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Abstract 

Background: Diabetic keratopathy is a potentially sight-threatening condition caused by 

epithelial and stromal disturbances, it exhibits several clinical manifestations, including 

persistent corneal epithelial erosions and resistant ulcers.  

Aim of work: to demonstrate the histological and biochemical changes in diabetic keratopathy, 

and to assess the effect of AgNps in healing of corneal ulcer in diabetic rat model.  

Material & Methods: In the current study, 55 adult male albino rats were allocated into 4 

groups; group I, normal control, group II, diabetic keratopathy group, that received alloxan 

drug for induction of diabetes, group III, corneal ulcer group, that underwent corneal ulcer 

induction by NaOH solution under general anesthesia, group IV, AgNps-treated group. Cornea 

were extracted from each group on three time points; day 0, day 2 and day 7, and were subjected 

to histological, immunohistochemical and biochemical assay.  

Results: Diabetic keratopathy corneae showed apoptotic cellular and stromal changes, in 

addition to over expression of matrix metalloproteinases and growth factors. While, corneal 

ulcer group elicited  epithelial loss, surge of the corneal tissue levels of metalloproteinases. 

AgNps-treated corneae showed histological improvement in corneal sections, improved 

apoptotic and inflammatory markers, in addition to upregulation of  PI3K/AKT/MTOR 

signaling pathway.  

Conclusion: AgNps were found to be promising in improving healing of corneal ulcer in 

resistant conditions such as DM. 
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Introduction 
Diabetic keratopathy (DK) is a potentially 

sight-threatening condition caused mostly 

by epithelial disturbancesm it exhibits 

several clinical manifestations, including 

persistent corneal epithelial erosion, 

superficial punctate lesions, delayed 

epithelial regeneration and resistant corneal 

ulcers. (Priyadarsini et al., 2020). Delayed 

healing of corneal wounds in diabetes 

mellitus (DM) is a challenging clinical 

problem, as elevated blood glucose level 

hinders proliferation of cells and decreases 

neocollagenesis. DM is associated with 

decreased chemotaxis and fibroblast 

proliferation, that contribute to the 

observed impairment in epithelial 

rejuvenation in diabetic patients 

(Rezvanian et al., 2021). Regulation of 

corneal epithelial healing is a cascade of 

signals orchestrated by numerous growth 

factors and cytokines, mainly transforming 

growth factor beta (TGF β), platelet-

derived growth factor (PDGF), nerve 

growth factor (NGF), interleukin 6 (IL-6) 

and interleukin 10 (IL-10). These various 

factors lead to imbalance between cellular 

migration, proliferation, differentiation and 

apoptosis (Yeung et al., 2021). 

Hyperglycemia triggers the expression of 

various cytokines and cell adhesion 

molecules. Over-expression of 

chemokines, pro-inflammatory proteins 

and pro-apoptotic genes is a key contributor 

to developing diabetic keratopathy 

(Kramerov et al., 2021). Keratocyte 

activation and tissue fibrosis all participate 

in the ulcer healing process. Under normal 

conditions, corneal keratocytes are constant 

in number and help maintain corneal 

transparency. However, after corneal 

injury, disruption of corneal integrity, 

stimulates many cytokines and growth 

factors that affect the corneal wound 

healing process. Metal nanoparticles (e.g., 

silver and zinc) are increasingly being used 

in medicine, besides their beneficial effect 

on epithelial rejuvenation and bacterial 

infections prevention, they are affordable 

and easy to use (Mihai et al., 2019). It has 

been suggested that silver nanoparticles 

(AgNPs) can support corneal ulcer healing 

through both inhibition of bacterial growth 

the production of pro-inflammatory 

cytokines such as IL-6 and TGF, it also 

exhibits a broad-spectrum antibacterial 

capability against many micro-organisms, 

and thus represent a potential alternative to 

overcome the emerging issues of microbial 

resistance (Kalantari et al., 2020). Silver 

can ameliorate the oxidative stress status in 

DM (Afifi and Abdel Azim, 2015), it is 

postulated to increase the genetic 

expression of antioxidant enzymes levels 

(Torabian et al., 2022). It possess unique 

electronic and optical properties due to their 

negative charges, which in turn prevent 

aggregation of the particles. They offers an 

optimal opportunity to conjugate ligands 

such as thiols therefore they are a better 

antioxidant than the silver salt itself 

(Mauricio et al., 2013). 

Aim of work: The current work aimed to 

assess the effect of AgNps on healing of 

induced corneal ulcer in diabetic rats, in 

addition to demonstrating the histological 

and biochemical changes of diabetic 

keratopathy.  

Material and Methods 

Induction of DM: Alloxan monohydrate 

98% (powder) was purchased from Sigma 

Aldrich Co., Cairo, Egypt. After dilution in 

sesame oil (0.1 g alloxan monohydrate/0.9 

ml sesame oil), rats were injected 

intravenously through the tail vein with a 

single dose of alloxan (40 mg/kg BW). 

After 48 hours of alloxan administration, 

blood samples were collected from tail 

veins for measuring blood glucose levels to 

ensure the establishment of DM; only rats 

with blood glucose level ≥ 250 mg/dl in two 

successive measurements were employed 

in the experiment (Majeed et al., 2018).  

Induction of corneal ulcer: Animals 

allocated for corneal ulcer received 

anesthesia using a combination of 

intramuscular injection of ketamine 50 

mg/kg (Pfizer Inc., Germany) and 

midazolam 1 mg/kg (Dormicum; Pfizer 

Inc., Germany). Right corneae only 
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received induction of ulcer, while the left 

corneae were left to allow free vision and 

movements of rats. Sterilization of surgical 

surface was done by 10% 

polyvinylpyrrolidone iodine solution. After 

application of an eye retractor, a 3.5 mm 

thickness filter paper disc soaked in 1N 

sodium hydroxide was applied to the center 

of the right cornea of each rat for 30 sec 

(Kim et al., 2021). Corneae were washed 

thoroughly after removing the paper disc 

with 10 ml of phosphate buffered saline 

(PBS). Day of induction of corneal ulcer 

was considered day zero of the experiment.  

Experimental animals: The study was 

conducted on 55 adult male albino rats, 

weighing 150 - 200 g, provided by the 

Animal House, Kasr AlAiny, Faculty of 

Medicine, Cairo University. The rats were 

housed according to the ethical guidelines 

for the Care and Use of Laboratory animals. 

They were housed in special metal cages, 

each 40x30x16 cm and exposed to a 

light/dark cycle at 14:10-hour photo cycle 

at 22-24°C under standard laboratory and 

environmental conditions. The animals 

were provided with standard rodent food 

pellets and water ad libitum. Rats were 

acclimatized for two weeks before 

proceeding into the experiment. The 

approval of the Institutional Animal Care 

and Use Committee, Cairo University 

(IACUC-CU) was obtained before 

proceeding into the experiment and the 

approval number is CU/III/F/60/21. 

Study design: Rats were allocated into 4 

groups; Group I (normal control): 15 rats, 

that received no manipulation; 5 rats were 

sacrificed on day zero, 5 rats were 

sacrificed on day 2 and 5 rats  were 

sacrificed on day 7 of the experiment. 

Group II (diabetic keratopathy): 15 rats 

were subjected to induction of DM with no 

surgical procedures; 5 rats were sacrificed 

on day zero, 5 rats were sacrificed on day 2 

and 5 rats were sacrificed on day 7 of the 

study. Group III (corneal ulcer): 15 diabetic 

rats were subjected to induction of corneal 

ulcer in the right eyes; 5 rats were sacrificed 

on day zero, 5 rats were sacrificed on day 2 

and 5 rats were sacrificed on day 7 of the 

experiment (Kim et al., 2021). Group V 

(AgNps-treated): 10 diabetic rats, that 

received daily subconjunctival injection of 

AgNps in the right eyes (0.1 mg/ml), started 

after induction of corneal ulcer (Butler et 

al., 2015), silver nanoparticles (10 ppm) 

was purchased from Nanotech Company 

for Photoelectronics, Cairo, Egypt, in the 

form of liquid suspension. 5 rats were 

sacrificed on day 2 and 5 rats were 

sacrificed on day 7 of the experiment. The 

animals were sacrificed by cervical 

dislocation, after light ether inhalation, to 

avoid chemical injury. After sacrification, 

the animals' corneae were removed 1 mm 

close to limbus. Parts of the collected 

corneae were fixed in 10% formaldehyde 

solution for histological and 

immunohistochemical studies, to be 

examined by light microscopy, and other 

parts were preserved in PBS for 

biochemical study. 

Histological and immunohistochemical 

study: Corneal sections were deparafinized 

in xylene and washed in descending grades 

of ethanol (100%, 95%, and 70%) 5 minutes 

each, then rehydrated in phosphate buffer 

saline (PBS) by using a steamer in citrate 

buffer with pH 6.0 for 15 min and 

endogenous peroxidase activity was 

blocked with H2O2 in methanol. Sections 

were incubated at room temperature with 

rabbit monoclonal MMP-2, TrKA and 

TGF-beta. Ultra Vision detection System 

(Thermo Scientific) was used as follows: 

sections were incubated with biotinylated 

goat anti-polyvalent, then with streptavidin 

peroxidase and finally with DAB plus 

chromogen. Slides were counterstained 

with haematoxylin dehydrated in alcohol 

and xylene and covered with neutral 

balsam. The slides were visualized under 

light microscope and the extent of cell 

immune positivity was assessed in all 

groups by Image J analyser computer 

software program in MMP-2, TrKA and 

TGF-β stained sections, they were 

examined within the standard measuring 

frame of a known area equal to 
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11694.91µm2, and data were expressed as 

mean values. 

Biochemical study: Parts of the cornea 

obtained from each animal were prepared 

with 0.1 ml of PBS solution and centrifuged 

at 1200 rpm for 10 min (Wang et al., 2019). 

The supernatant was used to measure the 

tissue levels of: 1- MMP-9, it was detected 

using Mouse MMP-9 ELISA Kit  (Catalog 

M1000, R&D Systems, Minneapolis, M. 

N.), according to the manufacturer’s 

instructions. Detection limit was 1 pg/ml. 2- 

Anti P75, it was detected using Rat Anti- 

P75 Platinum ELISA kit (eBioscience, Inc.) 

following the manufacturer's protocols. 

Detection limit was 1pg/ml. 3- IL-6 It was 

detected using Mouse IL-6 ELISA 

Kit  (Catalog M1000, R&D Systems, 

Minneapolis, M. N.), according to the 

manufacturer’s instructions. Detection 

limit was 4pg/ml. 4- PDGF, it was detected 

using Mouse PDGF ELISA Kit  (Catalog 

M1000, R&D Systems, Minneapolis, M. 

N.), according to the manufacturer’s 

instructions. Detection limit was 1pg/ml. 5- 

ROS and MDA were detected by 

colormetry. 6- Genetic expression of  PI3K, 

AKT and MTOR genes were evaluated 

using PCR, total RNA extraction was done 

from phosphate buffer preserved corneal 

tissue homogenate using the TRIzol 

method according to the manufacturer’s 

protocol. The cDNA was synthesized from 

1 ug RNA using Superscript III First-Strand 

Synthesis; a system described in the 

manufacturer’s protocol (Invitrogen, Life 

Technologies). The relative abundance of 

mRNA species was assessed using the 

SYBR Green method on an ABI prism 

7500 sequence detector system (Applied 

Biosystems, Foster City, CA). PCR primers 

were designed with Gene Runner Software 

(Hasting Software, Inc., Hasting, NY) from 

RNA sequences from Gen Bank  (Table 1). 

Data from real-time assays were calculated 

using the v1·7 Sequence Detection 

Software from PE Biosystems (Foster City, 

CA). Relative expression of studied gene 

mRNA was calculated using the 

comparative Ct method. All values were 

normalized to the beta actin gene and 

reported as fold change. 

Statistical analysis: The obtained data 

were recorded using Microsoft Excel 

worksheet, 2020. Statistical analysis was 

performed using Statistical Package for the 

Social Sciences (SPSS) version 21.0 (IBM 

Corporation, Somers, NY, USA) statistical 

software. The data were expressed as 

means ± standard deviation (SD). Statistical 

evaluation was done using one-way 

analysis of variance (ANOVA). 

Significance was considered when p value 

was equal to or less than 0.05 throughout 

the study. 

 

Table 1 : Primer sequences of AKT, PI3K, MTOR genes and beta actin 

 

Gene Primer sequence 5’ – 3 Fragment size 

AKT Fw: TTCTGCAGCTATGCGCAATGTG 

Rv: GAACTGCAGTGCACCTTTCAAGC 

108 

PI3K Fw: GGTTGTCTGTCAATCGGTGACTGT 

Rv: TGGCCAGCATACCATAGTGAGGTT 

181 

MTOR Fw: GCTTGATTTGGTTCCCAGGACAGT 

Rv: GTGCTGAGTTTGCTGTACCCATGT 

194 

β actin Fw: TCCCTGGAGAAGAGCTACG 

Rv: GTAGTTTCGTGGATGCCACA 

131 

https://www.abcam.com/mouse-il-10-elisa-kit-ab255729.html
https://www.abcam.com/mouse-il-10-elisa-kit-ab255729.html
https://www.abcam.com/mouse-il-10-elisa-kit-ab255729.html
https://www.abcam.com/mouse-il-10-elisa-kit-ab255729.html
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AKT : serine/threonine-protein kinase, 

PI3K: phosphatidylinositol-3-kinase, 

MTOR: mammalian target of 

rapamycin. 

Results 

Histological results 

Hx & E- stained sections 

Corneal sections of the control group in rats 

sacrificed on day 0, 2 and 7 showed 3 

distinct zones, outer epithelium, 

intermediate stroma, and inner 

endothelium. The corneal epithelium 

appeared as  a non-keratinized stratified 

squamous epithelium arranged in 3 layers. 

The basal layer formed of columnar cells, 

the intermediate layer consisted of 

polygonal cells and the superficial layer 

formed of flat squamous cells. The 

epithelium was resting on an underlying 

well distinct Bowman's membrane. The 

corneal stroma showed regular parallel 

lamellae of collagen fibrils with few 

keratocytes in between them. The 

endothelium is made up of a single cell 

layer supported by intact Descemet’s 

membrane (Fig 1A).  On day zero, DK 

group showed nearly normal corneal 

structure (Fig. 1B). On day two, DK group 

cornea elaborated vacuolated cytoplasm in 

some epithelial cells, and areas of widely 

spaced collagen fibers in the stroma (Fig. 

1C). On day seven, corneal sections 

showed structural and cellular changes; 

some corneal epithelial cells revealed 

pyknotic nuclei, while some cells showed 

vacuolated cytoplasm with eccentric nuclei. 

The stroma exhibited areas of widely 

spaced collagen fibers, sub-epithelial 

vascularization and inflammatory cell 

infiltration. The Descemet’s membrane 

appeared relatively thick and wavy (Fig. 

1D). Regarding corneal ulcer group, 

corneal sections harvested on day zero 

showed marked corneal epithelial 

discontinuity; complete separation of the 

epithelium from the underlying stroma, 

with disrupted Bowmam’s membrane, 

inflammatory cellular infiltration and 

invasion with small blood vessels were 

observed in between the irregularly 

dispersed collagen fibers of the stroma 

(Fig. 1E). Most corneal sections obtained 

from rats sacrificed on day 2 showed focal 

areas of epithelial discontinuity. The 

stromal collagen fibers were disorganized 

with wide spacing, extensive 

vascularization as well as cellular 

infiltration (Fig. 1F). Most sections 

obtained from rats sacrificed on day 7 

showed disrupted epithelium with epithelial 

discontinuity in some areas, in addition to 

disrupted Bowman’s membrane. Some 

corneal sections showed multiple cells with 

vacuolated cytoplasm and karyolytic 

nuclei, other epithelial cells appeared 

pyknotic. The stroma exhibited 

inflammatory cellular infiltrates and 

extensive vascularization (Fig. 1G). In 

AgNps-treated group, on day two of the 

experiment, corneal sections elicited 

epithelial discontinuity, with areas of 

complete epithelial loss. Several sections 

showed disorganized stromal fibers; widely 

dispersed collagen fibrils as well as 

extensive corneal vascularization (Fig. 

1H). While rats sacrificed on day 7 showed 

epithelial regeneration in most parts of the 

stained corneae, re-arrangement of stromal 

collagen fibers with cellular infiltrates, 

intact Descemet`s membrane and 

endothelium were denoted (Fig. 1I). Mean 

corneal thickness was significantly 

decreased in DK group (days 2 and 7), 

compared with control group cornea 

collected on the same days, it was 

significantly decreased as well in corneal 

ulcer group collected on days 0,2 and 7, in 

comparison with control and DK corneae 

collected on the same days. AgNps-treated 

group elicited a significant increase in the 

mean corneal thickness in corneae collected 

on days 2 and 7 compared to DK and 

corneal ulcer groups (Fig. 2).  

PAS- stained sections 

Corneal sections of the control group (Fig. 

3A) as well as DK group harvested on days 

zero (Fig. 3B) and two (Fig. 3C) showed 

positive PAS reaction in the superficial 

epithelial layer, Bowman’s membrane and 

Descemet’s membrane. In DK group 
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sections collected on day seven (Fig. 3D) 

showed negative PAS reaction. Corneal 

ulcer group cornea collected on day 0 and 2 

(Fig. 3E, 3F) showed negative PAS 

reaction, while cornea collected on day 7 

(Fig 3G) elicited positive PAS reaction in 

superficial epithelial layer and Descemet’s 

membrane. AgNps treated group exhibited 

positive PAS reaction in corneae collected 

on days 2 and 7 (Fig. 3H, 3I). Descemet’s 

membrane thickness was significantly 

increased in DK group corneae on days 2 

and 7, compared with control group, while 

corneal ulcer group showed a significant 

decreament in Descemet’s membrane 

thickness on days 0, 2 and 7. AgNps treated 

group elicited a significant rise in 

Descemet’s membrane thickness on days 2 

and 7, in comparison with corneal ulcer 

group (Fig. 4). 

Immunohistochemical results 

MMP-2 stained sections 

MMP-2 reaction was negative in control 

group corneae and DK corneae harvested 

on day 0, while corneae collected on days 2 

and 7 elicited positive MMP-2 immune 

reaction in basal epithelial cells, stromal 

cells and some endothelial cells as well. In 

corneal ulcer group, positive reactivity was 

detected on days zero, two and seven in 

most corneal epithelial cells. AgNps treated 

group showed positive MMP-2 reaction in 

most epithelial cells on day 2 and in few 

basal cells on day 7 (Fig. 5). Mean area % 

of immunoreactivity was significantly 

higher in DK group corneae harvested on 

days 2 and 7, compared with control group 

specimens collected on the same days. 

Corneal ulcer group also showed a 

significantly higher mean area of reactivity 

on days 0, 2 and 7, compared with control 

group and DK group collected on the same 

days. AgNps-treated corneae elicited a 

decreased mean area % of reaction on days 

2 and 7 (Fig. 6). 

TrKA- stained sections 

Control group cornea and DK cornea 

collected on day 0 elicited no reaction to 

TrKA antigen, while corneae collected on 

days 2 and 7 elicited positive TrKA 

membranous immune reaction in epithelial 

cells. In corneal ulcer group, positive 

membranous and cytoplasmic reactivity 

was detected on days zero, two and seven 

in most epithelial cells. AgNps-treated 

group showed positive MMP-2 reaction in 

some epithelial cells on day 2 and 7 (Fig. 

7). Mean area % of immunoreactivity was 

significantly higher in DK group corneae 

harvested on days 2 and 7, compared with 

control group specimens collected on the 

same days. Corneal ulcer group also 

showed a significantly higher mean area of 

reactivity on days 0, 2 and 7, compared with 

control group and DK group collected on 

the same days. AgNps-treated corneae 

elicited a decreased mean area % of 

reaction on days 2 and 7 (Fig. 8). 

TGF- beta stained sections 

Regarding TGF-β, immune reaction was 

negative in control group corneae as well as 

DK corneae harvested on day 0, corneae 

collected on days 2 and 7 elicited positive 

cytoplasmic reaction in epithelial cells and 

stromal cells as well. In corneal ulcer 

group, positive reactivity was detected on 

days zero, two and seven in most corneal 

epithelial cells. AgNps treated group 

showed positive cytoplasmic TGF- β 

reaction in some epithelial cells on days 2 

and 7 (Fig. 9). Mean area % of 

immunoreactivity was significantly higher 

in DK group corneae harvested on days 2 

and 7, compared with control group 

specimens collected on the same days. 

Corneal ulcer group also showed a 

significantly higher mean area of reactivity 

on days 0, 2 and 7, compared with control 

group and DK group collected on the same 

days. AgNps-treated group showed a 

significant decline in the mean area % of 

reaction on days 2 and 7, compared to DK 

and corneal ulcer groups (Fig. 10). 

Biochemical results (Table 2) 

Mean tissue level of MMP-9 was elevated 

in DK and corneal ulcer groups, in 

comparison with normal control group, 

AgNps treated group showed a significant 

decline in its tissue levels on days 2 and 7, 

compared to DK and corneal ulcer groups 
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harvested on the same days (histogram 6). 

Anti P75 was elevated as well in DK (day 2 

and 7) and corneal ulcer (day 0, 2 and 7) 

groups, compared with control group, 

however, AgNps-treated corneae elicited a 

significant decline in its tissue levels, on 

days 2 and 7 (histogram 7). As for PDGF 

and IL-6 they both showed a significant rise 

in DK and diabetic ulcer group corneae on 

days 0, 2 and 7, in comparison with control 

group. AgNps-treated group elicited a 

significant decrease in its mean tissue level 

on days 2 and 7, in comparison with DK 

and diabetic ulcer group (histograms 8, 9). 

ROS tissue levels was significantly 

increased in DK and diabetic ulcer group, 

versus control group, however, AgNps 

treated group showed a significant decrease 

in its tissue levels on days 2 and 7 

(histogram 10). Regarding MDA tissue 

levels, it was significantly increased in DK 

and diabetic ulcer groups, AgNps treated 

group showed insignificant change in MDA 

tissue levels, compared to DK and diabetic 

ulcer groups. 

Gene expression of AKT/PI3K/MTOR 

pathway  
Real time PCR elaborated inhibited 

PI3K/AKT/MTOR pathway in the DK 

group cornea, harvested on days two and 

seven, compared to control group cornea 

harvested on the same days. However, in 

corneal ulcer group, PI3K/AKT/MTOR 

axis was up-regulated in cornea collected 

on days zero, two and seven, in comparison 

to DK and control groups. In AgNps-

treated rats, PI3K/AKT/MTOR pathway 

was activated and expression of the three 

genes was increased; in cornea collected on 

days two and seven, in comparison to 

corneal ulcer and DK groups (Fig. 11). 

 

 
Fig. 1: Photomicrographs of Hx&E stained sections of the different study groups, A: 

normal control group, B: DK group day 0, C: DK group day 2, D: DK group day 7, E: 

diabetic ulcer group day 0, F: diabetic ulcer group day 2, G: diabetic ulcer group day 7, 

H: AgNps-treated group day 2, I: AgNps treated group day 7, arrow: corneal epithelium, 

double arrow: stromal collagen, curved arrow: Descemets membrane, *: blood vessel, 

chevron: inflammatory cells, thick arrow: vacuolated cells, arrow heads: pyknotic nuclei. 
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Fig.  2: A histogram showing mean corneal thickness among different groups 

 

 

 

Fig. 3: Photomicrographs of PAS stained sections of the different study groups, A: normal 

control group, B: DK group day 0, C: DK group day 2, D: DK group day 7, E: diabetic 

ulcer group day 0, F: diabetic ulcer group day 2, G: diabetic ulcer group day 7, H: AgNps-

treated group day 2, I: AgNps-treated group day 7, arrow: Bowman’s membrane, double 

arrow: fragmented collagen fibrils. 
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Fig. 4: A Histogram showing Descemet’s membrane thickness in different groups. 

 

 
 

Fig. 5: Photomicrographs of MMP-2 stained sections of the different study groups, A: 

normal control group, B: DK group day 0, C: diabetic ulcer group day 0, D: DK group 

day 2, E: diabetic ulcer group day 2, F: AgNps treated group day 2, G: DK group day 7, 

H: diabetic ulcer group day 7, I: AgNps treated group day 7, arrows: immunopositive 

cells. 
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Fig. 6: A histogram showing  MMP-2 immunoreactivity in different groups 

 

 

 
Fig. 7: Photomicrographs of TrKA stained sections of the different study groups, A: 

normal control group, B: DK group day 0, C: diabetic ulcer group day 0, D: DK group 

day 2, E: diabetic ulcer group day 2, F: AgNps treated group day 2, G: DK group day 7, 

H: diabetic ulcer group day 7, I: AgNps treated group day 7, arrows: immunopositive 

cells. 
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Fig. 8 : A histogram showing TrKAimmunereactivity in different groups 

 

 

 
Fig. 9: Photomicrohraphs of TGF-β stained sections of the different study groups, A: 

normal control group, B: DK group day 0, C: diabetic ulcer group day 0, D: DK group 

day 2, E: diabetic ulcer group day 2, F: AgNps treated group day 2, G: DK group day 7, 

H: diabetic ulcer group day 7, I: AgNps treated group day 7, arrows: immunoreactive 

cells.    
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Fig. 10 : A histogram showing TGF-beta immunereactivity in different groups 

 

Table 2: Mean values ±SD of MMP-9, Anti P75, IL-6, PDGF, ROS & MDA tissue levels 

among different groups (n=5) 

 

Group 
MMP-9 

(pg/ml) 

Anti P75 

(pg/ml) 

IL-6 

(pg/ml) 

PDGF 

(pg/ml) 

ROS 

(nmol/ml) 

MDA 

(nmol/ml) 

Control 

- Day 0 

- Day 2 

- Day 7 

 

11.45±0.6 

11.42±0.3 

11.51±1.2 

 

99.5±0.5 

100.72±0.7 

97.38±0.7 

 

48.12±1 

49.95±0.9 

50.83±0.9 

 

53.15±1.1 

52.74±0.8 

54.92±0.9 

 

 

103±2 

105±2 

101±1 

 

0.37±0.1 

0.39±0.1 

0.41±0.1 

DK 

- Day 0 

- Day 2 

- Day 7 

 

11.82±1.3 

16.53±1.7* 

20.61±1.1* 

 

 

103.12±1 

78.24±1.7* 

64.87±0.3* 

 

59.12±1.4 

68.54±1.2* 

74.32±1.8* 

 

53.11±1.4 

67.94±1.9* 

73.62±2* 

 

 

106±1 

121±1* 

137±2* 

 

0.42±0.1 

0.59±0.1* 

0.67±0.1* 

 

Diabetic 

ulcer 

- Day 0 

- Day 2 

- Day 7 

 

14.29±0.6* 

23.78±1.3* 

30.18±1.7* 

 

 

139.97±3.2* 

137.34±2.9* 

129.64±3* 

 

98.74±2.1* 

99.54±1.4* 

89.12±1.7* 

 

 

111.36±2* 

108.65±1.9* 

103.92±2.3* 

 

129±1* 

132±3* 

153±3* 

 

0.99±0.1* 

0.99±0.1* 

0.97±0.1* 

 

Ag-Nps 

treated 

- Day 2 

- Day 7 

 

22.32±1.4* 

29.36±1* 

 

 

119.17±2.3* 

118.28±2.1* 

 

61.14±1* 

54.36±1.1* 

 

61.53±0.7* 

59.94±0.8* 

 

113±2* 

112±2* 

 

0.53±0.1* 

0.51±0.1* 

 

* : statistically significant when compared to control group (p≤0.05), SD: standard deviation. 
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Fig. 11: A Histogram elaborating expression of PI3K, AKT, MTOR genes in the 

different study groups on the 3 time points of the study (day 0, 2 and 7). 

 

 

DISCUSSION 

In the present study, alloxan monohydrate 

drug was used to create a diabetic rat model. 

Alloxan is one of the well-known drugs 

used in animal studies for induction of Type 

I diabetes mellitus; several workers used 

alloxan monohydrate successfully to 

establish diabetic animal models (Solikhah 

et al., 2020 and Sekiou et al., 2021).  

Alloxan is selectively toxic to beta cells of 

the pancreas; it accumulates as glucose 

analogues, and its cytotoxic effect is 

mediated by ROS (Lenzen et al., 2008).  

In the present work, light microscopic 

examination of Hx&E stained sections 

from the DK group revealed variable 

cellular changes in the corneal epithelium; 

epithelial spongiosis, hyperchromatosis, 

pyknosis and karyolysis. Many authors 

reported similar epithelial alterations in 

diabetic keratopathy rats models (Alwafi et 

al., 2020 and Nahar et al., 2021). The 

former author advocated the corneal 

epithelial changes in DM to the 

accumulation of advanced glycation end 

products (AGEs) and increased osmotic 

stress; AGEs affect normal cellular 

enzymatic activity and arrest cell growth 

and proliferation. Aseta et al. (2016) 

explained the cytoplasmic vacuolation as a 

form of programmed cell death (type III 

cytoplasmic cell death) that is triggered by 

insulin-like growth factor (IGF-1) and 

tumor necrosis factor (TNF) elevated in 

DM.  

In the current work, pre-apoptic cellular 

findings were denoted in most corneal 

sections harvested on day seven of diabetic 

keratopathy group. Several previous studies 

elaborated that hyperglycemia directly 

affect the tissue levels of epithelial growth 

factor receptor (EGFR), nerve growth 

factor (NGF) and transforming growth 

factor beta (TGF β) with consequential 

reduction in the epithelial cellular 

proliferation (Bettahi et al., 2014 and  Shih 

et al., 2017). Corneal stroma of DK group 

showed disrupted normal architecture; in 

the form of disarrangement of the regular 

collagen lamellae and increased spacing in 

between them. The stroma also showed 

neovascularization and inflammatory 

cellular infiltration, Massoud et al. (2019) 

elaborated similar findings, they attributed 

the increased spacing of stromal lamellae to 

altered cellular properties in DM; electron 

transport chain changes, mitochondrial 

failure in addition to free radicals 

deposition, Hashem (2020) pointed out that 

vascular endothelial growth factor (VEGF) 

receptors play a crucial role in corneal 

avascularity through binding with the free 

VEGF making it unavailable for binding to 

receptors on cell membranes. Liu et al. 

(2022) assumed that neovascularization 

observed in DK is secondary to corneal 

inflammation and edema. 

0
0.5

1
1.5

2
2.5

3
3.5

4

PI3K

AKT

MTOR



THERAPEUTIC POTENTIAL OF SILVER NANOPARTICLES IN HEALING OF CORNEAL ULCER 

INDUCED IN DIABETIC ALBINO RAT MODEL: A HISTOLOGICAL, IMMUNOHISTOCHEMICAL 

AND BIOCHEMICAL STUDY 
 

Section A-Research paper 

 

 

Eur. Chem. Bull. 2023, 12(Special Issue 9), 2496-2516                         2509 

In the present work, corneal ulcer was 

induced in anesthetized rats using diluted 

solution of 1M NaOH. According to Zhang 

et al. (2022) the application of diluted 

NaOH causes severe inflammation and 

necrosis to the corneal epithelial cells and 

induces corneal ulceration. In the current 

work, light microscopic examination of 

Hx&E-stained sections of diabetic ulcer 

group cornea harvested on day zero, 

revealed remarkable epithelial affection; 

most sections showed complete denudation 

of the epithelium from the underlying 

stroma. The stromal collagenous lamellae 

were disrupted, mononuclear cellular 

infiltration and invasion with small blood 

vessels was elucidated in between the 

irregularly dispersed collagen fibers of the 

stroma. Portela et al. (2021) elaborated 

similar results in immediate corneal ulcer 

induced in animal models. Diabetic ulcer 

group cornea collected on the second day 

showed focal areas of epithelial 

discontinuity, superficial desquamation and 

stromal collagen disorganization with 

extensive neovascularization and 

inflammatory cellular infiltration. Hamil et 

al. (2013) classified the phases of corneal 

ulcer into four phases including immediate, 

acute, early repair and late repair phases. In 

the acute phase; 24 to 48 hours post 

induction of corneal ulcer, epithelial 

rejuvenation starts if there are enough 

amount of basal progenitor cells. In the 

current work, cornea of diabetic ulcer group 

harvested on day seven; showed evident 

cell apoptosis; hyperchromatic, pyknotic 

and karyolytic nuclei were elucidated in 

most sections. Stromal lamellae, 

Descemet’s membrane and endothelial cell 

layer showed focal detachment or complete 

disruption, in addition to inflammatory cell 

infiltrates and extensive 

neovascularization.  

In the current work, cornea of  diabetic 

ulcer group collected on day two and seven 

showed extensive stromal neo-

vascularization. Dan et al. (2008) exhibited 

corneal vascularization 48 hours post 

corneal alkali burn induction in rats, they 

advocated this to initiated tissue hypoxia 

and subsequently over proliferation of the 

capillary endothelial cells, along with 

increased expression of VEGF, EGF and 

TGF-β. In agreement with the present work, 

Yao et al. (2012) found that corneal alkali 

burns lead to exposure of basal epithelial 

layer due to necrosis and desquamation of 

the superficial and middle cellular layers, in 

addition, epithelial cells are overlapped into 

denuded zones, signifying attempts of re-

epithelialization by epithelial migration 

from the healthy corneal epithelium to 

zones of epithelial defect. 

In our work, group IV received daily 

subconjunctival injection of low 

concentration of silver nanoparticles 

(AgNps) for seven days. Used AgNps was 

20 to 100 nm in size. Kim et al. (2021) used 

the same size of AgNps in animal model for 

corneal ulcer. Nanomaterials' chemical and 

physical properties depend on the size of 

the particles, which differ from 

conventional bulk materials. Silver owes its 

antibacterial and antifungal properties to its 

ionic form of silver only, which is unstable 

and can be easily inactivated by unwanted 

precipitation, with less healing properties 

(Kim et al., 2021). Light microscopic 

examination of corneal sections of AgNps-

treated group elaborated restored normal 

histological architecture in most corneae. 

On the second day, many sections showed 

evident epithelial rejuvenation at multiple 

sites and decreased cellular apoptosis. 

Furthermore, corneae harvested on the 

seventh day showed epithelial regeneration, 

re-arranged stromal collagen fibers, intact 

Descemet`s membrane and endothelium. 

Multi-layered appearance of the corneal 

epithelium was restored in many sections. 

Alarcon et al. (2016) agreed with our 

finding; the authors have successfully 

shown that AgNps incorporated into 

collagen-based corneal implants can 

promote regeneration of corneal tissues and 

nerves, as an alternative to donor corneas 

for transplantation. In agreement with our 

work, Habibollah et al. (2014) have 

demonstrated that AgNPs was able to 
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promote epithelial regeneration and wound 

healing, through their powerful 

antibacterial properties, as well as their 

ability to decrease inflammation.  

In the current study, morphometric 

measurement of corneal sections from DK 

group revealed a significant decrease in the 

total corneal thickness compared to control 

group. Similar results were elicited by 

Massoud et al. (2019) and Nahar et al. 

(2021). Previous studies assumed that the 

corneal thinning may be secondary to 

cellular hypoxia (Aseta et al., 2016). Others 

advocated the decrease in corneal thickness 

to cellular degeneration and slow rate of 

regeneration, due to accumulation of  AGE 

(Elwan and Kassab, 2017). Statistical 

analysis of our work elaborated a 

significant decrease in the total corneal 

thickness in diabetic ulcer group sacrificed 

on day zero, compared to control group and 

DK group, sacrificed on the same days. In 

diabetic ulcer group, corneae collected on 

day two showed a significant increase in 

total corneal thickness, compared to day 

zero, and corneae collected on day seven 

also was significantly increased, compared 

to days zero and two. However, total 

corneal thickness in the diabetic ulcer group 

on day seven, was statistically indifferent 

from diabetic keratopathy group of the 

same day. Statistical analysis of the current 

work showed a significant increase in the 

total corneal thickness in AgNps treated 

group, obtained on days two and seven, 

when compared to corneae of DK and 

diabetic ulcer group obtained on the same 

days.  

In the present work, PAS-stained sections 

of DK group revealed weak PAS reaction 

in addition to areas of endothelial basement 

membrane disruption, similar results were 

deduced by Fattah et al.(2021). 

Morphometric analysis of PAS-stained 

sections of our work revealed increased 

thickness of Descemet's membrane in 

corneae of diabetic keratopathy group 

versus control group. In agreement with 

this Karaca et al. (2022) elicited increased 

Descemet's membrane thickness in diabetic 

albino rat models. The latter workers 

explained that finding by the altered 

intracellular pH value of the corneal 

endothelium, resulting in decreased barrier 

effectiveness and failure of cellular pump 

function. In the present work, diabetic ulcer 

group elicited a significant decrease in 

Descemet's membrane thickness, compared 

to DK group and control group, in rats 

collected on days zero and two, Ibrahim et 

al. (2019) showed similar results in corneal 

ulcer animal models due to failure of proto-

collagen deposition, cross linking of 

collagen fibrils and degeneration of 

endothelial cells. Histomorphometric 

analysis of PAS-stained sections revealed 

increased Descemet's membrane thickness 

in AgNps treated group. Its thickness was 

significantly increased, versus diabetic 

ulcer group on days two and seven. 

Kalishwaralal et al. (2010) observed the 

effect of nanosilver on ocular endothelial 

cells in DM; it showed normo-tonic cellular 

morphology. As endothelium is the major 

target for many therapies, it has been 

reported that AgNPs is an inhibitor of 

angiogenesis (Kalishwaralal et al., 2010). 

In DK group, morphometric analysis of 

MMP-2 stained sections elaborated 

increased mean area % of 

immunoreactivity; cornea harvested on 

days two and seven showed a significant 

increase when compared to control group 

corneae collected on the corresponding 

days. MMPs has a crucial role in stromal 

lamellae architecture and development of 

corneal neovascularization, specifically 

MMP-2 and MMP-9. Symeonides et al. 

(2013) detected elevated levels of MMP-2 

and MMP-9 in tear samples of type I DM 

patients. Several animal studies elaborated 

increased MMP-2 level in diabetic rat 

models (Zhu et al., 2019 and Li et al., 

2020). Neovascularization is regulated by 

MMPs; it can degrade the basal membranes 

and extracellular matrix surrounding the 

sprouting capillaries and angiogenic growth 

factors, such as VEGF and TGF alpha and 

beta (Li et al., 2020). Increased expression 

of MMP-2 in the current 
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immunohistochemical work can explain the 

extensive neovascularzaton detected in 

most corneal sections of diabetic 

keratopathy group. Histomorphometric 

analysis of the current study elaborated 

increased mean area % of positive 

immunostaining of TrKA in DK group, in 

corneae harvested on day seven. TrKA, is 

expressed in the cornea during several 

pathological conditions that compasses re-

innervation such as DM; it promotes 

epithelial colony formation and 

proliferation (Cellini et al., 2006). 

Moreover, clinical trials phase I have 

shown that recombinant human TrKA eye 

drops are well tolerated and safe in the 

treatment of resistant corneal ulcers 

(Sacchetti et al., 2020). In the current 

study, immunohistochemical work also 

elicited increased mean area % of positive 

reaction to TGF-β antibodies in DK 

corneae, harvested on days two and seven. 

Massoud et al. (2019) elaborated elevated 

tissue levels of TGF-β in diabetic rat model. 

Wilson et al. (2021) stated that the major 

mechanism for activation of TGF-β is 

through cell wall integrins; after extensive 

apoptosis in the corneal epithelium, TGF-β 

stimulate the transformation of stromal 

keratocytes into myofibroblasts to 

modulate healing. 

 In diabetic ulcer group, 

immunohistochemical study emphasized 

the pathological alterations; it elicited a 

significant increase in the mean area % of 

positive reaction of TrKA and TGF-β in  

corneae collected on days zero, two and 

seven, compared to control group and DK 

group, sacrificed on the same days. 

Differently, MMP-2 mean area % of 

immunostaining was elevated on days two 

and seven only. Yi and Zou (2019) reported 

increased gene expression of TGF-β1 and 

MMP-9 after corneal alkali burn. In 

accordance with our study, Liu et al. (2022) 

elaborated increased expression of TrKA 

after corneal insult. 

Biochemical analysis of corneal tissue 

extracted from DK group harvested on days 

two and seven, elaborated a significant 

increase in MMP-9 tissue enzyme, 

compared to control group cornea collected 

on the corresponding days; this goes hand 

in hand with the previous findings of our 

work regarding MMP-2 immune marker. 

Yar et al. (2012) reported similar findings. 

Diabetic environment stimulates the 

secretion of several MMPs that are assumed 

to have dual role in the development of 

diabetic keratopathy; in the early stages of 

the disease, MMP-9 facilitate cell apoptosis 

possibly through damaging the 

mitochondria, and in the later phase, it leads 

to neovascularization (Kowluru et al., 

2017). DK group also elicited decreased 

tissue levels of  anti p75 enzyme on days 

two and  seven, that decrease was 

statistically significant compared to control 

group cornea collected on the 

corresponding days. A strong link between 

anti P75 and diabetic oculopathy has 

become apparent after two prospective 

clinical trials, the Fenofibrate Intervention 

and Event Lowering in Diabetes (FIELD 

study) and the Action to Control 

Cardiovascular Risk in Diabetes 

(ACCORD) study, that both reported that 

fenofibrate, an anti P75 was effective in 

improving diabetic retinopathy in type 2 

diabetes (Matlock et al., 2020). Diabetic 

keratopathy cornea extracted on the 2nd and 

7th day, both showed elevated tissue levels 

of IL-6 and PDGF, they both elaborated a 

significant increase when compared to 

control cornea extracted on the same days. 

In agreement with our results, Ghasemi et 

al. (2018) reported elevated interleukins 

and PDGF in DK. Anti-IL-6 targeted 

immunotherapy has recently been 

employed as an important treatment 

modality in IL-6 related ocular disorders 

(Ghasemi et al., 2018). In the current study, 

diabetic ulcer group also elicited elevated 

tissue levels of anti p75 and MMP 9 on days 

two and seven, they both showed a 

statistically significant increase compared 

to control and diabetic keratopathy groups, 

sacrificed on the corresponding days. 

Interestingly, PDGF and IL-6 started to 

show a significant elevation since day zero 
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of corneal ulcer induction. A series of 

studies emphasized the important role of 

PDGF and ILs in the repair process. Upon 

injury, PDGF is released instantly from 

degranulated platelets and presented in the 

ulcer inflammatory fluid, stimulating a 

pathological cascade of ILs production and 

release, particularly early after injury 

(Zhang et al., 2022). In addition to that, 

AgNps treated rats elicited lower tissue 

levels of MMP 9 and anti P75 on days two 

and seven, this decrease was statistically 

significant when compared to DK and 

diabetic ulcer ulcer groups harvested on the 

corresponding days. On another hand, in 

AgNps treated group, PDGF and IL6 tissue 

levels decreased significantly, in 

comparison to diabetic ulcer group, the 

latter treatment was superior to AgNps in 

improving tissue levels of PDGF and IL-6. 

Li et al. (2020) pointed out that PDGF, IL-

6 and other several inflammatory mediators 

were decreased with the use of silver 

nanoparticle-loaded collagen-chitosan 

dressing . 

In our study, diabetic keratopathy group 

showed statistically significant rise of 

MDA and ROS tissue levels, versus control 

group. Rapala et al. (2021) have reported 

elevated oxidative stress markers; ROS and 

MDA, in diabetic rats’ cornea. As for 

AgNps treated group, it exhibited increased 

tissue levels of ROS and MDA, the increase 

was statistically insignificant when 

compared to DK group, Chairuangkitti et 

al. (2013) disagreed with our work; they 

assumed that AgNps contribute to cell 

death by triggering ROS generation. This 

may be true in tumor cells only, as silver 

nanoparticles are used in higher 

concentrations. 

In the present study, PI3K, AKT and 

MTOR genes were significantly down 

regulated in DK group cornea of day seven, 

compared to control group sacrificed on the 

same day. Previous authors agreed with our 

work (Peterson et al., 2022). The latter 

assumed that diabetes-associated 

hyperglycemia directly inhibit PI3K/AKT 

signaling by increasing ROS and 

endoplasmic reticulum (ER) stress levels. 

Others advocated the decreased expression 

of PI3K/AKT/MTOR genes to the 

suppression of growth factors receptors in 

hyperglycemic state of DM (Liu et al., 

2022). The current study elicited a 

significant increase in the expression of 

PI3K, AKT and MTOR genes in the 

diabetic ulcer group (days zero, two, and 

seven) versus DK and control groups. 

Previous workers reported upregulation of 

PI3K/AKT/MTOR axis in corneal ulcer 

disease (Peterson et al., 2022). Real time 

PCR of AgNps treated cornea showed 

activated PI3K/AKT/MTOR pathway on 

days two and seven of the experiment, the 

upregulated values were statistically 

significant when compared to DK and ulcer 

groups rats, Chang et al. (2021) elucidated 

similar findings. 

 

 

Conclusion 

We concluded from the current work that 

silver nanoparticles (AgNps) can be a 

promising alternative to  conventional 

bulky silver containing formulas in corneal 

ulcer treatment; it can promote epithelial 

wound healing, matrix reconstruction and 

upregulate cellular proliferation signaling 

pathway. 

We recommend regular follow up in 

diabetic patients, in order to avoid its 

adverse effects on the cornea. In cases of 

resistant corneal ulcers in DM, silver 

nanoparticles chelated vehicles can 

successfully accelerate epithelial wound 

healing and support corneal integrity.   
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