury primarily

through oxidative stress, which activates redox signal-
ing  pathways,  elevates  pro-inflammatory  mediators,
and triggers apoptosis. In our study, metformin (MET)
and  its  chitosan-coated  mesoporous  silica  nanoparti-
cles (MET-MSNP-CH) revealed superior renoprotec-
tive properties against Cis-induced nephrotoxicity. The
aim of  our  design  of  the  nanoparticle  system mixing
the elevated drug-loading capacity of MSNPs with the
selectivity-enhancing and stabilizing properties of chi-
tosan and shape MET’s sustained release and bioavaila-
bility. This design improved MET’s anti-inflammato-
ry, antiapoptotic, and antioxidant properties. Collective-
ly,  our  results  suggest  that  chitosan-coated  MSNPs
could be a promising candidate for site-specific deliv-
ery nanoform to improve MET’s therapeutic efficacy
and also provide protection compared to the free MET
following the administration of Cis.

LIMITATIONS OF THE STUDY
Despite the promising findings of the present study,

several limitations should be acknowledged. First, the
study  was  conducted  using  a  single  animal  species
(Wistar rats) and a single sex (male), which limits the
generalizability  of  the  results,  as  sex-specific  differ-
ences in cisplatin-induced nephrotoxicity and metfor-
min  pharmacodynamics  have  been  reported.  Blank
nanocarrier groups were not included; therefore, poten-
tial off-target effects of the carrier alone cannot be ful-
ly excluded. Future studies incorporating female ani-
mals and additional species would be valuable to im-
prove translational relevance. Second; long-term toxici-
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ty, and recovery outcomes need further investigation to
better define therapeutic windows and safety margins,
particularly  for  nanoparticle-based  formulations.  Fu-
ture  studies  incorporating  PK  modeling,  female  ani-
mals, and additional species would be valuable to im-
prove translational relevance. Second, long-term toxici-
ty and recovery outcomes need further investigation to
better define therapeutic windows and safety margins,
particularly for nanoparticle-based formulations. Final-
ly,  addressing risk of  bias and experimental  conduct.
Despite these controls, residual sources of bias inher-
ent to preclinical animal studies, including inter-indivi-
dual biological variability and laboratory-specific con-
ditions,  need  further  investigation.  Addressing  these
points in future research will promote the impact and
applicability of the outcomes of the study.
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