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2.3. Effect of a High Glucose Level on O-glycosyl Side Chains in Stratified Human Corneal and
Conjunctival Epithelial Cells Using Jacalin Staining

Jacalin is a plant-based lectin that recognizes and stains the Galβ1-3GalNAc O-glycosylated
linked oligosaccharides (T antigen) present on the membrane-tethered mucins of corneal and
conjunctival epithelial cells [28]. Therefore, we used jacalin staining to test the effect of high
glucose exposure on the spatial distribution of O-glycosylated linked oligosaccharides of the
membrane-tethered mucins present on ocular surface epithelial cells. As is evident from the
immunostaining images, the corneal epithelial cells (Figure 4A left panel) showed prominent
evidence of being stained by jacalin, which was primarily localized around the cell perimeter,
while minimal staining was noted in the central area of the cell. On the other hand, the
conjunctival epithelial cells (Figure 4B left panel) showed a jacalin-stained region that was
evenly distributed throughout the cell surface, and the intensity of the stain was remarkably
higher compared to the staining of corneal epithelial cells. In addition, the immunostaining
images (Figure 4A,B) show that the high glucose exposure did not significantly affect the O-
glycosylated linked oligosaccharides present on the membrane-tethered mucins in either the
corneal or conjunctival epithelial cells, as is evident by the jacalin-stained area. Furthermore,
the graph depicting the quantification of the jacalin-stained area of conjunctival epithelial cells
using Image J (Figure 4B) revealed no significant difference between the normal glucose and
high glucose-exposed conjunctival epithelial cells. For the corneal epithelial cells, the images
were subjectively graded by a blinded observer, and no major difference in the jacalin-staining
pattern or distribution was noticed between the corneal epithelial cells exposed to a normal
glucose level compared to the corneal epithelial cells exposed to a high glucose level.
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charide side chains of membrane-tethered mucins on stratified human conjunctival epithelial cells. 
Nuclei are stained blue with DA PI, and O-glycosylated linked olig osaccharides are stained green 
with jacalin. Graphs show the percent-stained area as quantified using Image J software of n = 6 
images/group. The images were obtained from cell culture experiments conducted in triplicate. 
Scale bar = 100 �•M. 
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Figure 4. (A) Representative confocal microscopy images showing effect of a high glucose level
(15 mM; 30 mM) on O-glycosylated Galβ1-3GalNAc oligosaccharide side chains of membrane-
tethered mucins on stratified human corneal epithelial cells. (B) Representative confocal microscopy
images showing effect of a high glucose level (15 mM; 30 mM) on O-glycosylated Galβ1-3GalNAc
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oligosaccharide side chains of membrane-tethered mucins on stratified human conjunctival epithelial
cells. Nuclei are stained blue with DAPI, and O-glycosylated linked oligosaccharides are stained
green with jacalin. Graphs show the percent-stained area as quantified using Image J software of
n = 6 images/group. The images were obtained from cell culture experiments conducted in triplicate.
Scale bar = 100 µM.

2.4. Effect of a High Glucose Level on Glycosyltransferases’ Gene Expression in Stratified Human
Corneal and Conjunctival Epithelial Cells

Glycosyltransferases are a family of enzymes responsible for mediating the O-glycos-
ylation of the side chains attached to membrane-tethered mucins [19,20]. There are four
possible core O-glycosylation side chains (core 1–4) containing distinct combinations of
oligosaccharides present on mucins. Only core 1 and core 2 O-glycosylation side chains
are expressed on the membrane-tethered mucins of corneal and conjunctival epithelial
cells [19,20]. The oligomerization of these core 1 and core 2 O-glycosylation side chains is
mediated by glycosyltransferases’ core 1 synthase, glycoprotein-N-acetylgalactosamine
3-beta-galactosyltransferase 1 (C1GalT1), core 2 beta-1, 6-N-acetylglucosaminyltransferase
(C2GnT), polypeptide N-acetylgalactosaminyltransferase (ppGalNAC-T), beta 1,3-galactosy-
ltransferase (β3Gal-T), and beta 1,4 galactosyltransferase (β4Gal-T). Therefore, we tested
the effect of a high glucose exposure on the gene expression of these five glycosyltrans-
ferases in stratified human corneal and conjunctival epithelial cells. Both stratified human
corneal and conjunctival epithelial cells showed expression of ppGalNAC-T, C1GalT1, and
β4Gal-T, with corneal epithelial cells also showing an expression of β3Gal-T (Figure 5A,B).
High glucose exposure did not cause any notable change in the gene expressions of any of
these glycosyltransferases for either the corneal or conjunctival epithelial cells.
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Figure 5. (A) Effect of a high glucose level (15 mM; 30 mM) on glycosyltransferase gene expression
in stratified human corneal epithelial cells. (B) Effect of a high glucose level (15 mM; 30 mM)
on glycosyltransferase gene expression in stratified human conjunctival epithelial cells. The data
represent mean + S.E.M of cell culture experiments conducted in triplicate.

2.5. Effect of a High Glucose Level on Expression of Genes Involved in Cell Cycle in Stratified
Human Corneal and Conjunctival Epithelial Cells

The suppression of ocular surface epithelial cell proliferation can lead to an overall
decrease in ocular surface glycocalyx, even in the absence of any change in the individual
components of the glycocalyx. Therefore, we next tested whether glucose can potentially
modulate the expression of genes involved in cellular proliferation. To test the effect of
glucose exposure on the cell proliferation of ocular surface epithelial cells, we used an array
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of 42 genes that are involved in the cell cycle stages of the G1 and G1/S transition phases
(ANAPC2, CCND1, CCNE1, CDC34, CDK4, CDK6, SKP2, CDKN1B, CDKN3, and E2F1), S
phase and DNA replication (ABL1, CDC6, MCM2, MCM3, MCM4, MCM5, and WEE1), G2
phase and the G2/M transition (BCCIP, BIRC5, CCNA2, CCNB1, CCNG1, CCNH, CCNT1,
CDC25A, CDK5R1, CDK5RAP1, CDK7, CDKN3, CKS1B, CKS2, GTSE1, KPNA2, MNAT1,
and SERTAD1), M phase (AURKB, CCNB2, CCNF, CDC16, CDC20, CDC25C, CDC6, CDK1,
and STMN1), the cell cycle checkpoint and cell cycle arrest (CDC34, CDK1, CDKN1B,
CDKN3, and WEE1), and the regulation of the cell cycle (ABL1, ANAPC2, BCCIP, CCNB1,
CCNB2, CCND1, CCNE1, CCNF, CCNH, CCNT1, CDC16, CDC20, CDC25C, CDC6, CDK1,
CDK4, CDK5R1, CDK6, CDK7, SKP2, CDKN1B, CKS1B, E2F1, and WEE1). As is evident
from Figure 6, the glucose exposure for 72 h caused a decrease in the expression of many
of these genes involved in cell proliferation. This decrease in gene expression was more
prominent at a 30 mM concentration and a greater number of genes were affected in the
conjunctival epithelial cells compared to the corneal epithelial cells.
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Figure 6. (A) Heat map showing changes in gene expression of proteins involved in proliferation and cell
cycle in stratified human corneal epithelial cells exposed to high glucose concentration (15 mM; 30 mM).
(B) Heat map showing changes in gene expression of proteins involved in proliferation and cell cycle in
stratified human conjunctival epithelial cells exposed to high glucose concentration (15 mM; 30 mM). The
proteins that show a fifty percent or higher decrease in expression are depicted in blue.



Int. J. Mol. Sci. 2022, 23, 14289 8 of 13

3. Discussion

The prevalence of diabetes mellitus is increasing globally, with a staggering 537 million
adults worldwide currently suffering from this disease [29]. The disease affects one out
of seven adults in the United States, resulting in a significant morbidity due to its compli-
cations and accounting for a major financial burden on the health system [29]. Diabetes
mellitus affects all parts of the eye. Diabetes-associated retinopathy and cataracts are
major causes of blindness. Recent clinical reports and animal studies have shown that
diabetes also significantly affects the ocular surface, causing an increased incidence of dry
eye, corneal keratopathy, and keratitis [1–6]. The ocular surface epithelium seems to be
especially affected by diabetes mellitus. Preclinical studies in animal models of diabetes
and clinical observations in patients with diabetes mellitus demonstrate the presence of
epithelial defects, impaired corneal epithelial wound healing, recurrent epithelial erosions,
basement membrane thickening, and the loss of corneal and conjunctival epithelial barrier
function [1–6].

The apical surface of the corneal and conjunctival epithelium is lined with a glyco-
calyx, a continuous network composed of glycosylated membrane-tethered mucins and
galectin [18–21]. Forming a boundary between the ocular surface epithelium and the tear
film, the glycocalyx maintains ocular surface hydration, reduces friction during blinking,
and acts as a strong protective barrier, safeguarding the underlying epithelial cells against
damage by outside chemicals and microbes [18–21]. Several studies have shown that
diabetes mellitus causes a compromise of the ocular surface’s barrier function and increases
the risk of corneal and conjunctival infections even when corneal keratopathy may not be
fully apparent [9–14]. Using a mouse model of diabetes, a previous study conducted by
our lab demonstrated that diabetes mellitus caused a significant decrease in the area of the
corneal glycocalyx, with more damage seen with higher glucose levels associated with type
1 diabetes compared to type 2 diabetes [22]. Since the glycocalyx is a major component of
the ocular surface barrier, our data suggest that a compromised glycocalyx could be one of
the factors contributing to the reduced epithelial barrier function noted in diabetes mellitus.

Diabetes mellitus triggers a variety of pathological changes that can cause the noted
compromise of the ocular surface glycocalyx. An elevated blood glucose level or hyper-
glycemia, either due to insulin deficiency and/or insulin resistance, is a cardinal feature
of diabetes mellitus. Multiple recent studies have shown that glucose can modulate the
gene expression of a variety of genes either through the direct regulation of transcription
or through epigenetic mechanisms [23–25]. Glucose can also affect the level or spatial
distribution of proteins through osmotic stress. Thus, the goal of this study was to test
whether a high glucose level can directly affect the expression or spatial distribution of gly-
cocalyx components as the probable mechanism underlying a diabetes mellitus-associated
compromised glycocalyx, even in the absence of an apparent keratopathy. To test the
direct effect of high glucose exposure on various components of the glycocalyx, we used
an in vitro-stratified culture of ocular surface epithelial cells, which was free from other
confounding factors, including those posed by immune cells. Membrane-tethered mucins
are important components of the glycocalyx. The results of the present study demonstrate
that glucose does not directly affect the protein levels of ocular surface mucins but affects
their gene expression. However, rather than causing a decrease in mucin gene expression,
as would be anticipated for a compromised glycocalyx in vivo in diabetic mice as well as a
modest decrease in mucin protein in vitro, glucose caused an increase in the mucins’ gene
expression. It is likely that the noted increase in the MUCs’ gene expression may be a com-
pensatory response to circumvent a high glucose-mediated decrease in MUC protein levels.
MUC 16 is the largest mucin and the second largest human protein [26,30,31]. MUC 16 has
been shown to be linked to the actin cytoskeleton, thus providing an adhesive function
to glycocalyx. MUC 16 extends beyond other membrane-tethered mucins and its large
size and glycosylation contribute to its strong barrier function [26,30,31]. Previous studies
have demonstrated that MUC 16, serving as an important barrier component, prevents rose
bengal penetration and islands of rose bengal-negative areas correlate with the distribution


