Journal of Inflammation Research Dove

ORIGINAL RESEARCH

Increased Intestinal Inflammation and Permeability
in Glaucoma

Zuo Wang''?*, Siqi Guo>*, Chong He***, Lingling Chen®, Jinxia Wang?, Wenbo Xiu?, Gao Zhang?,
Yang Chen?, An Li?%, Xiong Zhu®, Xiao Xiao?, Ling Yu(®?, Fang Lu*>*’

'Department of Clinical Laboratory, Sichuan Clinical Research Center for Cancer, Sichuan Cancer Hospital & Institute, Sichuan Cancer Center,
Affiliated Cancer Hospital of University of Electronic Science and Technology of China, Chengdu, People’s Republic of China; 2Clinical Immunology
Translational Medicine Key Laboratory of Sichuan Province, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of
China, Chengdu, People’s Republic of China; 3Department of Ophthalmology, Daping Hospital, Army Medical Center, Army Medical University,
Chongging, People’s Republic of China; “Medico-Engineering Cooperation on Applied Medicine Research Center, University of Electronic Science and
Technology of China, Chengdu, People’s Republic of China; *Department of Immunology, West China School of Basic Medical Sciences & Forensic
Medicine, Sichuan University, Chengdu, People’s Republic of China; °Department of Prenatal Diagnosis, Chengdu Women’s and Children’s Central
Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, People’s Republic of China; 7Health Management
Center, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, Chengdu, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Ling Yu; Fang Lu, Email oculistlingyu@hotmail.com; lufangfang@ 126.com

Objective: Evidence suggests that dysbiosis of the gut microbiota plays a pivotal role in the development of glaucoma. This dysbiosis
is commonly associated with chronic intestinal inflammation and increased intestinal permeability. However, the understanding of
intestinal inflammation and permeability in glaucoma remains insufficient. This study aims to investigate the potential relationship
between fecal inflammation and permeability markers and glaucoma.

Methods: We recruited 114 glaucoma patients and 75 healthy controls. Levels of fecal lactoferrin (Lf) and alpha-1 antitrypsin (AAT)
were quantified using enzyme linked immunosorbent assay (ELISA) to compare both biomarkers between groups and across different
severity grades of glaucoma. Logistic regression analysis was used to assess the association between these fecal biomarkers and
glaucoma. The severity of glaucoma was assessed based on the mean deviation (MD) in the visual field.

Results: In this study, we observed elevated levels of fecal Lf and AAT in glaucoma patients. The proportion of glaucoma patients
with abnormal fecal Lf levels (> 7.25 ng/g) was significantly higher than that of the controls (p = 0.012). A positive correlation was
noted between fecal Lf and AAT (tho = 0.20, p = 0.006). After adjusting for age and sex, multivariable logistic regression analysis
indicated that both fecal Lf (OR = 1.11, 95% CI: 1.01-1.21, p = 0.026) and AAT (OR = 1.01, 95% CI: 1.01-1.02, p < 0.001) positively
correlated with glaucoma. These biomarkers might reflect glaucoma severity, with significant differences in fecal Lf levels observed
between moderate and severe stages, but not in the early stage. Furthermore, increasing levels of fecal AAT correlated with greater
severity of glaucomatous injury and a larger vertical cup-to-disc ratio (VCDR) (p < 0.05).

Conclusion: This study suggests an increase in intestinal inflammation and permeability in glaucoma, further indicating the
importance of the ‘gut-retina axis’ in the pathogenesis of the disease and potentially offering new therapeutic avenues.

Keywords: fecal lactoferrin, fecal alpha-1 antitrypsin, glaucoma, intestinal inflammation, intestinal permeability, intestinal barrier

Introduction

Glaucoma, the second leading cause of blindness worldwide, currently affects approximately 80 million people globally.'
This complex neurodegenerative condition is primarily characterized by the degeneration of the optic nerve, reduction of
retinal ganglion cells (RGCs), and visual field defects.'* Although elevated intraocular pressure (IOP) is traditionally
viewed as a principal contributor to glaucomatous damage, some patients exhibit normal IOP levels.” Recent studies have
suggested that alterations of the gut environment may be implicated in glaucoma.’> Specifically, some research has
demonstrated alterations in the gut microbiome of patients with this condition.” > Mouse model experiments show that
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germ-free mice are resistant to glaucomatous neural damage, underscoring the essential role of intestinal flora in the
disease’s etiology.® Additionally, our previous research indicates that gut-licensed p7+ CD4+ T cells and MAACAM-1
contribute to RGC degeneration, highlighting the importance of the “gut-retina” axis in the development of glaucoma.’

Gut-microbiota dysbiosis is commonly associated with chronic intestinal inflammation and increased intestinal
permeability.®® In previous studies, we have suggested a potential link between glaucoma and intestinal inflammation,
as indicated by the inflammation marker fecal calprotectin.'® However, more evidence is required to substantiate these
findings, and the identification of additional non-invasive fecal markers is necessary to confirm the presence of intestinal
inflammation in glaucoma patients beyond this single marker.'” Additionally, inflammation is a primary cause of
increased intestinal permeability and is considered pivotal in the pathophysiology of inflammatory bowel disease
(IBD)."" The relationships may suggest a potential role for intestinal permeability in the pathogenesis of glaucoma.’
To date, as far as we know, no studies have directly investigated changes in intestinal permeability in patients with
glaucoma.

Fecal lactoferrin (Lf), a non-invasive biomarker for detecting gut inflammation and predicting endoscopically active
disease in the colon.'? Alpha-1 antitrypsin (AAT), a protease inhibitor, reflects loss of proteins to the intestinal lumen,
serving as a biomarker for intestinal permeability.'* Fecal Lf and AAT are established markers widely used to assess
intestinal inflammation and permeability in various diseases, such as inflammatory bowel disease (IBD) and Parkinson’s
disease (PD)."*"'> Moreover, our previous study demonstrated that plasma levels of Lf and AAT were elevated and
correlated with the severity of glaucoma.'®'” However, since plasma is derived from peripheral blood circulation, it
primarily reflects systemic inflammation and may not directly indicate local intestinal inflammation.'® In contrast, fecal
samples, directly sourced from the gastrointestinal tract, offer a more accurate reflection of gastrointestinal conditions."’
In this study, we try to use fecal Lf and AAT to investigate changes of intestinal inflammation and permeability in
patients with glaucoma.

Materials and Methods
Subjects

The study was conducted in adherence to the Declaration of Helsinki and received approval from the Institutional Review
Board for Clinical Research of Sichuan Provincial People’s Hospital (No. 201968) and Daping Hospital (No. 202192).
We enrolled 114 patients and 75 healthy controls from the two hospitals. All participants were informed about the study
details and provided written informed consent. As previously reported,” glaucoma was diagnosed by ophthalmologists
based on comprehensive eye examinations, typically identifying characteristic optic nerve damage and associated visual
field loss. Some glaucoma patients use between one and five different types of antiglaucoma eye drops, such as
travoprost, carteolol, brimonidine, or brinzolamide. Inclusion criteria required participants to be free from antibiotics,
probiotics, or prebiotics for the past three months and to have no history of acute or chronic gastrointestinal disorders
(like irritable bowel syndrome, celiac disease, IBD), gastrointestinal surgery, malignant tumors, or other neurodegenera-
tive diseases such as Parkinson’s disease.

Healthy controls exhibited no clinical signs of glaucoma or a family history of the disease. Exclusion criteria included
a history of ocular surgery, ocular trauma, malignant tumors, recent surgery, gastrointestinal tract diseases (like irritable
bowel syndrome, celiac disease, IBD), neurodegenerative diseases, and recent use of antibiotics, probiotics, or prebiotics.
The inclusion and exclusion criteria for healthy controls were designed to ensure matching by gender and age.

Collection and Testing of Fecal Samples

Subjects were provided with sterile containers to collect fecal samples (5-10 g) at the hospital. The samples were
immediately frozen at —80°C upon receipt at the laboratory. Fecal levels of Lf and AAT were quantified using an enzyme-
linked immunosorbent assay (ELISA) with commercially available Lactoferrin ELISA kits (Catalogue No: EH0396, Fine
Test, Wuhan, China), alpha-1 antitrypsin ELISA kits (Catalogue No: E-EL-H0965, Elabscience, Wuhan, China),

following the manufacturer’s instructions.
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Determination of Glaucoma Severity
Glaucoma severity was categorized based on the mean deviation (MD) values derived from visual field assessments.
Specifically, an MD greater than —6 dB indicated early-stage glaucoma, an MD ranging from —12 dB to —6 dB was

indicative of moderate-stage glaucoma, and an MD of —12 dB or lower signified severe-stage glaucoma.?’*'

Statistical Analysis

Statistical analyses were conducted using R (version 4.1.3). The Kolmogorov—Smirnov test was utilized to assess normal
distribution. For non-normally distributed data, non-parametric statistics (the Mann—Whitney U-test or Kruskal-Wallis
test) were employed to compare differences in fecal markers between groups. Categorical data were analyzed using the
chi-square test, and correlation analyses were performed using Spearman rank correlation. Logistic regression models
conditioned on matched pairs were employed to estimate odds ratios and their 95% confidence intervals (ClIs). Receiver
operating characteristics (ROC) curve analysis and the area under the ROC curve (AUC) were utilized to assess
discriminative ability. P-value < 0.05 was considered statistically significant.

Result

Characteristics of the Participants

The characteristics of this study participants are detailed in Table 1. This study included 114 patients with glaucoma and
75 healthy controls, matched for age and gender. The average age in the glaucoma group was 59.6 years, compared to
57.6 years in the control group (p = 0.24). In terms of gender distribution, 60 men (52.6%) were in the glaucoma group
and 42 men (56.0%) in the control group (p = 0.76). We categorized patients with glaucoma into subgroups based on the
severity of damage: Early (n = 16), Moderate (n = 12), Severe (n = 67).

Elevation of Fecal Lactoferrin Levels as a Biomarker for Intestinal Inflammation in

Glaucoma Patients
Fecal Lf levels were compared between glaucoma patients and a cohort of healthy controls, revealing a statistically
significant elevation in fecal Lf levels among the glaucoma patients (Figure 1A). Among the glaucoma types, Primary
Open-Angle Glaucoma (POAG) and Primary Angle-Closure Glaucoma (PACG) were the most prevalent. Analysis
revealed significantly higher median fecal Lf levels in both the PACG and POAG groups compared to controls.
However, no significant differences were observed in fecal Lf levels between the POAG and PACG groups (Figure 1B).
Considering that fecal Lf levels above 7.25 pg/g are highly specific indicators of intestinal inflammation,'*'* we
categorized the glaucoma patients into two groups: those with levels > 7.25 ug/g and those with levels < 7.25 pg/g.
Elevated fecal Lf levels, exceeding the upper reference limit of 7.25 pg/g, were observed in 23.7% of the 114 glaucoma
patients compared to 9.3% of the 75 controls (p = 0.012). The proportion of glaucoma patients with abnormal fecal Lf
levels was significantly higher than that of the controls (Figure 1C). It was noted that fecal Lf levels were not influenced

by intraocular pressure (IOP) (Figure 1D), age (p > 0.05), and gender (p > 0.05).

Table | Characteristics of Glaucoma Patients and Healthy Controls

Variable Glaucoma (114) | Healthy Controls (75) | P-value
Age, years 596 % 115 576 £ 11.1 0.24
Male/female, n 60/54 42/33 0.76
PACG/POAG, n 68/46 \ \
Severity stages: Early/Moderate/Severe, n 16/12/67 \ \

Notes: Age is presented as the mean * standard deviation (SD). Abbreviations used include PACG for primary angle-
closure glaucoma and POAG for primary open-angle glaucoma. Differences in age between patients with glaucoma and
healthy controls were analyzed using an unpaired two-tailed Student’s t-test, while differences in gender distribution were
assessed using a Chi-square test. A p-value of less than 0.05 was considered statistically significant.
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Figure | Fecal Lf levels in glaucoma patients. (A) Elevated fecal Lf in glaucoma patients. (B) Comparison of fecal Lf levels among healthy controls (HC), Primary Angle-
Closure Glaucoma (PACG), and Primary Open-Angle Glaucoma (POAG) subgroups. (C) Comparison the abnormal levels percent of fecal Lf between HC and Glaucoma.
(D) The relation between intraocular pressure (IOP) and Fecal Lf levels. Differences between groups were assessed using the Mann—Whitney U-test, and variations among
the PACG, POAG, and healthy controls were analyzed using the Kruskal-Wallis test. Abnormal fecal Lf levels were analyzed using the Chi-square test. Additionally, Spearman
correlation analysis was employed to assess the relationship between fecal Lf and IOP levels. NS (not significant) indicates no statistical significance; **p < 0.01; *p < 0.05.

Elevation of Fecal Alpha-1 Antitrypsin Levels as a Biomarker for Intestinal Permeability

in Glaucoma Patients
Fecal AAT levels were compared between glaucoma patients and healthy controls, demonstrating a statistically sig-
nificant increase in fecal AAT levels among glaucoma patients (Figure 2A). Concurrent analysis revealed significantly
higher median fecal AAT levels in both the PACG and POAG groups compared to controls. However, no significant
differences in fecal AAT levels were found between the POAG and PACG groups (Figure 2B). It was observed that fecal
AAT levels were not observed by IOP (Figure 2C), age (p > 0.05), and gender (p > 0.05).

Given the the potential link between intestinal inflammation and permeability, Spearman correlation analysis was
employed to assess the relationship between fecal Lf and AAT levels. This analysis revealed a positive correlation
between fecal Lf and AAT (rho = 0.20, p = 0.006) (Figure 2D).

Logistic Regression Analysis to |dentify Intestinal Biomarkers Associated with

Glaucoma
We employed univariate and multivariable logistic regression analyses to evaluate the associations between intestinal

inflammation, permeability, and glaucoma. In the univariate analysis, fecal Lf was significantly associated with glaucoma
(OR = 1.14, 95% CI: 1.04-1.24, p = 0.004), as was fecal AAT (OR = 1.01, 95% CI: 1.01-1.02, p < 0.001). To further
investigate the impact of Lf and AAT on glaucoma, we conducted multivariate logistic regressions, adjusting for age and
sex. Both Lf and AAT remained statistically significant predictors after adjusting for these confounders (Lf: OR = 1.11,
95% CI: 1.01-1.21, p = 0.026; AAT: OR = 1.01, 95% CI: 1.01-1.02, p < 0.001) (Table 2).
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Figure 2 Fecal AAT levels in glaucoma patients. (A) Elevated fecal AAT in glaucoma patients. (B) Comparison of fecal Lf levels among HC, PACG, and POAG subgroups. (C)
The relationship between fecal AAT levels and |IOP. (D) The correlation between fecal Lf and AAT levels. Differences between groups were assessed using the Mann—
Whitney U-test, and variations among the PACG, POAG, and healthy controls were analyzed using the Kruskal-Wallis test. Additionally, the relationship was examined using
Spearman correlation analysis. NS (not significant) indicates no statistical significance; ***p < 0.001.

Correlation Between Fecal Biomarkers and Disease Severity and Neural Damage in
Glaucoma

We compared fecal Lf and AAT levels among patients with varying disease severities in glaucoma, categorized based on
mean deviation (MD) into three subgroups: Early, Moderate, and Severe. Notably, significant differences in fecal Lf
levels were observed in the Moderate and Severe stages, but not in the Early stages (Figure 3A). Additionally, patients
with different levels of disease severity exhibited varying AAT levels compared to healthy controls, with more severe
glaucoma associated with increased AAT levels (Figure 3C). Furthermore, clinical signs of glaucomatous damage are
characterized by excavation of the optic nerve head, quantified by the Vertical Cup-to-Disc Ratio (VCDR).** Patients
were grouped based on their VCDR to assess the correlation between fecal Lf and AAT levels with optic nerve damage.
The findings revealed that an increase in VCDR was associated with elevated levels of AAT. The group with a C/D ratio
between 0.80 and 1.0 exhibited significantly higher AAT levels compared to the group with a C/D ratio of 0.6 or less
(Figure 3D). However, Lf levels did not show a significant change (Figure 3B).

Table 2 Logistic Regression Analysis of Glaucoma Influencing Factors

Univariate Analysis Multivariate Analysis
OR (95% CI) | P value | OR (95% CI) | P value
Age 1.02 (0.99-1.04) | 0.236 1.03 (1.00-1.06) | 0.074
Sex (Female) | 1.15 (0.64-2.06) | 0.649 1.27 (0.65-2.46) | 0.488
Fecal Lf 1.14 (1.04-1.24) | 0.004 1.1 (Lol-1.21) | 0.026
Fecal AAT 1.0l (1.01-1.02) | <0.001 | 1.0l (1.01-1.02) | <0.00I
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Figure 3 Correlations between fecal Lf and AAT levels, glaucoma Severity, and optic nerve damage. (A and C) Lf and AAT levels across different severities of glaucoma.
(B and D) and Vertical Cup-to-Disc Ratio (C/D) variations. The differences across the parameters were evaluated using the unpaired Mann-Whitney U-test. Significance
levels are indicated as *p < 0.05, ***p < 0.001.

ROC Curve Analysis of the Discriminatory Ability of Fecal Lf and AAT in Assessing the

Severity of Glaucoma

ROC curves were generated to evaluate the discriminative ability of fecal Lf and AAT in distinguishing healthy controls
from glaucoma patients with varying severity. The AUC for Lf was 0.722 for differentiating healthy controls from
patients with moderate glaucoma, and 0.624 for severe glaucoma (Figure 4A), with respective Youden indices of 0.436
and 0.278. For AAT, the AUCs were 0.686, 0.684, and 0.754 for identifying healthy controls from patients with early,
moderate, and severe glaucoma (Figure 4B), respectively, with Youden indices of 0.371, 0.380, and 0.424.

Discussion

In this study, we investigated changes in intestinal inflammation and permeability using fecal biomarkers in patients with
glaucoma. Building on our preliminary findings, we further confirmed the presence of intestinal inflammation in patients
with glaucoma and the importance of the “gut-retinal” axis in the disease. Our findings revealed that: 1) A higher
percentage of abnormalities, considered a highly specific indicator of intestinal inflammation, along with elevated fecal
Lf levels, collectively suggest the presence of intestinal inflammation in glaucoma. 2) Increased levels of fecal AAT
suggest enhanced intestinal permeability. 3) The positive correlation between fecal Lf and AAT suggests a link between
intestinal inflammation and permeability. 4) After adjusting for age and sex, multivariable logistic regression analysis
showed that both fecal Lf and AAT are positively correlated with glaucoma. 5) The levels of fecal Lf and AAT might
reflect the severity of glaucoma. The AUC demonstrated the relatively good discriminative ability of fecal Lf and AAT in

distinguishing glaucoma patients with varying degrees of severity.

6900 e Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

A S | = Moderate B | = Early

- Severe Moderate

— Severe

o | =

o

© | -
> ©
=
@ AUC: 0.722 AUC: 0.686 AUC: 0.754
[}
2] <

24 i

o ]

o

C_r
o | -t
o
T T T T T T T T T T T T
1.0 0.8 06 04 0.2 0.0 1.0 0.8 0.6 04 0.2 0.0
Specificity Specificity

Figure 4 Receiver operating characteristic (ROC) curve analysis was evaluate the discriminative ability of fecal Lf (A) and AAT (B).

Fecal Lf is indicative of intestinal leukocyte infiltration and correlates with the severity of endoscopic and histological
inflammation.”® It is known that Lf increases the permeability of the bacterial cell membrane, leading to the release of
lipopolysaccharides and other cellular contents from the outer membrane, potentially causing tissue inflammation.”**®
Notably, Lf demonstrates exceptional stability in fecal at room temperature for extended periods.”* Research has shown
that among neutrophil-derived proteins in whole gut lavage fluid, Lf serves as a reliable indicator of disease activity in
IBD due to its stability, thereby establishing it as a suitable marker for intestinal inflammation.'®** Fecal Lf concentra-
tions are elevated in IBD compared to irritable bowel syndrome (IBS) and healthy controls." Interestingly, increased
fecal Lf levels are observed not only in patients with digestive diseases such as IBD but also in neurodegenerative
diseases like Parkinson’s disease (PD).'*'* Considering the retina as an extension of the central nervous system (CNS),
the characteristics of neurodegenerative processes and immune responses observed in PD are often analogous.?
Additionally, fecal calprotectin is a surrogate marker for endoscopic detection of gut inflammation and intestinal disease
activity.'® It is elevated in glaucoma patients, and exhibits a significantly higher percentage of abnormal levels (> 250 pg/
g), which are considered a highly specific indicator of intestinal inflammation compared to controls.'® Alterations in the
gut microbiome of glaucoma patients, along with elevated fecal calprotectin levels, suggest intestinal inflammation.”'® In
this study, elevated fecal Lf levels in glaucoma patients, marked by highly specific abnormal percentages, further support
the presence of intestinal inflammation in glaucoma.

AAT is a protease inhibitor synthesized by the liver, served as a reliable indicator of gut leakiness. Compromised intestinal
integrity permits this inhibitor to seep into the intestinal lumen, where it resists degradation by digestive enzymes.'* AAT can be
detected in fecal samples and remains stable at ambient temperature for extended periods.'*2® Fecal AAT levels are elevated not
only in intestinal diseases such as IBD, but also in neurodegenerative diseases like PD.?’ Intestinal inflammation often coincides
with changes in intestinal permeability.® Intestinal inflammation is an important cause of increased permeability.® This
heightened permeability allows undesirable large molecules and commensal bacteria to infiltrate the lamina propria, triggering
further inflammation and creating a cycle where inflammation increases permeability, which in turn leads to more
inflammation.**® Our finding of a positive correlation between fecal Lf and fecal AAT also revealed the relationship between
these two markers in glaucoma. The increased intestinal permeability and its association with glaucoma severity suggested that
AAT played a role in glaucoma development, further reinforcing the importance of the “gut-retina” axis.

Intestinal inflammation and permeability can be influenced by microbiota dysbiosis within the gut.'** Recent studies have
demonstrated significant variations in the gut microbiome compositions between patients with PACG and healthy individuals,
as well as between those with POAG and healthy individuals.?*>° Similarly, rat models have demonstrated significant

Journal of Inflammation Research 2024:17 hetps: 6901

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

alterations in gut microbiome compositions in glaucoma compared to controls.*! Dysbiosis of the gut microbiome is
frequently linked with chronic intestinal inflammation and increased intestinal permeability.”*? Our findings of increased
intestinal inflammation and permeability are consistent with these observations. Thus, we speculated that increased intestinal
inflammation and permeability in glaucoma may be induced by gut microbiome dysbiosis. But, the possible causal relation-
ship between intestinal inflammation and permeability and gut microbiome dysbiosis still remains to be proven.

Although the exact mechanisms by which intestinal inflammation and permeability contribute to the development of
glaucoma remain unclear, the intestinal mucosal immune response may play an important role.*> Some studies have indicated
that patients with IBD, a chronic inflammatory condition of the gastrointestinal tract, exhibit extra-intestinal manifestations in
the eyes.>** Our previous study found that mucosal addressin cell adhesion molecule 1 (MAdCAM-1) was upregulated in
retinal microvessels, recruiting gut-homing CD4+ T cells, which co-localized with ganglion cells and led to retinal neuron
degeneration in a dextran sulfate sodium-induced (DSS) colitis model.*® Additionally, we previously found an increased
percentage of circulating CD4+ T cells expressing the gut-homing integrin p7 in patients with glaucoma.” In an elevated
intraocular pressure-triggered glaucoma mouse model, gut-homing B7+ CD4+ T cells gained the ability in the gut to induce
retinal MAdCAM-1 expression and cross the blood-retina barrier, leading to retinal ganglion cell degeneration.” Above all,
increased intestinal inflammation and permeability may contribute to the development of glaucoma through the intestinal
mucosal immune response, highlighting the pivotal role of the “gut-retina” axis in glaucoma progression.

Intestinal inflammation and permeability can serve as indicators of intestinal barrier integrity.”? Disruptions in gut
microbiota composition or inflammatory changes in the mucosal tissue can compromise adherence and tight junctions,
increasing permeability and leading to the breakdown of the intestinal barrier.®* This, in turn, results in the abnormal
translocation of luminal contents into the mucosa.>*=*” Current evidence suggests that various neurological, psychiatric, and
neurodevelopmental CNS disorders are linked to functional and structural changes in the intestinal barrier.>” Mechanistically,
an impaired gut barrier may allow bacteria and their products to translocate into the mucosa and bloodstream, potentially
spreading to the brain.>”*® This translocation, along with haptoglobin release, could activate immune and inflammatory
responses, thereby contributing to central neuroinflammation.’” Given the analogous characteristics of the neurodegenerative
processes in glaucoma and CNS diseases,”” along with gut microbiome dysbiosis, increased intestinal inflammation, and
permeability, we propose that disruption of the intestinal barrier may play a role in the development of glaucoma. Drugs that
protect the intestinal barrier could potentially be repurposed as adjunct therapy for glaucoma.

This study has several limitations that warrant further investigation. Firstly, our conclusions require further validation
through the recruitment of a larger cohort of glaucoma patients and the execution of a multi-center study. Secondly, while
fecal Lf and AAT serve as robust non-invasive markers for assessing gut inflammation and permeability, additional
studies employing endoscopic and histological evaluations are essential. Lastly, further mechanistic studies are necessary
to determine whether changes in intestinal markers simply correlate with an increased risk of glaucoma or play a causal
role, a question not addressed by the current study design.

In conclusion, our findings indicated increased intestinal inflammation and permeability in glaucoma, which were correlated
with disease severity. These results highlight the significant role of intestinal permeability and inflammation in glaucoma
pathogenesis, further emphasizing the importance of the “gut-retina” axis and potentially revealing new therapeutic targets.
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