
Diabetes mellitus (DM) is a metabolic disorder char-
acterized by chronic hyperglycemia that affects multiple 
organs including the eye. DM has reached epidemic propor-
tions in the last decade and has become a leading risk factor 
for blindness globally [1,2]. Out of the two hyperglycemic 
insults, Type I DM (T1DM) is caused by an autoimmune 
response to pancreatic islet cells, causing a defect in insulin 
production and secretion, while Type II DM (T2DM) is more 
prevalent and caused by a defect in the insulin receptor func-
tion, causing a gradual decline in insulin production [3,4]. 
Irrespective of the DM types, the most severe ocular compli-
cation is diabetic retinopathy (DR)—a retinal microvas-
cular disorder in working adults [2,5-7]. Besides the retinal 

damage, DM causes complications in the cornea, which are 
commonly referred to as diabetic keratopathy (DK). Between 
45 and 70% of diabetic patients have shown corneal complica-
tions [8]. Despite the increasing clinical cases with severe DK 
pathologies, research in DM-related corneal complications is 
meager.

Recent clinical studies documenting ocular surface 
status during eye exams in diabetic patients describe signifi-
cant alterations in the tear film, conjunctiva, corneal epithe-
lial cells, nerves (corneal neuropathy), stroma, endothelial 
cells, and corneal biomechanics [9-11]. Further studies have 
shown that diabetic corneas are more susceptible than normal 
corneas to bacterial and viral infections [12-14]. Currently, 
one-fourth of corneas harvested for transplants in the United 
States are from Diabetic donors [10,11], which may present 
a significant risk to graft recipients and cause more frequent 
post-surgical complications [15–17].
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Purpose: Diabetes mellitus (DM) is a metabolic disorder that affects over 450 million people worldwide. DM is char-
acterized by hyperglycemia, causing severe systemic damage to the heart, kidneys, skin, vasculature, nerves, and eye. 
Type 2 diabetes (T2DM) constitutes 90% of clinical cases and is the most common cause of blindness in working adults. 
Also, about 70% of T2DM patients show corneal complications including delayed wound healing, often described as 
diabetic keratopathy (DK). Despite the increasing severity of DM, the research on DK is bleak. This study investigated 
cellular morphology and collagen matrix alterations of the diabetic and non-diabetic corneas collected from Ossabaw 
mini pigs, a T2DM animal model with a “thrifty genotype.”
Methods: Pig corneas were collected from six-month-old Ossabaw miniature pigs fed on a western diet (WD) for ten 
weeks. The tissues were processed for immunohistochemistry and analyzed using hematoxylin and eosin staining, Mason 
Trichrome staining, Picrosirus Red staining, Collage I staining, and TUNEL assay. mRNA was prepared to quantify 
fibrotic gene expression using quantitative reverse-transcriptase PCR (qRT-PCR). Transmission electron microscopy 
(TEM) was performed to evaluate stromal fibril arrangements to compare collagen dynamics in WD vs. standard diet 
(SD) fed Ossabaw pig corneas.
Results: Ossabaw mini pigs fed on a WD for 10 weeks exhibit classic symptoms of metabolic syndrome and hyper-
glycemia seen in T2DM patients. We observed significant disarray in cornea stromal collagen matrix in Ossabaw 
mini pigs fed on WD compared to the age-matched mini pigs fed on a standard chow diet using Masson Trichome and 
Picrosirius Red staining. Furthermore, ultrastructure evaluation using TEM showed alterations in stromal collagen fibril 
size and organization in diabetic corneas compared to healthy age-matched corneas. These changes were accompanied 
by significantly decreased levels of Collagen IV and increased expression of matrix metallopeptidase 9 in WD-fed pigs.
Conclusions: This pilot study indicates that Ossabaw mini pigs fed on WD showed collagen disarray and altered gene 
expression involved in wound healing, suggesting that corneal stromal collagens are vulnerable to diabetic conditions.
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Previous studies have focused on changes in the corneal 
epithelium, nerves, and endothelium [8,9,12,15,16]. However, 
studies investigating the effects of diabetes on the corneal 
stroma are limited to the reduction of keratocyte density 
[18]. Advanced glycation endproducts accumulation induces 
changes in metabolic and lipidomic pathways [19]. As per 
the literature, this phenomenon also causes increased 
central corneal thickness and rigidity [20,21]. Nevertheless, 
the effects of high glycation endproducts accumulation on 
diabetic cornea remain poorly understood. Collagens are 
crucial in maintaining corneal shape and size. Structurally, 
abnormal collagen fibril bundles have been reported in the 
diabetic corneas of human and monkey T1DM models [22,23]. 
The stroma constitutes the bulk of the cornea and contains 
lamellae of collagen-rich connective tissue embedded into 
proteoglycan bed and keratocytes. The collagen lamellae 
are characterized by fibrils’ distinctive features, narrow 
with uniform diameter and arranged with a high degree of 
lateral ordering, and define the cornea’s optical and tensile 
biomechanical properties [3]. The predominant collagens in 
the cornea are types I, III, V, VI, and XIII.

Cornea is a unique tissue because of the distinctive 
collagen fibril arrangement, shape, cellular, and optical 
properties that collectively render two-third of refraction 
(vision) to the eye. Previous studies in non-ocular tissues have 
suggested that diabetes negatively impacts collagen fibrils 
[24-29]. Saito et al. showed that DM causes deterioration 
of bone quality with a significantly different distribution of 
collagen spacing in diabetic rats than in non-diabetic controls 
[30]. Interestingly, they noted very little change in bone mass 
and bone mineral density. These reports prompted us to test 
the hypothesis that DM affects the collagen distribution and 
arrangement in the stroma and alters normal wound healing 
parameters in the cornea using a T2DM Ossabaw mini 
pig model. Ossabaw mini pigs are breeds of wild boar that 
survived the harsh conditions on Ossabaw Island, Georgia, 
United States [31] and adopted a “thrifty genotype.” Ossabaw 
mini pigs develop hyperglycemia and classical metabolic 
syndrome (MetS) features when fed on WD [32]. Recently, 
our laboratory described the hallmarks of hyperglycemia 
and hyperlipidemia alongside retinal neurodegenerative and 
microvascular changes in these mini pigs [33]. Many studies 
have shown a direct correlation between DR and DK [9,34], 
making Ossabaw mini pigs an ideal model for studying 
T2DM induced collagen fibrils in the corneal stroma. This 
pilot study is an extension of our previous study [33] to 
examine changes in cellular morphology and collagen matrix 
in the corneas of diabetic and non-diabetic Ossabaw mini 
pigs.

METHODS

Animals: All experimental procedures were approved by the 
Institutional Animal Care and Use Committee, University 
of Missouri Columbia, and adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision 
Research. Adolescent female and male Ossabaw mini pigs 
(RRID:NSRRC:0008) were housed at the Animal Science 
Research Center, the University of Missouri, Columbia, MO, 
in a temperature-controlled environment with 12 h light and 
12 h dark cycle. Following weaning, all pigs were fed on a 
standard commercially available chow diet (catalog no. 5L80, 
Lab Diet; 3.03 kcal/g, 71% from carbohydrate, 18.5% from 
protein, and 10.5% from fat) until 3.5 months of age. Twelve 
male and female mini pigs were divided into two groups 
equally and fed on SD and WD for ten weeks. SD mini pigs 
were kept on the standard chow, while pigs in the WD group 
were fed a high-fat/high-fructose corn syrup/high-calorie 
diet (5B4L, Lab Diet; 4.14 kcal/g, 40.8% from carbohydrate, 
16.2% from protein, and 43% from fat). At six months of 
age, following a 20-h overnight fast, pigs were anesthetized 
(5 mg/kg of Telazol and 2.25 mg/ kg of xylazine mixture) and 
weighed (for body mass determination), blood was collected, 
and mini pigs were subsequently euthanized for tissue collec-
tion as described earlier [33]. Both retinal and corneal tissues 
were collected post-euthanasia in the study.

Ossabaw pig tissue collection: Following euthanasia, eyes 
were enucleated with surgical forceps and Westcott scis-
sors. An incision was made at the ora ciliaris, approximately 
5 mm posterior to the corneal limbus, using a number of 11 
scalpel blade. A circumferential cut was made to remove 
the anterior ocular tissues, including the ciliary body and 
lens. The ciliary body, lens, and iris were removed from 
the cornea using surgical forceps and Westcott scissors 
under a dissecting surgical microscope (Leica Wild M690, 
Leica Microsystems Inc., Buffalo Grove, IL). The corneal 
tissues were placed in 1.5 ml Eppendorf tubes and stored at 
−80°C. Later, corneas were cut into three equal parts: one 
part was used for histology studies, and the other two parts 
were used for molecular studies and transmission electron 
microscopy (TEM) analysis. For histology, corneal tissue 
was immediately placed into molds containing an optimal 
cutting temperature (OCT) compound and snap-frozen in a 
container of 2-methyl butane immersed in liquid nitrogen. 
Frozen tissues were maintained at −80°C until sectioning and 
further evaluation. Tissues were sectioned at 8 μm thickness, 
mounted on microscopic glass slides (SuperFrost Plus, Fisher 
Scientific), and slides were preserved at −80°C for subsequent 
analysis.
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Hematoxylin and Eosin (H&E) staining: H&E staining was 
performed following the standard technique [35]. Briefly, 
cryo-frozen corneal sections were incubated for 15–20 min 
at room temperature, washed in PBS for 10 min, and dipped 
in hematoxylin for 5 min, followed by a rinse in running 
DI water, one dip in 1% acid-alcohol, and 1 min in 0.3% 
ammonia water. The slides were incubated in 95% alcohol, 
followed by eosin. The tissues were then dehydrated in abso-
lute alcohol, cleared in CitriSolv solution (Decon Laborato-
ries, King of Prussia, PA), and finally mounted with cytoseal 
(Richard-Allan Scientific, Kalamazoo, MI). The images of 
H&E-stained tissues were captured with a bright-field micro-
scope (Leica) equipped with a digital camera and imaging 
software (SpotCamRT KE; Diagnostic Instruments, Sterling 
Heights, MI).

Masson trichrome and picrosirus red staining: Eight-micron 
thick Ossabaw pig corneal tissue sections from the WD and 
SD groups were subjected to Masson’s trichrome staining to 
evaluate the alterations in collagen, a primary component of 
extracellular matrix (ECM). Masson’s trichrome and Picro-
sirus Red staining was performed by the Veterinary Medical 
Diagnostic Laboratory at the University of Columbia, MO, as 
described earlier [35].

Collagen I Immunohistochemistry: Eight-micron thick 
corneal sections were prepared, postfixed at room tempera-
ture for 10 min, and blocked with 5% donkey serum for 1 
h at room temperature. Immunostaining was performed 
using collagen I (COL1) (1:200; Abcam), kept overnight at 
4°C, and secondary stained with Alexa-Fluor 594 antibodies 
(1:500; Life Technologies) for 4 h. A drop of DAPI antifade 
Vectashield medium (H1200) was applied, and sections were 
mounted with premier coverslips (Thermo Fisher). (DAPI; 
Vector Laboratories) The stained sections were viewed and 
photographed with a fluorescence microscope (Leica DM 
4000B, Leica Microsystems Inc., Buffalo Grove, IL) equipped 
with a digital camera (SpotCam RT KE, Diagnostic Instru-
ments Inc., Sterling Heights, MI). Negative control samples 
were stained by excluding primary or secondary antibody in 
serially sectioned slides.

TUNEL assay: Keratocyte apoptosis in the corneas of the 
WD- and SD-fed mini pigs was determined by TUNEL 
assay (ApopTag; Millipore, Temecula, CA). Corneal sections 
were fixed in 1% PFA for 10 min, and a TUNEL assay 
was performed following the manufacturer’s instructions, 
including suitable positive and negative controls. Rhodamine-
conjugated apoptotic cells (red) and 40,6-diamidine-20 
-phenylindole dihydrochloride (DAPI)–stained nuclei (blue) 
were viewed and photographed with a fluorescence micro-
scope (Leica) fitted with a digital camera system (SpotCamRT 

KE; Diagnostic Instruments, Sterling Heights, MI). DAPI-
stained nuclei and TUNEL-positive cells in untreated and 
treated tissues were quantified at 100x magnification in six 
randomly selected non-overlapping areas [36,37]. Negative 
control samples were stained by excluding the Tdt enzyme 
or Anti-Digoxigenin Conjugate in serially sectioned slides.

Transmission electron microscopy (TEM): The ciliary body, 
iris, and lens were removed as described. One-fourth of the 
cornea was placed in one milliliter of TEM primary fixa-
tive (2% paraformaldehyde, 2% glutaraldehyde in 100 mM 
sodium cacodylate buffer; pH 7.35). Tissues were then tran-
sitioned into acetone, infiltrated with Epon resin (250 W for 
3 min), and polymerized at 60°C overnight. Corneas were 
cut transversely with an ultramicrotome to obtain 2 µm thick 
sections for histologic examination. The cornea was further 
trimmed to a length of 500 µm and cut with a diamond knife 
to yield 75 nm sections for TEM. Images were acquired with 
a JEOL JEM 1400 transmission electron microscope (JEOL 
USA Inc., Peabody, MA) at 80 kV on a Gatan Ultrascan 1000 
CCD, at 20000x magnification.

For automated quantification of corneal collagen fibrils 
in TEM images, an in-house image processing and analysis 
software was developed as described in the previous study 
[38]. Briefly, the algorithm comprised three main modules, (i) 
fibril detection, (ii) shape analysis and cluster decomposition, 
and (iii) size and interfibrillar distance analysis. A multi-scale 
Hessian matrix was used to detect collagen fibrils. Hessian 
matrix (Equation 1) described the second-order structure of 
local intensity variations around each point of the image L 
(x, y), and eigenvalues ƛ1,2 (Equation 2) of the Hessian matrix 
was used to detect blob-like, or ridge-like structures. Table 1 
shows possible local orientation patterns based on the eigen-
values of the Hessian matrix.
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Table 1. Possible orientation patterns based on the value 
of eigenvalues λ 1, λ 2 of the Hessian matrix (|λ 1| ≥ | λ 2|).

1 2 Orientation pattern
Low Low Flat or noise no preferred direction
High - Low Bright tubular structure
High + Low Dark tubular structure
High - High - Bright blob-like structure
High + High + Dark blob-like structure
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Hessian matrix was computed by convolving the image 
with derivatives of the Gaussian kernel, where scale s repre-
sented the standard deviation of the Gaussian kernel and 
controlled the radius of the detected structures. A coarse 
fibril mask was produced by computing Hessian matrix and 
thresholding ƛ1 (Hessian) as below (Equation 3):
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The quantification of morphology and spatial organiza-
tion of fibrils requires accurate identification and localiza-
tion of individual fibrils. Hessian-based detection efficiently 
segmented regions occupied by fibrils from the background 
but failed to separate some neighboring fibrils and merge 
them into clusters. To identify individual fibrils, shape anal-
ysis and cluster decomposition module were developed based 
on previously reported modules [39,40]. Specifically, the first 
connected component labeling was applied to the detection 
mask and disconnected blobs. Then, to each detected blob 
Bi, an ellipse Ei was fitted. Blob and ellipse areas: area (Bi), 
area(Ei), and ratio r=area(Ei) - area(Bi))/area(Bi) were then 
computed. Each detected blob Bi was classified into one of 
the three classes (spurious detection, single fibril, or fibril 
cluster) using size and shape indices and their means and 
variances over the image. Blobs classified as spurious detec-
tion were removed; blobs classified as single fibril were kept 
intact. The marker-controlled watershed transformation 
was used to decompose fibril clusters into individual fibrils 
[41]. Regional maxima of distance transform were used as 
markers. To suppress spurious regional maxima and prevent 
over-segmentation, H-maxima transform was applied to the 
distance transform before detecting regional maxima [42].

The module then computed parameters concerning 
fibril morphology and spacing, such as fibril radius, fibril 
area fraction, and interfibrillar distance. From the refined 
segmentation, fibril centroids were computed. Delaunay 
triangulation and vertex coloring were applied to the located 
centroids, and a colored neighborhood graph was generated, 
as previously described [39,43]. In the neighborhood graph, 
nodes corresponded to individual fibrils, and edges linked 
immediate neighbors. For each node in this neighborhood 
graph, two specific neighbors were identified: the nearest 
immediate neighbor (red edges) and the farthest immediate 
neighbor (blue edges). A second graph (nearest/farthest 

neighborhood graph) was constructed using only these 
specific links. Fibril-to-fibril interactions were assessed, 
and the spatial organization of collagen fibrils were described 
using these two neighborhood graphs. Various descriptors 
from these graphs, such as mean and standard deviation, were 
then calculated as described previously [38].

Quantitative reverse transcriptase PCR (qRT-PCR): For 
molecular studies, corneal tissues were minced in a tissue 
lyser (TissueLyser LT, Qiagen) in RLT buffer (Qiagen, 
Valencia, CA), and total RNA was isolated using the RNeasy 
kit (Qiagen, Valencia, CA) following the manufacturer’s 
instructions. The reverse transcriptase enzyme kit was used 
to synthesize first-strand cDNA (Promega, Madison, WI) 
[44]. The One Step Plus Real-Time PCR system (Applied 
Biosystems, Carlsbad, CA) was used for quantitative PCR 
(qPCR). A 20μl reaction mixture containing 2μl cDNA, 
2μl forward and reverse primers (200nM each), and 10μl of 
2X All-in-One PowerUp SYBR green master mix (Applied 
Biosystems) was run at a universal cycle (95°C for 10 min, 
40 cycles at 95°C for 15 s, and 60°C for 60 s), as previously 
reported [44]. Forward and reverse gene-specific primer 
sequences are shown in Table 2. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as an endogenous refer-
ence gene. The threshold cycle (Ct) was used to detect the 
increase in the signal associated with the exponential growth 
of PCR products during the log-linear phase. ΔCt for each 
sample was calculated by subtracting the Ct of the target 
gene from that of the Ct of the endogenous reference gene, 
and ΔΔCT was calculated by subtracting the ΔCt of the test 
sample from that of the ΔCt of the control sample. The relative 
mRNA expression was calculated using the 2-ΔΔCt method 
and reported as a relative fold change over the corresponding 
control values. The amplification efficiency for the qRT-PCR 
was similar for all templates used, and the difference between 
linear slopes was below 0.1. The qPCR was performed in trip-
licate for each sample, and a minimum of three independent 
experiments was conducted.

Statistical analysis: The GraphPad Prism 8.2.1 (GraphPad 
Software, La Jolla, CA) software was used for statistical 
analysis. Each experiment was conducted independently in 
triplicate, and the values were expressed as mean ± SEM. For 
statistical analysis, the Student t-test and two-way ANOVA 
with Bonferroni post hoc test were used. The value of p ≤ 0.05 
was considered as the significance level.

RESULTS

Ossabaw mini pigs fed on WD exhibits signs of T2DM: 
Ossabaw mini pigs fed on WD showed clinical signs of 
metabolic syndrome and hyperglycemia, demonstrating 
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characteristic features of T2DM. Ossabaw mini pigs showed 
a significant increase in body mass, cholesterol, dyslipid-
emia, and significantly high plasma glucose after 10 weeks 
on WD compared to the SD-fed pigs [33]. Additionally, 
WD-fed pigs showed elevated insulin resistance levels based 
on the Homeostatic Model Assessment of Insulin Resis-
tance (HOMA-IR), a clinical indicator of insulin resistance 
described in our previous study [33].

Ossabaw mini pigs fed on WD displays increased activa-
tion and apoptosis of keratocytes: H&E staining in WD pig 
corneas showed intensified nuclei staining in the stroma 
(Figure 1B) compared to SD pigs (Figure 1A). TUNEL assay 
performed in the Ossabaw mini pigs suggested elevated 
apoptotic positive cells = red in WD corneal stroma (Figure 
2B) compared to the SD group (Figure 2A). Total number of 

tunnel positive cells per field were considered for objective 
comparison between the two groups.

Ossabaw pigs fed on WD shows irregularity in the corneal 
stroma: We used Mason Trichome, a tricolor stain, which 
showed increased collagen (blue), reduced cytoplasm staining 
(pink/red), and increased cell nuclei (black) in WD pigs 
(Figure 3B) compared to SD pigs (Figure 3A). Immuno-
histochemistry staining of T2DM pig corneas with COL 1 
displayed an irregular distribution of collagen fibrils in the 
WD pigs (Figure 4B) compared to SD pigs (Figure 4A). This 
observation was further confirmed with the use of Picro-
sirus Red staining, where Ossabaw pigs on a WD increased 
collagen staining (red) in the stroma (Figure 5B) compared 
to the SD control group (Figure 5A).

Ossabaw mini pigs fed on WD shows ultrastructural 
defects in stromal collagen matrix: Corneas were analyzed 

Table 2. Real time primers used in the study.

S. No Gene Name Forward sequence (5′ – 3′) Reverse sequence (3′ – 5′)
1 GAPDH TGG GTG TGA ACC ATG AGA GTC CTT CCA CGA TAC CAA AG
2 αSMA TAC TCC GTC TGG ATT GGT CTT CGT CGT ACT CCT GTT TG
3 FN CAG CTC CGA GAT CAG TGC AT TCC GAA TCC TGG CAT TGG TC
4 TGFβ1 GAA AGC GGC AAC CAA ATC CGA GAG AGC AAT ACA GGT TC
5 TIMP1 GAC ATC CGG TTC ATC TAC AC CAC AGT TGT CCA GCT ATG AG
6 COL IV GAT AAG GGA GAT GTG GGT CT TCC TTT CTC TCC TTG GTC TC
7 COL III TGT GGC CCA GAA GAA CTG GTA CAT ACT GGA ATC CAT CGG TCA TGC TCT
8 MMP I AGT GAC TGG GAA ACC AGA TGC TGA TCA GTG AGG ACA AAC TGA GCC ACA
9 MMP 9 ATT TCT GCC AGG ACC GCT TCT ACT TTG TAT ACG GCA AAC TGG CTC CTT

Figure 1. Hematoxylin and Eosin staining suggest an increase in keratocytes (black arrows) in the Western diet (WD) fed Ossabaw mini 
pigs (B) compared to the Standard diet (SD) fed pigs (A). Green arrows indicate the basement membrane. 
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ultrastructurally for the evaluation of stromal collagen 
fibril arrangements (Figure 6 and Figure 7). TEM showed 
marked alterations in stromal collagen fibril size and fibril 
organization. We used computer-generated collagen ellipses 
of transverse corneal TEM images (Figure 6). A significant 
change was noted in areas measured regarding the fibrils’ 
frequency (p = 0.0034). Ossabaw mini pigs on WD had 
smaller-sized collagen fibers compared to the pigs on SD. 
SD mini pigs had a range of collagen fibers with two average 
sizes of approximately 300 pixels and 900 pixels. In contrast, 
WD mini pigs had a lower number of small fibers, and the 
average size of larger fibers decreased from 900 fibers to 
approx. 800. Adding to size differences, WD pigs had differ-
ences in the interfibrillar distance (IFD). Figure 7 describes a 
fibril graph connecting individual collagen fibrils with their 
neighbors. Further analysis on fibril distances was performed 

by mapping minimum (red lines) and maximum (blue lines) 
IFD. WD mini pigs showed statistically significant changes 
in minimum (p = 0.0212) and maximum (p = 0.0018) IFD 
compared to the SD group, indicating a perturbation in 
collagen distribution corneal stroma.

Ossabaw mini pigs fed on WD depicts altered gene expres-
sion related to collagen and fibrosis in the corneal stroma: 
Collagen-related gene expression also showed a significant 
decrease in collagen IV (COL4) expression and increased 
matrix metalloproteinase 9 (MMP9) expression in the WD 
diet-fed Ossabaw mini pigs compared to the SD diet-fed pigs. 
In contrast, Collagen III (COL3), MMP1, and Tissue Inhibitor 
of Metalloproteinase 1 (TIMP1) showed no change in the 
gene transcripts (Figure 8A). We also studied the expression 
of fibrosis-related genes in the pig corneal stroma. Alpha-
Smooth muscle actin (αSMA) and fibronectin (FN) showed 

Figure 2. Tunnel assay indicates an increase in Tunnel-positive cells (white arrowheads) in the Western diet (WD) fed Ossabaw mini pigs (B) 
compared to the Standard diet (SD) fed pigs (A). Panels C and D are negative controls where Tdt enzyme and Anti-Digoxigenin Conjugate 
were respectively excluded during the staining procedure. Arrowheads indicate the apoptotic cells. 
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significantly elevated expression, whereas TGFβ1 was insig-
nificant in the WD group when compared to the SD group 
(Figure 8B).

DISCUSSION

DM is a multiorgan metabolic syndrome (MetS) marked 
by uncontrolled hyperglycemia over a prolonged time. In 
the eye, DR is the most severe disease associated with DM. 
However, recent clinical studies have described DM, causing 
significant changes to the cornea, often described as DK 
[13,15]. Our recent report showed that Ossabaw mini pigs fed 
on WD for 10 weeks, inducing signs of T2DM and exhibiting 
neurodegenerative and vascular abnormalities in the retina 
[33]. Previously, Ossabaw mini pigs have been described as a 
model for MetS and extensively used for cardiovascular and 
metabolic disorders [33,45-47]. Also, previous studies have 
shown that the animal models depicting DM/DR character-
istics strongly correlate to the presence of DK [9,13]. Thus, 
this study is an extension of our previous work concerning 
diabetic eye diseases. Adding to our previously reported 
changes in retinal microvasculature, [33] we found that 
Ossabaw mini pigs showed histological, ultrastructural, and 
molecular alterations in the corneal stromal collagens when 
fed on WD.

Histological staining of Ossabaw mini pig corneal 
tissue sections with H&E showed increased nuclei staining. 

However, Mason’s Trichome staining showed decreased cyto-
plasm staining accompanied by elevated keratocyte apoptosis 
in the corneal stroma in the WD-fed group, as observed by the 
TUNEL staining. These results corroborate that DK might be 
evident in these keratocytes, causing increased migration of 
the inflammatory cells toward the anterior stroma and hence 
the surge in the stromal cell apoptosis, a phenomenon typi-
cally seen in the early stages of corneal wound healing. These 
findings parallel previous studies performed in mice treated 
with streptozotocin and fed on a high-fat diet. [48,49]

A characteristic arrangement of stromal collagen fibrils 
in the cornea provides mechanical strength and optical 
(refractive) power critical for maintaining vision. COL1 
is the predominant type of collagen found in the corneal 
stroma [3]. We investigated histological, molecular, and 
ultrastructural details of collagen fibrils and arrangement in 
the corneal stroma of the T2DM and normal mini pig corneas. 
Histologically, we found that the WD-fed Ossabaw mini 
pigs showed altered stromal collagen organization. Mason’s 
trichome imaging showed an overall increase in collagen 
staining supported by the intense immunohistochemical 
(IHC) staining of COL1 in the stroma of the mini pigs fed 
on WD. Besides, IHC showed an irregular collagen distri-
bution in WD pigs compared to the SD-fed mini pigs. WD 
pigs had increased depositions of collagen fibrils throughout 
the anterior stroma, as observed with Picosirus Red (PSR) 
staining. We found small bundles of collagen fibrils nearer to 

Figure 3. Mason trichome staining depicts cell nuclei (black), cytoplasm (red), and collagens (blue). The Western diet (WD) fed Ossabaw 
mini pigs (B) show decreased cytoplasm staining and a less even blue stain than the Standard diet (SD) fed pigs (A). 
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the epithelial-stromal border. This histopathological change 
parallels a previous study in type 1 diabetic models. [48]

Next, we performed TEM analysis to examine the 
ultrastructural details of the collagen fibril distribution and 
arrangement in the stroma of the WD-fed Ossabaw mini 
pig corneas. TEM imaging and analysis showed a statistical 
difference in collagen size and distribution. Although WD 
and SD fed mini pigs have similar smaller-sized collagens 
(approximately 300 pixels), the larger-sized collagen fibrils 
decreased from 800 pixels observed in the SD group to 700 
pixels in WD pigs, suggesting a role of T2DM in modifying 
the size of collagen fibrils in the corneal stroma. A previous 
study by Saito et al. [30] showed the DM decreased collagen 
quality rather than quantity in bone tissues. We made a 

similar observation in the corneal stroma in WD pigs. Among 
the possibilities might be the nascent state of the smaller 
collagen fibrils in the stroma as seen in the SD group (non-
diabetic pigs), which grew continuously in size and main-
tained a more uniform distance from each other. In contrast, 
WD pigs predominantly have larger-sized fibrils, which 
could induce changes in the IFD, as seen in the quantitative 
analysis of the collagen fibrillar distribution in the cornea. 
We anticipate that quantitative ultrastructural changes may 
be insufficient to compromise the vision but may be critical 
in wound healing after trauma or other pathological states 
in the eye, such as keratoconus and dry eye. Our TEM find-
ings parallel previous studies, [20,49,50] where they found 
similar changes in collagen fibrils in diabetic humans and 

Figure 4. Immunohistochemistry of Collagen I (Col I) displays increased collagen aggregates (yellow triangles) and an increased Col I 
expression at the basement membrane (white arrows) in the Western diet (WD) fed Ossabaw mini pigs (B) compared to the Standard diet 
(SD) fed pigs (A). Panels C and D are negative controls where primary and secondary antibodies were excluded during antibody staining 
procedure. 
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monkey model [50,51]. However, these studies were limited 
to a T1DM model.

Adding to histological and ultrastructural findings, 
we also investigated molecular analysis using real-time 

qPCR to study the expression pattern of genes concerning 
the collagen matrix and fibrosis involved in corneal wound 
healing. Among the predominant concerns in the clinics 
with diabetic patients is their inability to heal the wounds 
effectively and promptly [50,52], which prevents them from 

Figure 5. Picrosirius red (PSR) stains collagen in the corneal stroma. A red-on-yellow stain signifies collagen type 1. PSR stained Western 
diet (WD) fed pig corneal section (B) shows high numbers of irregular collagen compared to the Standard diet (SD) fed pigs (A). 

Figure 6. Quantitation of transmission electron microscopy of collagen fibrils in the western diet (WD) fed and Standard diet (SD) fed 
Ossabaw mini pigs. Panels A and D are the original transverse section of the transmission electron microscopy images taken at 50,000 
magnification. Panels B and F are segmentations that identify all the collagens present in the figure. Panels C and G are individual red 
ellipses made around collagen fibrils used to quantify the size of fibrils. Panel H is a graphical representation of collagen fibril sizes found 
in the image. Western diet pigs show an overall collagen size difference compared to standard diet pigs. 
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undergoing ophthalmic procedures, such as refractive surgery 
or corneal transplants. We found a significant increase 
in α-SMA and FN, suggesting early fibrotic events in the 
stroma with increased matrix metalloproteinase 9 (MMP9), 
a critical extracellular matrix regulatory enzyme. An increase 
in α-SMA expression parallels a previous study conducted in 
type 1 diabetic model. [51] Although we found insignificant 

changes in collage III (COL3), MMP1, or TIMP1 expres-
sion, collagen IV (COL4) showed a substantial decline in its 
expression, depicting the irregularities in the corneal base-
ment membrane of the Ossabaw mini pigs fed on WD. We 
anticipate that the alterations in the corneal wound healing 
parameters will result from Ossabaw pigs being fed on WD 
and developing T2DM.

Figure 7. Quantitation of Transmission Electron Microscopy of collagen fibrils in the Western diet (WD) fed and Standard diet (SD) fed 
Ossabaw mini pigs. A and C are fibril graphs that show each connection between collagen fibrils. B and D show the minimum distance 
between collagen fibrils (red) and the maximum distance between fibrils (blue). E is a graphical representation of maximum interfibrillar 
distance and F is a graphical representation of minimum interfibrillar distance.

Figure 8. Gene expression in the 
Western diet (WD) fed and Stan-
dard diet (SD) fed Ossabaw pig 
corneas. A represents collagen-
related genes- collagen 3 (COL 3), 
collagen 4 (COL 4), metalloprote-
ases 1 (MMP1), metalloproteases 
9 (MMP9), and tissue inhibitor 
of metalloprotease 1 (TIMP1). B 
represents fibrosis-related genes 
alpha-smooth muscle act ion 
(ɑSMA), transformation growth 
factor beta 1 (TGFβ1), and fibro-
nectin (FN). The WD-fed Ossabaw 

mini pigs corneas had significant alterations in COL4, MMP9, ɑSMA, TGFβ1, and FN. compared to the SD-fed pigs (P, *<0.05, **<0.01, 
***<0.001, ****<0.0001).
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In conclusion, Ossabaw mini pigs fed on WD showed 
histological changes in the stroma, compromised collagen 
fibrils arrangement, and altered expression of genes involved 
in corneal wound healing. This pilot study results suggest 
that corneal stromal wound healing is vulnerable to diabetic 
conditions and needs further investigation.
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