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Abstract: This article aims to provide a comprehensive review of the biochemical changes observed
in the anterior chamber of the eye in diabetic patients. The increased levels of inflammatory markers,
alterations in antioxidant defense mechanisms, and elevated levels of advanced glycation end prod-
ucts (AGEs) in the aqueous humor (AH) are explored. Additionally, the impact of these biochemical
changes on diabetic retinopathy progression, increased intraocular pressure, and cataract formation is
discussed. Furthermore, the diagnostic and therapeutic implications of these findings are presented.
This study explores potential biomarkers for detecting diabetic eye disease at an early stage and mon-
itoring its progression. An investigation of the targeting of inflammatory and angiogenic pathways
as a potential treatment approach and the role of antioxidant agents in managing these biochemical
changes is performed.
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1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood
glucose levels due to impaired insulin production or utilization. This condition affects
millions of individuals worldwide and is associated with various complications, including
cardiovascular disease, neuropathy, and retinopathy [1,2]. Diabetic retinopathy (DR), in
particular, is a leading cause of blindness among working-age adults [3].

The anterior chamber of the eye, which includes the cornea, iris, and lens, is responsible
for regulating intraocular pressure and maintaining the clarity of the visual pathway.

The clear, watery fluid known as the aqueous humor (AH) occupies the space between
the cornea and the lens in the front part of the eye. The composition of AH is a topic of
great interest to researchers and medical professionals alike. It is primarily composed of
water, electrolytes, and proteins. The precise balance of these components is essential for
maintaining the optical properties of the eye and ensuring its normal functioning. Any
disruption in the composition of this fluid can lead to various eye conditions and diseases.

The main component of the AH—water—accounts for approximately 98% of its total
volume. Various disease conditions can have a profound impact on the composition of the
AH. For instance, conditions like glaucoma, uveitis, and diabetic retinopathy can alter the
balance of electrolytes and proteins within the anterior chamber of the eye.

The AH fulfills several important functions in the eye. First and foremost, it provides
nourishment to the avascular tissues of the cornea and the lens. Since the cornea lacks
blood vessels, it relies on the AH for the supply of oxygen and nutrients. Furthermore, the
AH plays a crucial role in preserving the spherical structure of the eyeball. It exerts a gentle
pressure, known as intraocular pressure (IOP), which keeps the eyeball in its spherical
form. This pressure is essential for the proper functioning of the eye and relies on a precise
equilibrium between the generation and outflow of waste products from the avascular
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tissues of the eye. It transports and eliminates waste substances, such as lactic acid and
carbon dioxide, ensuring a healthy environment for optimal eye function [4].

The AH is continuously generated by the ciliary body, a structure located behind the
iris. The ciliary body contains specialized cells called ciliary epitheliums, which actively
secrete the aqueous humor into the posterior chamber of the eye. From there, it flows
into the anterior chamber through the pupil. The production of AH is a dynamic process
regulated by various factors, including hormones, neurotransmitters, and local tissue
factors. The rate of production is influenced by the needs of the eye and the metabolic
demands of its various tissues [5]. Despite not having straight interaction with the retina,
the AH can receive proteins from posterior pole structures through the blood–retinal barrier
and cilio-retinal circulation in DR [6]. Additionally, these proteins can also diffuse through
the vitreous humor (VH) and the VH–AH barrier [7–9]. Consequently, the AH includes
proteins that may serve as indicators of the advancement of DR in individuals with DM.

The pathophysiology of DR involves several interconnected mechanisms. Firstly,
chronic hyperglycemia damages the endothelium of the blood vessels, leading to the
formation of microaneurysms, capillary blockage, and the leakage of fluid and blood into
the retina. These events can result in reduced blood flow and inadequate oxygen supply
to the retinal tissue, causing ischemia and hypoxia. To counterbalance deficiency, the
retina releases a range of growth factors that stimulate the development of new blood
vessels (neovascularization).

Complications associated with DR encompass diabetic macular edema (DME), prolif-
erative diabetic retinopathy (PDR), cataracts, retinal detachment, and glaucoma.

Understanding the biochemical alterations in the anterior chamber of the eye in
diabetic patients is essential for comprehending the pathophysiology of diabetic eye disease
and developing effective diagnostic and therapeutic strategies. Moreover, this knowledge
may contribute to the development of more accurate diagnostic tools, allowing for early
intervention and improved visual outcomes for individuals with diabetes.

2. Biochemical Changes in Anterior Chamber

The anterior chamber of the eye, the space between the cornea and the iris, plays
a crucial role in maintaining the overall health and functionality of the eye. In diabetic
patients, however, this delicate balance can be disrupted by various biochemical changes
that occur as a result of their disease. Ample evidence has been gathered regarding notable
alterations in the composition of the AH among individuals with diabetes. The analysis of
AH samples is crucial in comprehending the pathophysiology of diabetic eye complications
and developing effective diagnostic and therapeutic strategies.

2.1. Methods of AH Analysis

For diagnostic purposes, the collection of AH samples is usually performed through a
paracentesis procedure in patients who are undergoing different anterior segment surgeries
or in post-mortem cases. The quantities of liquid collected are minimal, ranging from 100
to 150 µL [10,11]. Once obtained, AH samples are typically stored undiluted directly at
−80 ◦C. Analyzing these samples can provide valuable information, but the collection
process carries inherent risks that should be considered [12]. Conversely, post-mortem eye
samples exhibit distinct characteristics resulting from the buildup of metabolic byproducts
and unregulated post-death phenomena. Therefore, fluids obtained from living individuals
are regarded as more beneficial.

The techniques employed for the analysis of AH include spectroscopic, chromato-
graphic, and mass spectrometry methods [13]. Spectroscopic techniques, such as UV–
visible, infrared, and Raman spectroscopy, allow for the characterization of molecular com-
position and structure. Chromatographic techniques, including HPLC (high-performance
liquid chromatography), GC (gas chromatography), and TLC (thin-layer chromatography),
enable the separation and identification of different compounds. Mass spectrometry, in-
cluding ESI-MS (electrospray ionization–mass spectrometry), MALDI-MS (matrix-assisted
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laser desorption/ionization–mass spectrometry), and GC-MS (gas chromatography–mass
spectrometry), offers high sensitivity and selectivity for the identification and quantification
of various analytes.

2.2. Increased Levels of Inflammatory Markers

Chronic low-grade inflammation, known as sterile inflammation, is now considered
a key component of diabetic eye disease. This is due to one of the prominent biochemi-
cal changes observed in the anterior chamber of diabetic patients, which is the elevation
of inflammatory markers. These markers include cytokines, chemokines, and adhesion
molecules, which are molecules responsible for the initiation and regulation of the inflam-
matory response (Table 1).

Table 1. Key biomarkers responsible for initiating and controlling the inflammatory response in the
anterior chamber of the eye in diabetes.

Cytokines

Interleukin-6 (IL-6)
Tumor necrosis factor-alpha (TNF-α)
Interleukin-1-beta (IL-1β)
Interleukin-10 (IL-10)
Interleukin-12 (IL-12)
Interferon gamma-induced protein 10 (IP-10)
Pigment epithelium-derived factor (PEDF)
Placental growth factor (PGF)
Transforming growth factor-beta (TGF-β)
Basic fibroblast growth factor (bFGF)
Hepatocyte growth factor (HGF)
Chemokine ligand 5 (CCL5)

Chemokines
Monocyte chemoattractant protein-1 (MCP-1)
Interleukin-8 (IL-8)
Macrophage inflammatory protein-1-alpha (MIP-1α)

Adhesion molecules Vascular cell adhesion molecule-1 (VCAM-1)
Intercellular adhesion molecule-1 (ICAM-1)

Other biomarkers
Alpha-1-acid glycoprotein (AGP)
Apolipoprotein A-I (APOA1)
Apolipoprotein A-IV (APOA4)

2.2.1. Cytokines

Cytokines, which function as signaling molecules within the immune system, are
compact proteins, regulating inflammation and immune responses. Numerous cytokines
have been detected within the anterior chamber of patients with diabetic retinopathy, each
with its own distinct role in the disease process.

One of the most well known is interleukin-6 (IL-6), which is a pro-inflammatory
cytokine that has been found to be elevated in the AHs of individuals with diabetic
retinopathy. Increased IL-6 levels are linked to an increased risk of disease advancement
and severity. The available information indicates that IL-6 can have a role in causing
inflammation and vascular leakage, which may then lead to the occurrence of retinal
pathologies [14–18].

Tumor necrosis factor-alpha (TNF-α) is another pro-inflammatory cytokine that has
been found to be elevated in the AHs of patients with DR. TNF-α promotes inflammation
and the impairment of vascular function, leading to the disruption of the blood–retinal
barrier. Its presence in the AH suggests its involvement in the pathogenesis of DR [14–18].

Another cytokine—interleukin-1-beta (IL-1β)—plays a significant role as a highly
effective cytokine that promotes inflammation, and it has been shown to be upregulated in
the AHs of individuals with DR. IL-1β promotes the synthesis of additional agents that
provoke inflammation and induces vascular endothelial cell apoptosis, contributing to the
development of retinal damage [15–18].
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Various independent research studies regarding alterations in the levels of other
cytokines in the AHs of individuals with diabetes have been published. The additional
cytokines that have been investigated include IL-10 (interleukin-10), IL-12 (interleukin-
12), IP-10 (interferon gamma-induced protein 10), PEDF (pigment epithelium-derived
factor), PGF (placental growth factor), TGF-β (transforming growth factor-beta), bFGF
(basic fibroblast growth factor), HGF (hepatocyte growth factor), and CCL5 (chemokine
ligand 5) [17,19–23]. Nevertheless, some of these findings remain ambiguous. The situation
is similar for the determination of biomarkers, including α-1-acid glycoprotein (AGP),
apolipoprotein A-I (APOA1), and apolipoprotein A-IV (APOA4) [24,25].

An extensive investigation of the AH composition revealed that there were nearly
200 proteins that display varying levels of expression between individuals with diabetes
and those without the condition. These proteins are primarily associated with secretory
pathways, making them valuable as biological markers in both clinical studies and funda-
mental analysis. When comparing subjects with diabetes to control subjects, it was observed
that only some protein pathways displayed an increase or decrease in activity. The most
prominently represented pathways in PDR subjects were complement and coagulation
cascades, the phosphoinositide 3-kinase (PI3K-Akt) signaling pathway, and cholesterol
metabolism [26].

2.2.2. Chemokines

Chemokines, which are compact signaling proteins, have a vital function in the im-
mune system’s cell migration and recruitment to sites of inflammation. Several chemokines
have been discovered to be increased in the AHs of patients diagnosed with DR, indicating
their involvement in the inflammatory processes underlying this disease. The most impor-
tant are monocyte chemoattractant protein-1 (MCP-1), interleukin-8 (IL-8), and macrophage
inflammatory protein-1-alpha (MIP-1α) [17,27].

MCP-1 is a chemokine that attracts monocytes to locations where inflammation occurs.
Increased levels of MCP-1 have been detected in the anterior chamber of diabetic patients,
suggesting a role in the recruitment of inflammatory cells to the retina and the development
of retinal inflammation [28,29].

Another chemokine is IL-8, which promotes the migration and activation of neu-
trophils. Elevated levels of IL-8 have been found in the AHs of individuals with DR,
indicating its involvement in the recruitment and activation of neutrophils in the retina,
leading to retinal damage [18,28–30].

MIP-1α is a chemokine that attracts and activates macrophages, which are essential
immune cells involved in the inflammatory response. Increased levels of MIP-1α have been
observed in the anterior chambers of patients with DR, suggesting its contribution to the
recruitment and activation of macrophages in the retina, exacerbating retinal inflamma-
tion [30,31].

2.2.3. Adhesion Molecules

Adhesion molecules are proteins that facilitate the attachment and migration of im-
mune cells to the endothelial cells lining the blood vessels. Several adhesion molecules
have been identified in the AHs of diabetic retinopathy patients, indicating their role in the
inflammatory processes associated with this disease. The most supported by evidence are
vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1).

VCAM-1 is an adhesion molecule that plays a crucial role in the recruitment of im-
mune cells to sites of inflammation. Increased levels of VCAM-1 have been detected in the
aqueous humor of individuals with DR, suggesting its involvement in the adhesion and mi-
gration of immune cells to the retinal vasculature, contributing to retinal inflammation [31].

ICAM-1 is another molecule that facilitates the attachment and migration of immune
cells to the endothelial cells. Elevated levels of ICAM-1 have been observed in the anterior
chambers of diabetic patients, indicating its role in the recruitment and activation of
immune cells in the retina, leading to retinal damage [31].
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2.3. Alterations in Antioxidant Defense Mechanisms of the AH

Diabetes is characterized by increased oxidative stress, which arises from an imbalance
between the production of reactive oxygen species (ROS) and the body’s antioxidant
defense mechanisms [32]. In the anterior segment of the eyes of diabetic patients, there is a
disruption in the normal antioxidant defense system, resulting in the decreased activity of
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) [33,34].

SOD is an essential enzymatic antioxidant found in the AH. It acts by catalyzing the
conversion of superoxide radicals into less harmful hydrogen peroxide and molecular
oxygen. The enzymatic activity of SOD helps prevent the accumulation of superoxide
radicals, which exhibit a significant level of reactivity and have the potential to cause
extensive harm to ocular tissues [35,36].

GPx is another crucial antioxidant enzyme present in the aqueous humor. It plays a
vital role in reducing hydrogen peroxide and organic hydroperoxides to their respective
alcohols, thus preventing oxidative damage. GPx is particularly effective in neutralizing
lipid hydroperoxides, which can be detrimental to the integrity of cell membranes [37,38].

CAT is an enzyme found in AH that plays a critical role in the breakdown of hydrogen
peroxide into water and molecular oxygen. By doing so, catalase helps prevent the accu-
mulation of hydrogen peroxide, which can induce oxidative stress and damage cellular
components. This enzymatic antioxidant activity is essential for maintaining the overall
redox balance within AH, and compromised antioxidant capacity further exacerbates ox-
idative stress, leading to cellular damage and contributing to the pathological processes in
DR [39–41].

In addition to enzymatic antioxidants, the AH also contains various non-enzymatic
antioxidants that contribute to its overall antioxidant defense mechanisms. The most
well-known ascorbic acid (vitamin C) is a water-soluble antioxidant present in the anterior
chamber. It acts as a potent scavenger of free radicals, neutralizing them and preventing
oxidative damage to ocular tissues. Ascorbic acid also regenerates vitamin E, another
important antioxidant, enhancing its antioxidant capacity within the anterior chamber.
Vitamin E encompasses a group of fat-soluble antioxidants, including tocopherols and
tocotrienols. These antioxidants protect cell membranes from oxidative damage by scav-
enging lipid peroxyl radicals. Within the AH, vitamin E works synergistically with other
antioxidants to maintain a balanced redox environment. Both vitamins are found in altered
concentrations in the anterior chambers of diabetic patients [42–45].

Another antioxidant—glutathione—is a tripeptide antioxidant present in high con-
centrations in the AH. It acts as a potent reducing agent, directly neutralizing reactive
oxygen species and reactive nitrogen species. Glutathione also plays a crucial role in the
regeneration of other antioxidants, such as vitamin C and vitamin E, further enhancing
the overall antioxidant defense mechanisms within the anterior chamber [46]. This ingre-
dient has different concentrations in patients with diabetes in plasma, the AH, and the
vitreous [47,48].

Regulation of Antioxidant Defense Mechanisms

The antioxidant defense mechanisms within the anterior chamber are tightly regulated
to ensure their optimal function in combating oxidative stress. A central role in regulating
the expression of several antioxidant enzymes and proteins is played by nuclear factor
erythroid 2-related factor 2 (Nrf2), which is a transcription factor. The activation of Nrf2
induces the expression of genes that encode antioxidant enzymes, such as SOD, GPx, and
CAT, thereby enhancing the antioxidant capacity of the AH in the eye.

The activity of Nrf2 is controlled by a cytoplasmic protein: Kelch-like ECH-associated
protein 1 (Keap1). Under normal conditions, Keap1 binds to Nrf2 and promotes its degra-
dation, keeping the antioxidant defense mechanisms in check [49,50]. However, when
exposed to oxidative stress, Keap1 is modified, resulting in the release and stimulation of
Nrf2, which subsequently triggers the upregulation of antioxidant enzymes [51–56].
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The disproportion between the generation of reactive oxygen species and the antioxi-
dant protective mechanisms present in diabetes can disrupt the delicate redox balance in
AH. This imbalance can activate diverse signaling pathways, such as the nuclear factor
kappa B (NF-κB) pathway, which can further influence the expression of antioxidant en-
zymes and proteins. Understanding the intricate regulation and interplay of enzymatic and
non-enzymatic antioxidant defense mechanisms within the AH is crucial for unraveling
the pathogenesis of DR and developing targeted therapeutic strategies [57].

2.4. Elevated Levels of Advanced Glycation End Products (AGEs)

Advanced glycation end products (AGEs) are a diverse group of compounds formed
through non-enzymatic interactions that occur between reducing sugars and proteins or
lipids. In the anterior chambers of diabetic patients, there is an accumulation of AGEs due
to sustained hyperglycemia. These AGEs can induce inflammation, oxidative stress, and
tissue remodeling, all of which contribute to the occurrence and progression of diabetic
eye complications. Furthermore, AGEs are involved in the cross-linking of proteins within
anterior chamber structures.

The process by which AGEs are formed is known as glycation, and it occurs naturally
in the human organism as a part of regular metabolism. However, in conditions such
as diabetes, elevated levels of blood glucose can cause the excessive formation of AGEs.
The formation of AGEs begins with a reaction between a reducing sugar, such as glucose
or fructose, and a free amino group in a protein or another biomolecule. This initial
glycation reaction results in the formation of Schiff bases, which are reversible and relatively
unstable. Over time, Schiff bases undergo further rearrangements and modifications,
leading to the formation of more stable and irreversible AGEs. These AGEs can accumulate
in various tissues, including the eye, and are involved in the pathogenesis of diabetic
complications [58–60]. The build-up of AGEs in tissues can lead to the cross-linking
of proteins and the formation of abnormal structures, which can impair tissue function.
Furthermore, AGEs have the ability to bind with a specific cell surface receptor known as
receptor for AGE (RAGE). The attachment of AGEs to RAGE initiates a series of cellular
processes, including the generation of pro-inflammatory molecules and oxidative stress.
These processes can contribute to the development of chronic eye inflammation and tissue
damage, which are characteristic features of diabetes and its complications, including
diabetic retinopathy, cataracts, and glaucoma. In DR, AGEs have been shown to contribute
to the disruption of the blood–retinal barrier, which plays a vital role in maintaining the
normal function of the retina. AGE-induced inflammation and oxidative stress can also
promote the development of retinal vascular abnormalities, leading to retinal ischemia and
pathological neovascularization. Additionally, AGEs can impair the function of RPE cells,
which play a vital role in the maintenance of retinal integrity. In cataracts, the accumulation
of AGEs in the lens proteins can lead to protein cross-linking, resulting in lens opacification
and visual impairment. AGE-induced oxidative stress and inflammation have also been
suggested to be contributing factors in the development of glaucoma, a progressive optic
neuropathy characterized by the degeneration of retinal ganglion cells [61].

Angiogenic Factors

The development of abnormal blood vessels, known as neovascularization, is a hall-
mark of proliferative DR and neovascular glaucoma—the late phase of DR. Pathological
vessels can be located in the posterior pole of the eye, either on the optic disc (NVD—new
vessels on the optic disc) or elsewhere (NVE—new vessels elsewhere) and also in the
anterior chamber of the eye on the iris and the iridocorneal angle. The angiogenic process
is regulated by the complex interplay of pro- and anti-angiogenic factors. Several studies
have explored the presence of angiogenic factors in the AHs of diabetic patients, including
vascular endothelial growth factor (VEGF) 17, angiopoietin-2 (Ang-2), platelet-derived
growth factor (PDGF), and pigment epithelium-derived factor (PEDF). These factors have



J. Clin. Med. 2024, 13, 2581 7 of 16

shown potential as biomarkers for monitoring disease progression and evaluating the
response to anti-angiogenic therapies [27,62].

VEGF is a primary regulator of the angiogenesis process and is known to play a
pivotal role in ocular neovascularization. Increased levels of VEGF have been observed in
ocular diseases such as age-related macular degeneration (AMD), DR, and retinopathy of
prematurity. Quantifying VEGF levels in the AH can provide valuable information about
disease severity and responses to treatment [63]. While VEGF has received significant
attention, it is important to acknowledge that other angiogenic factors also contribute to
the angiogenic process in diabetic patients. Fibroblast growth factor (FGF) and insulin-like
growth factor (IGF) have been shown to promote neovascularization and have an impact on
the pathological changes observed in DR. Research has indicated that these factors interact
with each other and with VEGF, forming a complex network of signaling pathways that
regulate angiogenesis [27].

PDGF is another important angiogenic factor involved in ocular angiogenesis. It has
a function in the recruitment and proliferation of pericytes, which are essential for the
stability of blood vessels. Abnormal PDGF signaling has been linked to several ocular
disorders, including DR. Measuring PDGF levels in the AH has the potential to provide
valuable insights into the mechanisms underlying angiogenic processes in the eye. IGF,
being a potent mitogen that stimulates the growth and viability of cells, is an additional
aspect to consider. In the eye, IGF has been shown to stimulate endothelial cell proliferation
and neovascularization. Elevated levels of IGF in the anterior chamber of the eye have been
linked to retinal neovascularization in diseases such as proliferative DR [64]. Assessing IGF
levels in the AH can shed light on the role of this factor in ocular angiogenesis.

Moreover, there are intricate connections between growth factors and inflammation-
related factors. VEGF expression, for instance, is stimulated by IL-6 [65], while the ex-
pression of other cytokines and chemokines is increased by IL-8 [66]. Previous research
conducted on individuals with DME has found a notable association between levels of
VEGF in the vitreous and IL-6 [67]. Additionally, one study discovered noteworthy com-
plex associations among IL-6, IL-8, IL-18, MCP-1, and TNF-α in the AHs of DME patients;
however, these correlations were not entirely consistent [15].

Further research has established that VEGF levels exhibit a negative correlation with
IL-12 and TNF-α in the AH. In one study, in a diabetic group, there was a decrease in the
levels of IL-2, IL-10, IL-12, and TNF-α in contrast to a control group consisting of individuals
without diabetes, which may be attributable to increased VEGF levels in the diabetic group.
IL-10, IL-12, and TNF-α are significant mediators of innate immunity and also play a role
in the adaptive immune response. A decrease in IL-12 is probably responsible for reduced
IL-2 in patients with diabetes. It is hypothesized that the presence of low levels of these
cytokines in eyes without diabetes offers safeguards against possible damage. Disturbance
in this immune balance is probably responsible for certain pathological alterations observed
in diabetic eyes [18].

AH analysis has also revealed decreased levels of interferon-alpha (IFN-α) and
granulocyte–macrophage colony-stimulating factor (GM-CSF) in diabetic patients in com-
parison with controls. IFN-α is a strong inhibitor of angiogenesis and has demonstrated
effectiveness in the treatment of vascular neoplasms. Two preliminary studies have indi-
cated that IFN-α might be involved in the regression of PDR and provide protection against
retinal hemorrhage [68,69]. The present findings, which indicate lower levels of IFN-α
in individuals with diabetes, provide additional evidence to suggest that this cytokine
might play a beneficial role in preventing retinal damage associated with diabetes. GM-CSF
is associated with retinal changes in uveitis [70]. This cytokine plays a crucial role in
regulating the behavior and function of macrophages, granulocytes, and dendritic cells.
TNF-α and interferon-gamma (IFN-γ) have been proven to influence the production of
GM-CSF in retinal pigment epithelial cells. Nevertheless, there is a lack of comprehensive
knowledge regarding the contribution of GM-CSF to the progression of DR [71].
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3. Impact of Biochemical Changes

The biochemical alterations that occur in the anterior chamber of the eye in dia-
betic patients contribute to the development and progression of DR, increased IOP, and
cataract formation.

3.1. Correlation with Diabetic Retinopathy Progression

DR is a serious complication of diabetes that affects the blood vessels in the retina,
leading to vision loss if left untreated. The biochemical changes in the anterior chamber
play a key role in the development and progression of this sight-threatening condition.
Increased levels of inflammatory markers, such as cytokines and chemokines, contribute
to the disruption of the blood–retinal barrier and the recruitment of immune cells into
the retina. These processes promote the development of pathological blood vessels and
the leakage of fluid leading to DME formation, ultimately causing disorganization in
retinal layers and vision impairment [66,72]. The end stage of proliferative DR is tractional
retinal detachment.

3.2. Association with Increased Intraocular Pressure

Elevated intraocular pressure is a frequent finding in diabetic patients and is associated
with an increased risk of developing glaucoma, a leading cause of irreversible blindness [73].
The biochemical changes in the anterior chamber, particularly alterations in antioxidant
defense mechanisms, contribute to the imbalance between the production and clearance
of reactive oxygen species. This oxidative stress can damage the trabecular meshwork,
the tissue responsible for regulating the outflow of AH, leading to impaired drainage and
increased intraocular pressure.

Excessive glycation, a non-enzymatic reaction that occurs in diabetic patients, is respon-
sible for the production of several AGEs such as pentosidine, Nε-(carboxymethyl)lysine
(CML), and Nε-(carboxyethyl)lysine (CEL). These AGEs tend to accumulate in different
tissues, including the eye [61,74,75]. In the context of AH, AGE accumulation can occur
through several mechanisms. Firstly, AH is in direct contact with various structures of
the eye, such as the lens, cornea, and iris. These structures are exposed to high levels of
glucose, which can lead to increased glycation reactions and subsequent AGE formation.
AH is continuously replenished through the ciliary body, a structure responsible for the
production and secretion of this fluid. Studies have shown that the ciliary body itself can
produce AGEs, contributing to their accumulation in AH. Furthermore, the ciliary body
expresses receptors for AGEs, suggesting a potential feedback loop where AGEs can further
stimulate their own accumulation [58,59,74].

The presence of AGEs in AH has been found to have significant effects on its dynam-
ics [61]. AGEs can increase the viscosity of the aqueous humor, impairing its flow and
drainage. This alteration in fluid dynamics can lead to increased intraocular pressure,
a known risk factor for the development of glaucoma [73]. Moreover, AGEs have been
shown to provoke oxidative stress and inflammation in the eye. These processes can fur-
ther contribute to the impairment of dynamics in the anterior chamber and damage to
ocular tissues.

3.3. Cataract Formation

Inflammatory mediators released in response to AGE accumulation can promote the
formation of cataracts, among other age-related ocular conditions.

Cataracts are characterized by the clouding of the lens, which affects vision and can
ultimately result in loss of vision if left untreated. AGEs have been found to accumulate in
the lens with age, and their levels are considerably elevated in lenses affected by cataracts
in comparison with clear lenses [33,34,74,76,77]. The presence of AGEs in the lens can
disrupt its structure and, consequently, function. AGEs can cross-link proteins within the
lens, resulting in the development of protein aggregates and the loss of lens transparency.
Additionally, AGEs have the potential to trigger oxidative stress and inflammation in



J. Clin. Med. 2024, 13, 2581 9 of 16

lens cells, causing further damage to lens proteins and impairing their ability to maintain
lens clarity [74,76,77]. All research data support the observation that cataracts are more
common and tend to develop at an earlier age in diabetic patients as opposed to the
overall population.

Overall, the biochemical changes occurring in the anterior chamber of the eye in
diabetic patients have profound implications for their ocular health. By unraveling the
impact of these changes, we can identify potential biomarkers for diabetic eye diseases,
develop strategies to target inflammatory pathways for treatment, and explore the role
of antioxidant agents in disease management. Through continued research and clinical
advancements, we can strive to improve the quality of life of individuals living with
diabetes and reduce the burden of diabetic eye complications.

4. Clinical Implications

There is no evidence to suggest that any particular anti-diabetic treatment can have a
positive impact on the onset or progression of diabetic retinopathy (DR) without addressing
the improvement of blood glucose levels. However, understanding the presence and
severity of DR in a diabetic patient has implications for treatment. In fact, there is growing
evidence indicating that the rapid control of blood glucose levels can actually worsen DR.
While this effect is well recognized in advanced-stage DR, it is not as apparent in early-stage
DR [78].

4.1. Targeting Inflammatory Pathways for Treatment

Biochemical changes in the anterior chamber, particularly increased levels of inflam-
matory markers, highlight the importance of targeting inflammatory pathways for the
treatment of diabetic eye diseases. Inflammation has a significant impact on the develop-
ment and progression of ocular complications in diabetic patients. Therefore, interventions
aimed at reducing inflammation could potentially decelerate or even nearly stop the pro-
gression of DR and other ocular complications.

Current therapeutic strategies targeting inflammatory pathways involve the adminis-
tration of nonsteroidal anti-inflammatory drugs and corticosteroids. The objective of these
interventions is to mitigate the inflammatory reaction in individuals with diabetes and
hinder the occurrence of eye-related complications.

The use of anti-inflammatory drugs, both systemic and local, has also been explored
as a means to target inflammatory pathways in DR. However, more research is needed to
determine specific targets within the inflammatory cascade that can be effectively mod-
ulated to achieve optimal therapeutic outcomes. These drugs aim to reduce the overall
inflammatory burden primarily in the retina and alleviate the associated damage. Non-
steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and immunosuppressive
agents are among the classes of drugs that have been investigated. While many of these
drugs may have potential benefits in reducing inflammation, their use is often limited by
systemic or local side effects and the need for long-term administration. To surpass these
limitations, researchers are currently exploring the advancement of targeted drug delivery
systems, such as intravitreal injections or implantable devices, to deliver anti-inflammatory
drugs directly to the eye. This approach allows for localized delivery, minimizing systemic
exposure and potential side effects.

4.1.1. Corticosteroids

Corticosteroids are the prevailing choice in ophthalmology when it comes to anti-
inflammatory treatments. By administering corticosteroids directly to the eye (intravitreal
use), it is possible to achieve high concentrations of the drug in the targeted area. However,
it is important to note that intravitreal corticosteroid injections come with a high risk of oc-
ular complications, such as glaucoma and cataract formation [79]. Consequently, treatment
with intravitreal corticosteroids is typically limited to patients with persistent or refractory
diabetic macular edema (DME), especially those with pseudophakic eyes [80]. In addition
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to their ability to counteract the effects of proinflammatory cytokines, corticosteroids have
also been found to provide neuroprotection, as demonstrated in both experimental [81]
and clinical studies [82]. Furthermore, they possess antiangiogenic properties [83]. The
various impacts of corticosteroids have generated greater attention toward these conven-
tional drugs, resulting in the creation of sustained-release formulations and implants that
decrease the need for intravitreal injections [79].

4.1.2. Role of Antioxidant Agents in Disease Management

Oxidative stress is one of the key points in the development of DR. In order to address
this issue, researchers have been investigating the potential therapeutic implications of
various antioxidant phytochemicals and drugs. These substances have shown promise in
controlling and alleviating oxidative stress in the pathogenesis of DR.

Polyphenols, such as epigallocatechin-3-gallate (EGCG), present in green tea, have
been found to have strong antioxidant properties. EGCG not only eliminates retinal reactive
oxygen species (ROS) but also provides neuroprotection and improves hyperglycemia-
induced impairments. It can also suppress inflammatory factors and prevent the formation
of advanced glycation end products (AGEs) [84–86].

Quercetin, a plant-derived flavonoid, has shown potential in inhibiting oxidative
stress injuries caused by diabetes. It facilitates the expression of important antioxidant
enzymes in the retina and inhibits the expression of factors associated with apoptosis and
neurodegeneration [87].

Resveratrol, a type of polyphenolic compound that does not belong to the flavonoid
group, has shown an ability to provide protection against ocular diseases that are associated
with aging. It activates pathways that eliminate intracellular ROS caused by elevated
glucose levels and inhibits ROS-induced cell death in retinal cells. Resveratrol additionally
inhibits inflammation induced by hyperglycemia and restores insulin levels, attenuating
inflammation and damage to the retinal layers during DR [88–92].

Curcumin, a bioactive compound found in Curcuma Longa, has shown restorative
potential in preventing DR. It exhibits hypoglycemic, antioxidant, and anti-inflammatory
properties, impeding structural degeneration and normalizing abnormal DNA methyl-
transferase function caused by prolonged exposure to high glucose levels [93–95].

In addition to polyphenols, other antioxidants have also shown promise in managing
oxidative stress in DR. Lutein, a carotenoid found in leafy vegetables, protects the central
part of the retina and photoreceptors from oxidative damage. Astaxanthin, a xanthophyll
carotenoid, reduces inflammation, ROS, and apoptosis, while zeaxanthin alleviates retinal
oxidative stress and inflammatory responses [96–101].

Lipoic acid (LA), an antioxidant derived from sulfur-containing compounds, promotes
the expression of genes involved in antioxidant and detoxification processes and demon-
strates suppressive properties on nuclear factor-κB function [102–104]. Vitamins C and E, as
well as other antioxidants, normalize retinal oxidative stress and ameliorate microvascular
abnormalities in the initial stages of DR [105]. Trace elements like zinc, copper, manganese,
and selenium also play a role in protecting the retina from oxidative damage [106–109].

4.1.3. Anti-Angiogenic Treatment

Treatment with anti-VEGF agents administered intravitreally is currently the preferred
initial approach for clinically significant DME, a severe ocular complication [79]. While
both proinflammatory cytokines and VEGF contribute to the development of DME, block-
ing VEGF is the primary therapeutic strategy rather than targeting inflammation [110].
Clinical trials have provided strong evidence that intravitreal anti-VEGF therapy is more
effective than laser therapy in preserving and enhancing vision in patients with DME [63].
Nevertheless, approximately half of DME patients respond insufficiently to anti-VEGF
treatment [111]. These results suggest that alternative mechanistic pathways may be in-
volved individually or in combination with VEGF in the development of DME. In a seminal
study by Aiello et al., it was found that 36% of patients with proliferative diabetic retinopa-
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thy (PDR) did not exhibit elevated VEGF levels in the vitreous body, which explains the
unsatisfactory response to anti-VEGF therapy in these individuals [112]. Non-responders
to anti-VEGF treatment may experience a more relevant pathogenic role from proinflam-
matory cytokines/chemokines and other angiogenic agents unconnected to VEGF, such as
PDGF, bFGF, HGF, and angiopoietin-2.

Aflibercept is one of the most popular intravitreal anti-VEGF drugs due to its ability to
provide a more comprehensive inhibition of angiogenesis compared with anti-VEGF agents
alone, like bevacizumab and ranibizumab. Consequently, it may yield superior outcomes
for specific patients [110]. Aflibercept acts as a soluble receptor decoy that binds with
higher affinity to VEGF-A, VEGF-B, and placental growth factor (PIGF) compared with the
body’s inherent receptors. By binding to aflibercept instead of the original receptors, VEGF
activity is reduced [113].

The angiopoietin (Ang)/Tie2 signaling pathway, known for its critical role in angio-
genesis regulation, was recently identified as a promising therapeutic approach. Numerous
clinical trials have proven the effectiveness of pharmacologic and biological mediators tar-
geting the Ang/Tie2 pathway [62]. While the VEGF pathway primarily induces endothelial
cell growth and initial network generation, the Ang/Tie2 pathway regulates blood vessel
remodeling and maturation during subsequent stages of angiogenesis [114]. In treatment-
naïve patients with DME, the combined suppression of angiopoietin-2 and VEGF-A using
a new anti-VEGF drug—faricimab—has demonstrated superior efficacy compared with
treatment with anti-VEGF agents alone [115].

4.2. Laser Therapy

Standard laser therapy has been shown to be effective in DR treatment, although not as
much as new intravitreal drugs. There are no data available on the impact of focal laser and
panphotocoagulation techniques on biomarkers in the AH. Subthreshold micropulse laser
(SMPL) is an innovative method that effectively treats DME while minimizing damage
to the surrounding tissue. This technique has been proven to decrease the concentration
of VEGF. When evaluating DME treatment-naïve eyes, it was found that the levels of
RPE biomarkers varied significantly [116]. SMPL’s mechanism of action may involve
deactivating microglial cells and reducing the local inflammatory response associated with
diabetes [117,118].

5. Conclusions

The biochemical changes that occur in the anterior chamber of the eye in diabetic
patients have significant implications for the development and progression of diabetic eye
diseases. The elevated levels of inflammatory markers observed in the anterior chamber
promote the chronic low-grade inflammation characteristic of diabetic eye disease. This
inflammation is a pivotal factor in the pathogenesis of diabetic retinopathy, resulting in
damage to retinal blood vessels and subsequent vision loss.

Furthermore, alterations in antioxidant defense mechanisms in the anterior chamber
of the eye have been observed in diabetic patients. The disproportion between oxidants
and antioxidants is responsible for oxidative stress, which further exacerbates the damage
caused by inflammation. The accumulation of advanced glycation end products (AGEs)
in the anterior chamber is another important biochemical change that contributes to the
development of diabetic eye diseases, including diabetic retinopathy, cataract formation,
and increased intraocular pressure.

The impact of these biochemical changes on diabetic eye diseases is substantial. The
correlation between the biochemical changes in the anterior chamber and the progres-
sion of diabetic retinopathy highlights the importance of early detection and intervention.
Additionally, the association between these changes and increased intraocular pressure em-
phasizes the need for the regular monitoring and management of this risk factor. Moreover,
the link between biochemical changes and cataract formation underscores the importance
of comprehensive eye care in diabetic patients.
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The diagnostic and therapeutic implications of these findings are significant. The
identification of potential biomarkers for diabetic eye disease can aid in the early detection
and monitoring of disease progression. Targeting inflammatory pathways, such as through
the use of anti-inflammatory agents, holds promise for the treatment of diabetic eye diseases.
Additionally, the role of antioxidant agents in disease management provides potential
avenues for intervention and prevention.
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