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Preface

The Reprint Redox Homeostasis and Oxidative Stress in Human Metabolism and Disease brings together
a comprehensive body of research focused on the dualistic nature of redox processes in physiological
and pathological states. Redox signaling and oxidative stress have emerged as central themes in
biomedical science, with far-reaching implications for understanding cellular metabolism, aging,
inflammation, neurodegeneration, cancer, fertility, and cardiovascular and metabolic diseases.

This Reprint includes both original research articles and critical reviews that explore molecular
mechanisms of redox balance, the generation and detoxification of reactive oxygen species, and
the consequences of oxidative damage at the cellular and systemic level. A particular emphasis is
placed on mitochondrial dysfunction, antioxidant defense systems, redox-sensitive pathways, and the
development of biomarkers and therapeutic interventions.

The aim of this Reprint is to provide readers with a multidisciplinary view of current
advancements in redox biology, integrating experimental models and clinical insights. It is intended
for a broad scientific audience including molecular biologists, biochemists, clinicians, pharmacologists,
and graduate students engaged in medical and life sciences.

Our motivation in compiling this volume stems from the increasing relevance of redox imbalance
in the pathophysiology of chronic diseases, and the need to foster dialogue between basic science and
clinical application. We hope this Reprint will serve as a useful resource for researchers seeking to
deepen their understanding of redox mechanisms and translate this knowledge into novel diagnostic

and therapeutic approaches.

Alina WozZniak and Jaroslaw Nuszkiewicz
Guest Editors
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Abstract: Type 2 diabetes mellitus represents a major global health burden and is often
preceded by a prediabetic state characterized by insulin resistance and metabolic dysfunc-
tion. Mitochondrial alterations, oxidative stress, and disturbances in lipid metabolism are
central to the prediabetes pathophysiology. Melatonin, a pleiotropic indolamine, is known
to regulate metabolic and mitochondrial processes; however, its therapeutic potential in
prediabetes remains poorly understood. This study investigated the effects of melatonin
on energy metabolism, oxidative stress, and mitochondrial function in a rat model of
prediabetes induced by chronic sucrose intake and low-dose streptozotocin administration.
Following prediabetes induction, animals were treated with melatonin (20 mg/kg) for four
weeks. Biochemical analyses were conducted to evaluate glucose and lipid metabolism,
and mitochondrial function was assessed via gene expression, enzymatic activity, and
oxidative stress markers. Additionally, hepatic mitochondrial dynamics were examined
by quantifying key regulators genes associated with biogenesis, fusion, and fission. Predi-
abetic animals exhibited dyslipidemia, hepatic lipid accumulation, increased fat depots,
and impaired glucose metabolism. Melatonin significantly reduced serum glucose, triglyc-
erides, and total cholesterol levels, while enhancing the hepatic high-density lipoprotein
content. It also stimulated (-oxidation by upregulating hydroxyacyl-CoA dehydrogenase
and citrate synthase activity. Mitochondrial dysfunction in prediabetic animals was evi-
denced by the reduced expression of peroxisome proliferator-activated receptor gamma
coactivator-1 alpha and mitochondrial transcription factor A, both of which were markedly
upregulated by melatonin. The indolamine also modulated mithocondrial dynamics by
regulating fusion and fission markers, including mitosuin 1 and 2, optic atrophy protein,
and dynamin-related protein. Additionally, melatonin mitigated oxidative stress by enhanc-
ing the activity of superoxide dismutase and catalase while reducing lipid peroxidation.
These findings highlight melatonin’s protective role in prediabetes by improving lipid and
energy metabolism, alleviating oxidative stress, and restoring mitochondrial homeostasis.
This study provides novel insights into the therapeutic potential of melatonin in address-
ing metabolic disorders, particularly in mitigating mitochondrial dysfunction associated
with prediabetes.

Int. J. Mol. Sci. 2025, 26, 4652 1 https://doi.org/10.3390/ijms26104652
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1. Introduction

Diabetes mellitus (DM) is a chronic non-communicable disease (CNCD) characterized
by persistent hyperglycemia and represents one of the most significant global health
challenges of the 21st century. Epidemiological data indicate that approximately 537 million
adults aged 20-79 years were living with DM in 2021, with an estimated 6.7 million deaths
attributed to the disease [1,2]. Among its subtypes, type 2 diabetes mellitus (T2DM)
accounts for approximately 90% of all cases and is primarily associated with disturbances in
carbohydrate and lipid metabolism. These metabolic disruptions result in insulin resistance
(IR) and impaired insulin secretion due to pancreatic (3-cell dysfunction [3].

The progression of T2DM is often preceded by an intermediate stage known as predi-
abetes, characterized by elevated blood glucose levels that remain below the diagnostic
threshold for diabetes. According to the World Health Organization [4] and the American
Diabetes Association [5], prediabetes is defined by fasting blood glucose levels between
6.1-6.9 mmol/L (110-125 mg/dL), impaired glucose tolerance in the two-hour oral glucose
tolerance test (OGTT) with values between 7.8 and 11 mol/L (140-199 mg/dL), or glycated
hemoglobin (HbA1lc) levels ranging from 5.7 to 6.4%.

The transition from prediabetes to T2DM is strongly influenced by lifestyle factors,
particularly dietary habits. The excessive consumption of sugar-sweetened beverages,
often associated with to obesity, is a major contributor. Studies indicate that the daily intake
of 250 mL of these beverages can result in an annual weight gain of 0.12 kg in adults and a
body mass index (BMI) increase of 0.05 kg/ m? in children [6]. Over the past four decades,
obesity—driven by an imbalance between energy intake and expenditure—has reached
epidemic proportions worldwide [7].

Altered energy metabolism is a hallmark of both prediabetes and T2DM. In predia-
betes, glucose intolerance primarily stems from IR in skeletal muscle and adipose tissue,
leading to reduced glucose uptake in the postprandial state. Elevated fasting glucose levels
are often associated with hepatic IR and increased gluconeogenesis [8]. As IR progresses,
the dysregulation of glucose and fatty acid metabolism becomes more pronounced, charac-
terized by impaired glucose uptake, enhanced glycolysis, and glycogenolysis, increased
gluconeogenesis, and sustained lipogenesis—all of which are closely linked to alterations
in key enzymatic pathways [9].

Mitochondria, the central organelles in cellular metabolism, play essential roles in
oxidative phosphorylation, fatty acid metabolism, and the generation of reactive oxygen
species (ROS). Mitochondrial function is regulated by three fundamental processes: bio-
genesis, dynamics, and bioenergetics. Mitochondrial biogenesis involves the coordinated
synthesis of new mitochondria, including mitochondrial DNA (mtDNA) replication and
the expression of nuclear-encoded proteins critical to mitochondrial function [10-12]. Mito-
chondrial dynamics refers to the continuous processes of fusion and fission that maintain
organelle integrity, distribution, and adaptability. Mitochondrial bioenergetics relies on
the electron transport chain (ETC) to generate ATP via oxidative phosphorylation through
the transfer of electrons across complexes embedded in the inner mitochondrial mem-
brane [10-12].

Mitochondrial dysfunction is a key driver of T2DM pathogenesis, contributing to
energy imbalance by reducing ATP production, increasing ROS accumulation, and im-
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pairing ETC function [13]. Abnormalities in mitochondrial biogenesis and dynamics are
strongly linked to the progression of IR [14]. Impaired mitochondrial function promotes
metabolic inflexibility, reducing the cellular ability to switch between glucose and fatty acid
substrates. Excessive mitochondrial fission and reduced fusion, commonly observed in dia-
betic conditions, decrease ATP generation and shift cells toward glycolysis. This metabolic
shift leads to the accumulation of intermediates that disrupt insulin signaling pathways.
Moreover, increased ROS generation further aggravates IR by inducing oxidative damage
and promoting inflammation [15-17].

Melatonin (N-acetyl-5-methoxytryptamine) is a lipophilic indolamine synthesized
from tryptophan, primarily by the pineal gland, though also produced in peripheral tis-
sues [18]. While melatonin is well known for its role in regulating circadian rhythm, it
exhibits pleiotropic biological effects, including anti-carcinogenic, immunomodulatory, and
antioxidant properties, depending on the physiological context. Emerging evidence sug-
gests that melatonin plays a significant role in metabolic modulation, influencing multiple
pathways involved with the metabolic syndrome and DM [19-22]. In T2DM, melatonin
modulates the hepatic energy metabolism by enhancing glycogenesis and suppressing
gluconeogenesis, contributing to glycemic control. It also influences lipid metabolism
by reducing total cholesterol, triglycerides, and LDL levels while elevating HDL concen-
trations [23-28]. Additionally, melatonin’s antioxidant properties counteract oxidative
stress by scavenging ROS and enhancing the activity of endogenous antioxidant enzymes,
thus protecting mitochondrial function in IR and T2DM [29-31]. Melatonin also regulates
mitochondrial dynamics by inhibiting excessive fission and promoting fusion, stabiliz-
ing the ETC, and enhancing ATP production—mechanisms that support cellular energy
homeostasis and mitigate metabolic disturbances linked to IR and T2DM [21].

Despite growing evidence supporting the beneficial effects of melatonin in DM, its role
in the metabolic alterations associated with IR and prediabetes remains poorly understood.
Further research is needed to elucidate its impact on energy metabolism, lipid homeostasis,
OS, and mitochondria-associated events in the context of prediabetes. To this end, we
investigated the effects of melatonin treatment in a Wistar rat model of prediabetes induced
by a high-sugar diet combined with low-dose streptozotocin (STZ). This study aims to
provide novel insights into the therapeutic potential of melatonin in alleviating metabolic
dysfunction and mitochondrial impairments associated with prediabetes.

2. Results
2.1. Sucrose Solution Consumption Alters Daily Feed Intake in Prediabetic Wistar Rats

Weight gain remained comparable across all experimental groups throughout the
study, with no significant differences observed in body mass index (BMI), Lee index, abdom-
inal circumference, or body length. However, daily food intake (g/day) was significantly
reduced in the pre-diabetes (PD) group compared to the control (C) group (p < 0.0001).
Consequently, energy intake from chow was 43.96% lower in the PD group relative to
control (p < 0.0001), but 16.63% higher in the PD-Mel group compared to PD (p = 0.0437).
Energy intake from liquid consumption was elevated in both PD and PD-Mel groups, as
the C group did not receive sucrose solution. Overall, total energy intake (kcal/day) in
the PD group was 73.25% higher than in the control group (p < 0.0001), and melatonin
treatment did not significantly alter this parameter. No differences in daily liquid intake
were observed between groups (Table 1).
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Table 1. Morphometric and nutritional parameters of rats from control, prediabetic, and prediabetic

treated with melatonin groups.

Groups
Parameters C PD PD-Mel
Body weight gain (g) 212.3 £18.27 244.4 +20.39 197.7 £ 76.36
BMI (g/cm?) 0.63 £ 0.02 0.63 £ 0.01 0.55 £ 0.04
Lee index (g/cm) 11.71 +£0.22 11.85 +0.37 11.08 +0.76
Abdominal circumference (cm) 16.1 +1.37 16.00 + 0.81 1522 +1.3
Body length (cm) 24.5 £ 0.53 24.38 £0.74 2513 £1.8
Food consumption (g/day) 27.87 = 0.47 15514+05% 16.85 £ 1.18
Liquid consumption (mL/day) 52.7 £1.47 50.14 =24 65 £7.57
Energy intake from food (kcal/day) 83.98 £+ 1.45 47.06 £2.272 50.89 4 2.55
Energy intake from liquid (kcal/day) 0+ 0.00 87.53 £4.232 95.6 +3.77
Total energy intake (kcal/day) 83.98 4+ 1.45 1455 +£8.73¢ 149.1 £+ 6.64

Data expressed as mean + SEM and analyzed by one-way ANOVA followed by Tukey’s test for multiple
comparisons. @ Differs statistically from C group. C—control group (n = 10); PD—prediabetic group (n = 8);
PD-Mel—prediabetic-melatonin-treated group (n =9).

2.2. Melatonin Reduces Serum Glucose but Does Not Improve Glucose Intolerance

Fasting serum glucose was measured via cardiac puncture, while glucose tolerance
was evaluated using glucose tolerance test (GTT), insulin tolerance test (ITT), and pyru-
vate tolerance test (PTT), via tail puncture. The combination of sucrose intake and STZ
injection led to a 25.51% increase in serum glucose in the PD group compared to control
(p = 0.0219). The melatonin treatment reduced serum glucose by 22.33% in the PD-Mel
group (p = 0.0240) (Figure 1A). During the GTT, baseline glucose levels were similar across
all groups. However, in PD groups, blood glucose remained elevated at 30 (p = 0.0052) and
60 min (p = 0.004). In the PD-Mel group, glucose levels increased significantly at 60 min
(p < 0.0001) and remained high until 90 min (p = 0.0048) (Figure 1B). The area under the
curve (AUC) analysis confirmed higher glucose intolerance in the PD group vs. control
(p <0.0001) and in the PD-Mel vs. PD (p = 0.0168) (Figure 1E). No significant differences
were observed in ITT or PTT among groups (Figure 1C,D). The TyG index, an insulin
resistance marker, was 6.03% higher in the PD group vs. control (p = 0.002), and melatonin
reduced this index by 4.57% in the PD-Mel group (p = 0.0067) (Figure 1F).

2.3. Melatonin Reduces Fat Deposits and Influences Serum Lipid Profiles

Total fat content in the PD group was 109.79% higher than in the Control (p = 0.0002).
Melatonin treatment the reduced fat content by 61.07% in the PD-Mel group (p < 0.0001),
restoring levels to those of Control (Table 2). Retroperitoneal and epididymal fat increased
by 191% (p < 0.0001) and 75.06% (p = 0.0068) in the PD group, respectively, and were both
reduced by ~60% with melatonin (p < 0.0001).

The PD group exhibited dyslipidemia, with elevated triglyceride (TG) and total choles-
terol (TC) levels compared to Control (p = 0.0008 and p = 0.0002, respectively). Melatonin
normalized TG levels and reduced TC by 12.8% (p = 0.0065). (Table 2). Aspartate transam-
inase (AST) levels were approximately 30% lower in PD-Mel compared to PD group
(p = 0.0226), with no changes in alanine transaminase (ALT) or lipoprotein levels.

Hepatic TG increased by 18.63% in PD vs. Control (p = 0.0049), and melatonin did not
affect this parameter. Hepatic HDL was 4.95% lower in PD vs. Control (p < 0.0001), with no
changes in hepatic TC or LDL levels (Table 2).
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Figure 1. Glycemic parameters of rats from control, prediabetic, and prediabetic treated with mela-
tonin groups. (A) Fasting serum glucose levels; (B) Intraperitoneal glucose tolerance test (GTT);
(C) Insulin tolerance test (ITT); (D) Pyruvate tolerance test (PTT); (E) Area under curve (AUC) of
previous provocative tests; and (F) TyG Index. Data are expressed as mean + SEM and analyzed by
one-way ANOVA followed by Tukey’s test for multiple comparisons with p value < 0.05. Letters a:
Differs statistically from C group; b: Differs statistically from PD group. C—control group (n = 10);

PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-treated group (n =9).

Table 2. Fat deposits, serum and liver biochemical parameters of rats from control, prediabetic, and

prediabetic treated with melatonin groups.

Groups

Parameters C D PD-Mel
Epididymal fat deposit (mg) 3.28 £0.22 5.75+0.382 2.08 +£0.49P
Visceral fat deposit (mg) 2.33 +0.18 414 +£0.34 2.31 £ 0.57
Retroperitoneal fat deposit (mg) 2.24 4+ 0.31 6.54 +0.572 248 4+081°
Sum of fat depots (mg) 7.84 4+ 1.85 16.45+ 37 6.4+489°
Serum triglycerides levels (mg/dL) 101 +9.50 143 +£29.312 118 4+ 34.11
Serum cholesterol levels (mg/dL) 105+ 2.8 128 £ 4512 112 +£241°

Serum HDL levels (mg/dL) 55 +2.81 61 4+ 3.49 50 4+ 5.51

Serum LDL levels (mg/dL) 28 +4.17 36 +3.35 27 +3.00

Serum ALT levels (U/L) 29 +2.07 20 +2.44 24 +4.35
Serum AST levels (U/L 43 +2.42 44 +2.74 30 +4.81P

Liver triglycerides levels (mg/dL) 87 £2.28 103 +4.022 100 £ 3.10
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Table 2. Cont.

Groups
Parameters C PD PD-Mel
Liver cholesterol levels (mg/dL) 94 +0.84 97 £1.17 95 +0.76
Liver HDL levels (mg/dL) 21 +£0.17 20+ 0.12° 20 £0.11
Liver LDL levels (mg/dL) 57 +7.43 55 4+ 5.34 53 +2.22

Data expressed as mean + SEM and analyzed by one-way ANOVA followed by Tukey’s test for multiple
comparisons with p value < 0.05. Letters ?: Differs statistically from C group; P: Differs statistically from PD
group. C—control group (n = 10); PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-treated group
n=9).

2.4. Melatonin Modulates the Expression of Genes Related to Energy Metabolism

Gene expression analysis revealed significant changes in hepatic energy metabolism
and ETC components (Figure 2). The ATP synthase subunit 6 (Atp6) was 139.02% higher in
PD vs. Control (p = 0.0003), and 30.39% higher in PD-Mel vs. PD (p = 0.0408). Cytochrome
c oxidase 1 (Cox1; ETC—complex IV) was reduced by 57.41% in the PD group (p = 0.0077),
but increased by 607% in PD-Mel compared to PD (p < 0.0001). Citrate synthase (Cs)
was downregulated in PD-Mel compared to PD (~39%, p < 0.0001). The expression of
cytochrome b (Cytb), a subunit of ETC-complex III, was 73.84% higher in PD-Mel vs. PD
(p <0.0001).

6.0

5.5
b
5.0 Groups

Relative Expression (mRNA)

0.0*

atp6 cox1 cs cytB glut2 hadh Idh nd1 nd5 pdh pfk
Genes

Figure 2. Gene expression panel of key enzymes related to hepatic energy metabolism of rats from
Control, prediabetic, and prediabetic treated with melatonin groups. Differences were calculated
using the AACt method, with 3-actin used as the housekeeping gene. For comparative analysis, the
control group was set as a calibrator (value = 1), and the relative expression levels in the other groups
were calculated accordingly. Data expressed as mean + SEM and analyzed by one-way ANOVA
followed by Tukey’s test for multiple comparisons with p value < 0.05. Letters a: Differs statistically
from C group; b: Differs statistically from PD group. C—Control group. Atp6: ATP synthase
subunit 6; cox1: cytochrome c oxidase 1; cs: citrate synthase, cytB: cytochrome b; glut2: glucose
transporter type 2; hadh: hydroxyacyl-coA dehydrogenase; Idh: lactate dehydrogenase; nd1: NADH
dehydrogenase subunit 1; nd5: NADH dehydrogenase subunit 5; pdh: pyruvate dehydrogenase
subunit; pfk: phosphofrutokinase-1; C—control group (n = 10); PD—prediabetic group (n = 8);
PD-Mel—prediabetic-melatonin-treated group (n =9).

In the PD group, glucose transporter type 2 (Glut2) expression was 45.1% lower in PD
(p <0.0001) and increased by 187.27% with melatonin (p < 0.0001). (Figure 2). Hydroxyacyl-
CoA dehydrogenase (Hadh) expression was 24.15% higher in PD-Mel vs. PD (p = 0.0031),
and the expression of lactate dehydrogenase (Ldha) increased by 99.7% in PD (p < 0.0001)
and decreased by 45.98% after melatonin treatment (p < 0.0001).
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Both the prediabetic state and melatonin treatment altered the mRNA expression of the
components of the respiratory complex 1 (Figure 2). Expression of NADH dehydrogenase
subunit 1 (Nd1) was 180% higher in PD vs. Control (p = 0.0462), and 110% higher in
PD-Mel vs. PD (p = 0.0011). Pyruvate dehydrogenase subunit 1 (Pdhl) was 33.39% higher
in PD group (p < 0.0001), but decreased by 80% with melatonin (p < 0.0001). Expression of
phosphofrutokinase-1 liver-type (Pfkl) was lower in PD compared to Control (p < 0.0001),
and lower in the PD-Mel compared to PD (p < 0.0001).

2.5. Melatonin Modulates the Activity of Enzymes Related to Energy Metabolism

Activity analysis revealed significant alterations in key metabolic enzymes in predi-
abetic rats (Figure 3). Lactate dehydrogenase (LDH) activity was 62.67% higher in PD
vs. control (p = 0.0380) (Figure 3C). 3-hydroxyacyl-coA dehydrogenase (3-OHADH) ac-
tivity increased by 79.45% in PD-Mel vs. PD (p = 0.0004). Citrate synthase (CS) activity
was 22.21% higher in PD-Mel vs. Control (p = 0.0137), and 41.15% vs. PD (p = 0.0002)
(Figure 3D,E). Both PD and PD-Mel groups exhibited an ~18% reduction in the pyruvate
dehydrogenase complex (PiDH) activity (p < 0.0001 for both) (Figure 3B).
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Figure 3. Activity of key enzymes of the hepatic energy metabolism of rats from Control, prediabetic,
and prediabetic treated with melatonin groups. (A) PFK1 (Phosphofructokinasel); (B) PiDH (pyru-
vate dehydrogenase) complex; (C) LDH (lactate dehydrogenase); (D) 3-OHADH (p-hydroxyacyl-coA
dehydrogenase;) (E) CS (citrate synthase); (F) NADH oxidase; (G) SDH (succinate dehydroge-
nase); (H) ATP synthase; (I) Ratio between PiDH/ATP synthase activities; (J) Ratio between f3-
OHADH/ ATP synthase activities. Data are expressed as the mean £ SEM and analyzed by one-way
ANOVA followed by Tukey’s test for multiple comparisons with p value < 0.05. Letters a: Dif-
fers statistically from group C; b: Differs statistically from PD group. C—control group (n = 10);
PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-treated group (n = 9).
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NADH oxidase activity was 36.44% lower in PD-Mel vs. PD (p = 0.0357), and ATP
synthase activity decreased by ~35% (p = 0.0002) (Figure 3EH). No significant changes
were observed in phosphofructokinase (PFK1) or succinate dehydrogenase (SDH) activity
(Figure 3A,G). To further explore the functional implications of these enzymatic changes,
the ratios between PiDH/ATP synthase and 3-OHADH/ATP synthase activities were
analyzed. The 3-OHADH/ATP synthase ratio was significantly higher in the PD-Mel
group compared to the PD group (p < 0.0001) (Figure 3L]J).

2.6. Melatonin Alters the Expression of Mitochondrial Biogenesis and Dynamics Markers

Cyclophilin D (Cypd) expression was 31% lower in PD (p = 0.0023), and increased
by 192% in PD-Mel (p < 0.0001) (Figure 4). Dynamin-related protein 1 (Drp1), a marker
of mitochondrial fission, rose by ~40% in PD vs. Control (p < 0.0001). Mitofusin 1 (Mfn1)
was 49% lower in PD vs. control (p < 0.0001), and increased by 209% with melatonin (p <
0.0001). The Mfn2 expression also increased by 200% in PD-Mel (p < 0.0001).

Optic atrophy protein 1 (Opal), a marker of mitochondrial fusion, had its expression
increased by 267% in PD (p < 0.0001). Peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (Pgcl-a) was 57% lower in PD (p = 0.004) and increased by 502% in
PD-Mel (p < 0.0001). Similarly, the mitochondprial transcription factor A (Tfam) expression
was 73% lower in PD (p = 0.0024), and increased by 827% in PD-Mel (p < 0.0001) (Figure 4).
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Figure 4. Gene expression panel of proteins related to hepatic mitochondrial events of rats from
Control, prediabetic, and prediabetic treated with melatonin groups. Gene expression differences
were calculated using the AACt method, with 3-actin used as the housekeeping gene. For comparative
analysis, the control group was set as a calibrator (value = 1), and the relative expression levels in the
other groups were calculated accordingly. Data expressed as mean 4+ SEM and analyzed by one-way
ANOVA followed by Tukey’s test with p value < 0.05. Letters a: Differs statistically from C group;
b: Differs statistically from PD group. Cypd: cyclophilin D; Drp1: dynamin-related protein; Fisl:
mitochondrial fission protein 1; Mfn1: mitofusin-1; Mfn2: mitofusin-2; Opa: optic atrophy 1; Pgcl
peroxisome proliferator-activated receptor gamma coactivator; Tfam: mitochondrial transcription
factor A. C—control group (n = 10); PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-
treated group (n =9).

2.7. Melatonin Reduces Hepatic Oxidative Stress

Malondialdehyde (MDA) levels increased by 135.44% in PD (p = 0.0002), and were
reduced by 22.64% in PD-Mel (p = 0.0275) (Figure 5A). Superoxide dismutase (SOD) activity
was reduced by 11% in PD (p < 0.0001) and increased by 16.42% in PD-Mel (p = 0.0018)
(Figure 5B). Similarly, catalase (CAT) activity decreased by 29.39% in PD (p = 0.0246) and
increased by 65.96% in PD-Mel (p = 0.0006) (Figure 5C).
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Figure 5. Hepatic oxidative stress parameters of rats from Control, prediabetic, and prediabetic
treated with melatonin groups. (A) Malondialdehyde levels (MDA), and activity of (B) Superoxide
dismutase (SOD); (C) Catalase; (D) Glutathione peroxidase (GSH-PX); (E) Glutathione reductase
(GSH-Rd); (F) Glutathione transferase (GST). Data are expressed as mean + SEM and analyzed by
one-way ANOVA followed by Tukey’s test for multiple comparisons with p value < 0.05. Letters a:
Differs statistically from group C; b: Differs statistically from PD group. (C) control group (n = 10);
PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-treated group (n =9).

Glutathione S-transferase (GST) activity increased significantly in PD-Mel (p = 0.0017)
(Figure 5F). Glutathione reductase (GSH-Rd) activity rose by 25.10% in PD (p = 0.0001), and
decreased by 35.67% in PD-Mel (p < 0.0001) (Figure 5E). Glutathione peroxidase (GSH-Px)
activity decreased by 39.68% in PD (p = 0.0183) (Figure 5D). Reduced glutathione (GSH)
levels dropped by ~37% in PD (p < 0.0001), and oxidized glutathione (GSSG) levels were
33.33% lower in PD vs. PD-Mel. OSI was elevated in PD and reduced with melatonin
(Table 3).

Table 3. Liver glutathione pool and OSI of rats from the Control, prediabetic and prediabetic treated
with melatonin groups.

Groups
P
arameters C PD PD-Mel
Total Glutathione 297 4 0.10 2214 0.15 1.93 + 0.29
(nmol/mg tissue)
GSH (nmol/mg tissue) 2.11 4+ 0.08 1.31 +£0.072 1.33 £0.15
GSSG (nmol/mg tissue) 0.52 +£0.04 0.45 +0.02 0.3 4 0.04°
OSI (%) 10.55 £ 0.72 1447 £1.754 10.34 + 1.56°

Data expressed as mean £ SEM and analyzed by one-way ANOVA followed by Tukey’s test for multiple com-
parisons. Letters ?: Differs statistically from C group; ®: Differs statistically from PD group. GSH—reduced glu-
tathione; GSSG—oxidized glutathione; OSI—oxidative stress index. C—control group (n = 10); PD—prediabetic
group (n = 8); PD-Mel—prediabetic-melatonin-treated group (n =9).
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2.8. Prediabetic Animals Exhibit Increased Collagen Deposition and Enlarged Hepatocyte Diameter

Hepatocyte diameter 122.97% higher in PD vs. C group (p = 0.0009). Melatonin
treatment partially reversed this effect, reducing hepatocyte diameter by 22.82% (p = 0.0001).
Collagen content increased by 351.61% in PD vs. control. Although melatonin reduced
collagen by 22.85%, the difference was not statistically significant. Hepatocyte counts were
unchanged among groups (Table 4).

Table 4. Histopathological parameters of rats from the Control, prediabetic, and prediabetic treated
with melatonin groups.

Groups
P
arameters C PD PD-Mel
Hepatocyte number 237.3 £ 6.86 221.6 &= 8.99 232.6 & 10.85
Hepatocyte morphometry (um) 2.96 £ 0.07 3.64+£0.09 2 2.82+0.10°
Collagen (%) 0.31 £ 0.02 1.40£0.19% 1.08 £ 0.14

Data expressed as mean + SEM and analyzed by one-way ANOVA followed by Tukey’s test for multiple
comparisons. Percentage of collagen refers to the proportion of the stained area in liver histological sections.
Letters ®: Differs statistically from C group; ?: Differs statistically from PD group. C—control group (n = 10);
PD—prediabetic group (n = 8); PD-Mel—prediabetic-melatonin-treated group (n = 9).

3. Discussion

The findings of this study provide novel insights into the therapeutic potential of
melatonin in mitigating metabolic dysfunction and mitochondrial abnormalities associated
with prediabetes. Our results demonstrate that melatonin treatment significantly improves
lipid and energy metabolism, reduces oxidative stress, and restores mitochondrial home-
ostasis in a rat model of prediabetes induced by chronic sucrose consumption and low-dose
STZ administration. These effects were evident at both biochemical and molecular levels,
highlighting melatonin’s pleiotropic actions in modulating key pathways involved in the
pathophysiology of prediabetes.

High-sugar diets, particularly among overweight or obese individuals, are strongly
associated with the development of T2DM. Sugar-sweetened beverages contribute signifi-
cantly to daily caloric intake, leading to weight gain and metabolic disturbances [29]. The
impact of liquid carbohydrate consumption on energy metabolism is well documented and
contributes to a positive energy balance [30,31]. However, in our study, chronic sucrose
consumption did not significantly alter body weight or BMI. Furthermore, the dietary
pattern, i.e., sucrose and food consumption, remained unchanged throughout the entire
experiment. Neither STZ administration nor melatonin treatment affected these parameters.
These finding may be related to the study duration, as morphometric changes often require
prolonged exposure to high-sucrose diets [19]. STZ may also have influenced weight
regulation, given its known [3-cell toxicity and associated catabolic effects [32].

Although sucrose solution may be more palatable than water, no differences in liquid
consumption were observed—a recurring finding in our previous studies [20]. However,
the presence of sucrose led to a compensatory decrease in food intake. This shift is critical as
sucrose-supplemented water is energy dense, contributing to increased total caloric intake,
even without increased liquid volume. This increased energy intake likely contributed to
the fat accumulation, dyslipidemia, and insulin resistance observed in the PD group.

Despite the absence of weight gain, prediabetic animals exhibited increased fat de-
position, evidencing the metabolic consequences of high-sucrose intake. Chronic sucrose
consumption thus promoted adipose tissue expansion and dyslipidemia—both hallmark
features of metabolic syndrome [33]. Importantly, melatonin treatment significantly attenu-
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ated these alterations, reducing fat deposits, lowering TC and TG levels, and increasing
hepatic HDL. These results are consistent with previous reports using melatonin doses
ranging from 2 to 50 mg/kg [27,28], including a study by Hadjzadeh et al. [26] employing
20 mg/kg, the same dose used herein. A limitation in this context is that we did not eval-
uate skeletal muscle mass or subcutaneous fat depots, which are important components
of body composition. While adiposity was estimated using internal fat pads, more com-
prehensive and precise assessments—such as dual-energy X-ray absorptiometry (DEXA)
in live animals—would provide better insights into total fat distribution and lean mass,
thereby strengthening the interpretation of our findings.

The role of melatonin in regulating glycolytic homeostasis has been previously de-
scribed [23,34,35]. Although melatonin did not improve glucose intolerance, it effectively
normalized fasting serum glucose, which is typically disrupted due to hepatic IR [8]. The
reduction in the TyG index, a robust predictor of IR, following melatonin treatment further
supports an improvement in insulin sensitivity. Elevated ALT and AST levels are com-
monly recognized markers of hepatic damage and have been reported to increase following
chronic sucrose consumption [19]. Interestingly, ALT and AST levels remained unchanged,
suggesting no overt hepatic injury. These results suggest that metabolic dysfunction pre-
ceded hepatocellular damage, which is consistent with early-stage prediabetes.

The increased hepatic Glut2 expression in melatonin-treated animals suggests im-
proved glucose uptake. The observed downregulation of Pfk1 expression, a gene regulated
by insulin [36], may be associated with insulin deficiency. However, PFK1 enzymatic
activity remained unchanged, possibly due to post-transcriptional regulatory mechanisms.
Additionally, melatonin has been shown to modulate PXR, which downregulates Glut2 and
contributes to glucose intolerance [37,38], raising the possibility that melatonin’s effects are
mediated in part through PXR inhibition.

Hepatic metabolic alterations are commonly reported in diabetic models under hyper-
caloric conditions [39]. Prediabetic animals showed reduced PiDH activity and increased
Ldha expression, indicating a shift in pyruvate metabolism toward lactate production.
Melatonin normalized Idh expression and LDH activity, a finding consistent with previous
reports from our group [40]. This reduction in LDH activity also supports the safety of
melatonin relative to biguanide-class drugs, e.g., metformin, which may increase lactate
levels and pose a risk of lactic acidosis [41-43].

Melatonin also promoted a shift toward lipid oxidation. The upregulation of Hadh
expression and increased 3-OHADH activity in the PD-Mel group, alongside a higher
3-OHADH/ATP synthase ratio, suggest that 3-oxidation became the predominant ATP
source. Under diabetic conditions, hepatic lipogenesis is often sustained, contributing to
metabolic imbalances [39]. The increased CS activity may reflect a compensatory response
to elevated lipid metabolism, supporting energy production while limiting lipotoxicity.
Together with the reduced fat depots and improved lipid profiles, these results empha-
size melatonin’s role in regulating lipid metabolism. Nevertheless, it is important to
acknowledge certain methodological limitations. We did not assess state 3, mitochondrial
respiration (i.e., ADP phosphorylation capacity), which could be evaluated using high-
resolution respirometry to provide a more direct assessment of mitochondrial bioenergetic
function. Additionally, ketone body levels were not measured, which would further clarify
whether enhanced (3-oxidation was accompanied by increased ketogenesis. These parame-
ters should be considered in future studies to fully elucidate the metabolic consequences of
melatonin treatment.

Mitochondria function is regulated by biogenesis, fusion, and fission processes, all
of which are essential for cellular homeostasis [10]. To our knowledge, few prediabetes
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models assessed these parameters after melatonin’s treatment. Mitochondrial biogenesis
genes have already been directly associated with the development of T2DM; decreased
expression of Pgcl-a leads directly to decreased oxidative phosphorylation, lipid oxidation
and thus contributes to increasing IR [44]. In this study, the downregulation of Pgcl-a
and Tfam in the PD group suggests impaired mitochondrial biogenesis, consistent with
metabolic disease models [15]. Thiazolidinediones (e.g., pioglitazone), which are known
for upregulating PGC1-o, have shown similar metabolic benefits [45]. Melatonin treatment
reversed these changes, upregulating Pgc1-« and Tfam, thereby promoting mitochondrial
biogenesis and stability. In an in vitro model of sepsis-induced hepatocyte injury, melatonin
treatment increased the protein levels of PGC-1«, NRF1, and TFAM, as well as reduced
MDA levels and increased SOD activity [46].

In the T2DM scenario, mitochondrial dynamics are also affected by the imbalance in
fission and fusion processes. Elevated Drpl expression in both PD and PD-Mel groups
indicates persistent fission activity, a common feature in IR [16]. The persistent increase in
Drp1 expression even after melatonin treatment may indicate an incomplete restoration
of mitochondrial homeostasis. However, melatonin markedly increased the expression of
Mfn1 and Mfn2, suggesting a partial recovery of fusion capacity. The significant downregu-
lation of Mfn1 in the PD group points to impaired fusion, contributing to mitochondrial
fragmentation and dysfunction.

With high serum glucose levels, the Drp1/MIfn2 ratio increases, leading to mitochon-
drial fission and contributing to increased IR [47]. In our study, even with greater expression
of Drp1 in the PD-Mel group, levels of Mfn1 and Mfn2 were also elevated. CypD, a key reg-
ulator of the mitochondrial permeability transition pore (mPTP), plays a critical role in cell
survival and apoptosis. The reduced CypD expression in PD animals suggests a shift toward
a more closed mPTP state, possibly as an adaptive response to prevent excessive cell death
under metabolic stress. CypD upregulation in the PD-Mel group may have restored mPTP
homeostasis, potentially improving mitochondrial function by modulating permeability
transition events. Opal, another key fusion protein, was markedly upregulated in both PD
and PD-Mel groups. Opal is essential for maintaining mitochondrial cristae structure and
function and alleviates ROS accumulation [48]. While excessive expression in the PD group
may reflect a compensatory mechanism for impaired mitochondrial dynamics, the further
increase in Opal following melatonin treatment indicates that the indolamine enhances
mitochondrial inner membrane remodeling, which could improve the ATP production
efficiency and overall mitochondrial function.

Melatonin’s influence on mitochondrial metabolism was further reflected in the in-
creased expression of ETC components and CS activity. However, these transcriptional
changes did not translate into a corresponding increase in enzymatic activity, as evi-
denced by the reduction in complex I and V activities in the PD-Mel group. This may
be attributed to excessive ROS production during enhanced (3-oxidation, as the elevated
NADH/NAD™ ratio can disrupt proton gradients and oxidative phosphorylation effi-
ciency [49-51]. Complex I is particularly susceptible to ROS-mediated damage due to its
limited electron-processing capacity, which can contribute to decreased ATP synthesis [52].

These previous findings are further supported by melatonin’s antioxidant effects,
which occur through direct ROS scavenging or the indirect modulation of antioxidant
enzymes [53]. The increased activity of SOD and CAT, coupled with reduced lipid per-
oxidation, supports this hypothesis. Elevated GST and reduced GSH-Rd activity may
indicate a shift toward phase II detoxification and enhanced melatonin metabolism [53].
Despite a decline in GSH, GSH-Px activity remained low, possibly reflecting an overreliance
on GSH for direct ROS neutralization. These findings are consistent with prior studies
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showing melatonin’s capacity to modulate oxidative stress in diabetic models [26,35,54,55].
Interestingly, while melatonin improved SOD and CAT activity, MDA and GSH may reflect
more chronic oxidative damage or other non-enzymatic pathways.

Liver damage in metabolic disorders can progress from steatosis to fibrosis and,
eventually, cirrhosis. Studies have demonstrated melatonin’s protective role in diabetic
conditions by mitigating hydropic degeneration, pro-necrotic lesions [53], and fibrosis,
including a reduction in collagen accumulation [56]. Our histological analysis revealed
increased collagen deposition and hepatocyte hypertrophy in prediabetic animals, consis-
tent with early fibrotic remodeling [20]. While melatonin treatment did not significantly
reduce collagen accumulation, it attenuated hepatocyte hypertrophy, a marker of hepatic
dysfunction. These data suggest that melatonin exerts hepatoprotective effects primarily
through modulation of cellular hypertrophy rather than fibrotic resolution. This aligns with
previous studies showing melatonin’s ability to modulate lipid and energy metabolism in
the liver [23,24,27,28].

In this study, melatonin treatment improved key biochemical markers, including TC
and TG levels, decreased fat deposits, and increased hepatic HDL levels. Additionally,
melatonin enhanced (-oxidation, a key process in lipid metabolism likely contributing
to the observed modulation of lipid parameters. While melatonin did not improve ETC
function directly, possibly due to the persistent OS from fatty acid oxidation byproducts, it
significantly reduced anaerobic glucose oxidation, an important finding given that elevated
lactate levels are a common side effect of antidiabetic drugs such as metformin. For the
first time, we demonstrated that melatonin treatment impacts mitochondrial events which
are involved in the prediabetes stage (Figure 6).
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possible mechanisms by which melatonin treatment improves prediabetic condition.

Study Limitations

Despite the promising results, this study has additional limitations. While we as-
sessed hepatic metabolic flux through enzyme expression and activity assays, advanced
techniques such as isolated hepatocyte studies or ex vivo liver perfusion could provide a
more comprehensive evaluation of metabolic pathways. Western blot analysis was also
not conducted to validate protein expression levels, limiting the depth of our molecular
insights.
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4. Materials and Methods
4.1. Animals and Experimental Protocol

This study was conducted in compliance with the guidelines of the National Council
for the Control of Animal Experimentation (CONCEA), Brazil, and was approved by the
Ethics Committee for the Use of Animals (CEUA) of the State University of Northern
Parand (UENP), Brazil (protocol number: 001/2023). The experimental model was initially
designed to induce T2DM in Wistar rats, adapting the protocol described by Salido and
collaborators [57], by combining chronic sucrose consumption with a single injection of
STZ. According to established criteria, T2DM in rats is confirmed when blood glucose
levels exceed 200 mg/dL [58]. While this threshold was not reached in our study, the
observed hyperglycemia and glucose intolerance were consistent with a prediabetic state,
as characterized by Barriére et al. [59].

Thirty male Wistar rats (30 days old) were obtained from the central animal facility
of the State University of Londrina, Brazil and housed individually under controlled
conditions (temperature: 22 & 3 °C, light/dark cycle: 12 h, humidity: 60 £ 5%). Following
an acclimatization period, the animals were randomly assigned into two experimental
groups. Both groups received ad libitum access to a standard rodent chow (Nuvilab-CR1,
Nuvital, Colombo, Brazil); however, the control group (C; n = 10) was provided with
autoclaved, filtered water, while the prediabetic group (PD; n = 20) received a 40% sucrose
solution as the sole drinking source.

After four weeks, the PD group was further subdivided into two groups: untreated
prediabetic rats (PD; n = 10) and prediabetic rats receiving melatonin (PD-Mel; n = 10).
To induce prediabetes, both subgroups received a single intraperitoneal injection of STZ
(50 mg/kg) dissolved in ice-cold 100 mM citrate buffer (pH 4.5). Seven days after STZ
administration, blood glucose levels were assessed to confirm the prediabetic condition.
Subsequently, the PD-Mel group was treated with melatonin (25 mg/kg), administered
intraperitoneally three times per week for four weeks. Melatonin was prepared in a vehicle
solution containing 99.5% ethanol and diluted in 0.9% NaCl. The absence of a melatonin-
only control group is justified on ethical, scientific, and practical grounds. To stay in
few rationalities: by not including this group, the study remains focused on the primary
objective of understanding the effects of prediabetes in the presence of melatonin treatment,
and by following the 3Rs, treating a control group with melatonin when melatonin’s effect
on healthy animals is already well established could expose the animals to unnecessary
treatments.

The dose of melatonin was selected based on previous studies demonstrating therapeu-
tic properties in T2DM models using dose ranging from 0.2 to 50 mg/kg [54]. We adopted
an intermediate dose of 25 mg/kg to reflect a balance between safety and efficacy. The
chosen dose is consistent with studies using similar models and dosing regimens [26,27],
although different routes of administration were used. Notably, during the experimental
period, three animals died following STZ administration.

4.2. Nutritional and Morphometric Parameters

Throughout the study, body weight, food consumption, and water intake were
recorded weekly in the morning. Food and liquid consumption were determined by
calculating the difference between the total amount provided and the residual quantity
in each cage. These data, along with their respective caloric values (3.09 kcal/g and
1.6 kcal/mL) [19], were used to calculate the energy derived from chow, from the sucrose
solution, and the total energy intake. At the end of the experimental period, animals
were anesthetized, and body morphometric parameters—including body weight and to-
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tal body length—were measured to calculate the Body Mass Index (BMI: g/cm? = body
weight/length?) and the Lee index ((g/cm) = cube root of body weight/naso-anal length).
The Lee index, similarly to BMI, is a quick, and non-invasive method to estimate adipos-
ity in rats, which correlates with total body fat mass and is often reflective of metabolic
alterations [60,61].

4.3. Intraperitoneal Glucose, Insulin, and Pyruuvate Tolerance Tests

In the final week of the experiment, metabolic tolerance tests were conducted to
evaluate glucose metabolism. The Glucose Tolerance Test (GTT), Insulin Tolerance Test
(ITT), and Pyruvate Tolerance Test (PTT) were performed eight, five, and two days before
euthanasia, respectively. For the GTT and ITT, animals underwent a 8 h fasting period.
The GTT was conducted by administering a 20% sucrose solution (2 g/kg, i.p.), followed
by blood glucose measurements at 0, 15, 30, 60, 90, and 120 min. For the ITT, animals
received an intraperitoneal injection of human insulin (1 U/kg, HumulinTM Eli Lilly, Sao
Paulo, Brazil), with blood glucose levels monitored at the same time intervals. The PTT
was performed after 16 h of fasting to evaluate gluconeogenesis. Rats were administered
an intraperitoneal injection of a 25% pyruvate solution (2 g/kg), and blood glucose levels
were measured at 0, 15, 30, 60, 90, and 120 min. All blood glucose readings were obtained
using a digital glucometer (On Call® Plus I, ACON Biotech, Hangzhou, China).

4.4. Collection of Biological Material

At the end of the experimental period, animals fasted for 6 h were anesthetized with
ketamine (90 mg/kg) and xylazine (10 mg/kg) and euthanized via cardiac puncture. Blood
samples were centrifuged (RCF 85.75x g, 10 min), and serum aliquots were stored at —80 °C
for biochemical analyses, including alanine transaminase (ALT), aspartate aminotransferase
(AST), glucose, triacylglycerol (TG), urea, creatinine, total cholesterol (TC), and high-density
lipoprotein (HDL) levels. All biochemical measurements were performed using commercial
kits (Gold Analisa®) and read in a microplate reader (MultiSkan Skyhigh, Thermo Fisher
Scientific Inc.,, MA, USA). The Friedewald equation was used to estimate low-density
lipoprotein (LDL) levels: [LDL] = (TC — HDL) — (TG/5). The Triglyceride—Glucose (TyG)
Index was calculated as an indirect marker of insulin resistance using the equation: Tyg =
In (fasting TG x fasting glucose/2).

Following euthanasia, white adipose tissue deposits, epididymal, visceral, and
retroperitoneal, were excised and weighed. Liver samples were collected, weighed, and
immediately stored at —80 °C for subsequent oxidative stress assessments and metabolic
analyses. The same biochemical determinations performed on serum were also conducted
on hepatic tissue.

4.5. Total RNA Extraction and cDNA Synthesis

Liver samples were homogenized in TRIzol® reagent and stored at —80 °C until RNA
extraction. Total RNA was isolated using the TRIzol®/Chloroform /Isopropanol method,
following the manufacturer’s instructions. RNA purity and concentration were assessed
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
with quality thresholds set at OD 260/280 > 1.8 and OD 260/230 > 1.0. Complementary
DNA (cDNA) synthesis was performed using the SuperScript First Strand Supermix kit
(Invitrogen, Carlsbad, CA, USA), following the manufacturer’s protocol. Random primers
were used to ensure the comprehensive reverse transcription of RNA into cDNA.
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4.6. Gene Expression Analysis

Quantitative PCR (qPCR) was employed to assess gene expression profiles using
the SYBR Green Master Mix (qPCR®, Promega, Madison, WI, USA). Each reaction was
performed in triplicate, with gene-specific primers (Table 5). 2~4A¢t
to quantify relative gene expression. 3-ACTIN was selected as the internal reference gene

for normalization. Fold changes and standard deviations were determined from three

independent experiments, each conducted in duplicate.

Table 5. Sequence of primers used for gene expressions.

method was employed

. L, nr Cycle Product Size
Gene (ID) Primer 5-3" Sequence Condition (bp)
Forward CCTCTATGCCAACACAGTGC 95°C—8s; 61.5
ACTB (81822) °C—8s; 72 206
Reverse CCTGCTTGCTGATCCACATC °C—8s
Forward TGTGAAAGTCATGCATGTGGC 95°C—8s; 61.5
Slc2a2 (25351) °C—8s;72 104
Reverse AGGCCAGGGATTGGTGTTAAA °C—8s
Hadh Forward AGTCTGGACTTGACCTTCTTGG 95 °C—S8s; 61.5
°C—8s;72 138
(113965) Reverse TCTGAGGGCCCATTTTGATGT °C—8 s
Forward TCCCCAGCTTGGCTTATTGT 95 °C—8s; 61.5
Pdh1 (29554) °C—8s;72 132
Reverse GGGTGGCTTCAAGTTTGCTTT °C_8s
Forward AACAATGTCCCTGGCACTGA 95°C—S8s; 61.5
Pfkl (25741) °C—8s;72 189
Reverse ACTCTCCATTGCAGCGTTGA °C_8s
Forward ACCATGACGGTGGCAATGTA 95°C—8s; 61.5
Cs (170587) °C—8s; 72 210
Reverse TGGTTTGCTAGTCCATGCAGA °C_8s
Forward TCCTCAGCGTCCCATGTATC 95°C—8s;61.5
Ldha (24533) °C—8s;72 193
Reverse TCCATAGAAACCCTGCTGCA °C—8s
Forward TCCACAGAACAGCTACCCAA 95 °C—S8s;
Tfam (21780) 66 °C—S8's; 84
Reverse CCACAGGGCTGCAATTTTCC 79°C—8 s
Cvod Forward CCCTCCTGGTCACTGTGAAT 95 °C—S8s;
yP 66°C—8's; 186
(105675) Reverse GCCAGAAGACACTTCCCTCT 72°C_8s
Forward ATTACTTCTGCCAGCCTGACC 95 °C—S8s;
Nd1 (17716) 66 °C—S8s; 70
Reverse GGCCCGGTTTGTTTCTGCTA 72°C—_8s
Forward CCTGGCACTGAGTCACCATA 95 °C—S8s;
Nd5 (4540) 66 °C—S8's; 214
Reverse TTGTTGGCTGAGGTGAGGAT 729C—_8 s
At Forward TCCCAATCGTTGTAGCCATCA 95°C—S8s;
po 66 °C—8s; 76
(100503946) Reverse AGACGGTTGTTGATTAGGCGT 72°C_8 ¢
Forward ATCACTACCAGTGCTAGCCG 95 °C—S8s;
Cox1 (17708) 66 °C—S8s; 84
Reverse CCTCCAGCGGGATCAAAGAA 72 °C—8 s
Forward GTCGAGTCCCCATTCATTGC 95 °C—S8s;
Drp1 (74006) 66 °C—8's; 151
Reverse ACTACGACGATCTGAGGCAG 72°C_8s
Forward GCAGACAGCACATGGAGAGA 95 °C—S8s;
Mifn1 (67414) 61 °C—S8s; 83
Reverse GATCCGATTCCGAGCTTCCG 72°C_8 s
Forward TGCACCGCCATATAGAGGAAG 95 °C—S8s;
Mifn2 (170731) 61 °C—S8s; 78
Reverse TCTGCAGTGAACTGGCAATG 72°C—8 s
Forward ACCTTGCCAGTTTAGCTCCC 95°C—S8s;
Opal (74143) 61 °C—S8s; 82
Reverse TTGGGACCTGCAGTGAAGAA

72°C—8s
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Table 5. Cont.

. oy Cycle Product Size
Gene (ID) Primer 5-3’ Sequence Condition (bp)

Forward CAAAGAGGAACAGCGGGACT 95°C—S8s;

Fis1 (66437) 61°C—S8s; 95
Reverse ACAGCCCTCGCACATACTTT 72 °C—8 s
Forward GGCTACGTCCTTCCATGAGG 95°C—S8s;

Cytb (17711) 61°C—S8s; 75
Reverse TGGGATGGCTGATAGGAGGT 79°C—8 s

ACTB: B-actin; Slc2a2: coding gene for GLUT2; Hadh: coding gene for hydroxyacyl-CoA dehydrogenase; Pdh1:
coding gene for alpha 1 subunit of pyruvate dehydrogenase complex; Pfkl: coding gene for phosphofrutokinase-1
liver-type; Cs: coding gene for citrate synthase; Ldha: coding gene for lactate dehydrogenase A; Tfam: mito-
chondrial transcription factor A; Cypd: cyclophilin D; Nd1: NADH dehydrogenase subunit 1; Nd5: NADH
dehydrogenase subunit 5; Atp6: ATP synthase subunit 6; Cox1: cytochrome c oxydase 1; Drp1: dynamin-related
protein 1; Mfn1: mitofusin-1; Mfn2; mitofusin-2; Opal: optic atrophy 1; Fis1: mitochondrial fission protein 1; Cytb:
cytochrome b.

4.7. Hepatic Energy Metabolism

To evaluate the hepatic energy metabolism, 200 mg of liver tissue was homogenized
and subjected to centrifugation (RCF 10,360 g, 10 min). The resulting supernatant was col-
lected, while the pellet was resuspended in 0.1 mol/L sodium phosphate buffer containing
250 mmol/L sucrose and 2 mmol/L EDTA for further enzymatic analyses. The activity of
the enzymes NADH-oxidase and ATP synthase was analyzed using the cell precipitate and
the supernatant was used for the other analyses. The enzymatic activity of key metabolic
markers was assessed, including phosphofructokinase (PFK; E.C.2.7.1.11.), citrate synthase
(CS; E.C.4.1.3.7.), lactate dehydrogenase (LDH; E.C.1.1.1.27.), 3-hydroxyacyl-coenzyme A
dehydrogenase (3-OHADH; E.C.1.1.1.35.), pyruvate dehydrogenase (PiDH; E.C.1.2.1.51.),
succinate dehydrogenase (SDH; E.C.1.3.99.1.), NADH-oxidase (E.C.1.6.99.5.), and ATP
synthase (E.C.7.1.2.2).

The reaction medium for each enzyme was prepared as follows:

—  PFK: 50 mmol/L Tris-HCI buffer (pH 8.0), 10 mmol/L MgCl,, 1U glyceraldehyde-
3-phosphate dehydrogenase, 1 U aldolase, 2.5 U triose phosphate isomerase,
0.12 mmol/L NADH, 0.75 mmol/L ATP, and 6 mmol/L fructose-6-phosphate.

— CS: 50 mmol/L Tris-HCl buffer (pH 8.0), 0.3 mmol/L acetyl-CoA, 0.1 mmol/L 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), and 0.5 mmol/L oxaloacetate.

— LDH: 50 mmol/L Tris-HCI buffer (pH 7.4), 0.14 mmol/L NADH, and 1 mmol/L
sodium pyruvate.

— B-OHADH: 0.1 mol/L Tris-HCI buffer (pH 7.0), 5 mmol/L EDTA, 0.05 mmol/L
acetoacetyl-coenzyme A, and 0.1 mmol/L NADH.

— PiDH: 2.5 mmol/L NAD, 0.1 mmol/L coenzyme A, 0.2 mmol/L thiamine py-
rophosphate, 0.3 mmol/L dithiothreitol (DTT), 1 mmol/L MgCl,, 5 mmol/L pyru-
vate, 0.08 mmol/L nitrotetrazolium blue (NBT), and 1 mg bovine serum albumin
(BSA), with 3 mmol/L sodium pyruvate and 0.05 mmol/L phenazine metasulfate in
50 mmol/L potassium phosphate buffer (pH 7.4).

— SDH: 50 mmol/L potassium phosphate buffer (pH 7.4), 10 mmol/L sodium succinate,
0.36 mmol/L phenazine metasulfate, and 0.12 mmol/L dichlorophenolindophenol
(DPIP).

— NADH-oxidase: 80 mmol/L sodium phosphate buffer (pH 7.4), 50 mmol/L EDTA,
and 0.2 mmol/L NADH.

— ATP synthase: 0.11 mmol/L MgCl,, 0.02 mmol/L NADH, 0.25 mmol/L phospho-
enolpyruvate (PEP), 0.2 mmol/L ATP, 1686 U LDH, and 4001.18 U pyruvate kinase.
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Enzymatic activity was determined at 25 °C using a microplate reader (nQuant-MQX
200) controlled via Kcjunior software (Bio-Tec Instruments, Winooski, VT, USA).

4.8. Hepatic Oxidative Stress

To assess oxidative stress markers, 200 mg of liver tissue was homogenized in 5 mL
of ice-cold 0.1 mol/L sodium phosphate buffer (pH 7.4) using a Potter-Elvehjem ho-
mogenizer on ice. The homogenate was centrifuged (RCF 10,360% g, 10 min), and the
supernatant was used for biochemical analyses. Markers of oxidative stress included total
protein quantification [62], lipid peroxidation (malondialdehyde levels), total glutathione,
reduced glutathione (GSH), and oxidized glutathione [63], and the activities of key antioxi-
dant enzymes, such as glutathione peroxidase (GSH-Px; E.C.1.11.1.9.) [64], glutathione-S-
transferase (GST; E.C.2.5.1.18.) [65], superoxide dismutase (SOD; E.C.1.15.1.1.) [66], and
catalase (CAT; E.C.1.11.1.6.) [67]. All enzymatic assays were conducted at 25 °C using a mi-
croplate reader (LQuant-MQX 200) with Kcjunior software (Bio-Tec Instruments, Winooski,
VT, USA).

4.9. Histopathological Analysis

For histopathological evaluation, liver samples were fixed in Bouin’s solution for 24 h,
dehydrated, cleared, and embedded in paraffin. Semi-serial sections (5 um thick) were
obtained and stained for microscopic analysis.

Liver architecture was examined using a Zeiss AxioLab 5 light microscope (Zeiss,
Oberkochen, Germany) equipped with a high-resolution digital camera. Thirty images
per animal were captured at 200 x magnification, focusing on the peri-central vein region.
Hematoxylin and eosin (H&E) staining was used to determine hepatocyte density and
morphometry (100 hepatocytes/animal) within a fixed field area (0.216 mm?). Image
analysis was performed using ImageProPlus 4.5 software (Media Cybernetics, Rockville,
MD, USA). To assess fibrosis, additional sections were stained with PicroSirius Red to detect
type I and III collagen deposition. Quantitative collagen analysis was performed using
Image] FIJI 1.54i software, applying RGB stack segmentation with the same parameters
used for H&E-stained sections.

4.10. Statistical Analysis

Data were analyzed using one-way analysis of variance (ANOVA), followed by
Tukey’s post-hoc test. Results are expressed as mean =+ standard error of mean (SEM).
Statistical significance was considered at p < 0.05. All analyses were conducted using
GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

In this study, melatonin treatment partially restored glycolytic homeostasis in predia-
betic rats by lowering fasting glucose levels and reducing reliance on anaerobic glycolysis,
as evidenced by decreased LDH expression and activity. The treatment also improved lipid
metabolism, as demonstrated by reduced fat accumulation, lower serum triglyceride and
total cholesterol levels, and increased hepatic HDL content. These findings indicate that
melatonin promotes a favorable shift in both glucose and lipid handling in the liver.

In parallel, melatonin enhanced the activity of key antioxidant enzymes, including
SOD and CAT, contributing to reduced hepatic oxidative stress. Importantly, our data
provide compelling evidence of mitochondrial dysfunction in the prediabetic state and
demonstrate that melatonin modulates the expression of genes involved in mitochondrial
biogenesis, integrity, fusion, and fission. Taken together, these results highlight the potential
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of melatonin as a therapeutic agent to counteract metabolic and mitochondrial disturbances
associated with prediabetes.
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Abstract: We focused on evaluating oxidative stress as a major mechanism of cell damage
in patients with COVID-19 infection by simultaneously assessing standard oxidative stress
biomarkers in vivo—for the very first time in this specific combination—alongside typical
clinical biomarkers of inflammation. Standard biomarkers were used to evaluate the
oxidative stress status and antioxidant activity in the blood plasma of COVID-19 patients
and healthy controls. These included TBARSs (Thiobarbituric Acid-Reactive Substances),
SOD (Super Oxide Dismutase), CAT (catalase), GRA (glutathione reductase) activities, and
AOC (antioxidant capacity). All clinical inflammation data confirmed a highly activated
immune response in the tested COVID-19 patients: WBCs (white blood cells) were increased
by nearly 100%, LYMs (lymphocytes) increased by ~30%, CRP (C-reactive protein) rose by
over 2200%, and the ESR (erythrocyte sedimentation rate) increased by ~320% compared
to established maximum control levels. The results confirmed that the infection involved
a free-radical-mediated damage mechanism: TBARS levels increased almost 3-fold, the
AOC decreased more than 4-fold, SOD was increased nearly 5-fold, CAT was increased by
1.4 times, and GRA was suppressed by 2.5 times. COVID-19 was associated with oxidative
stress and suppressed antioxidant activity. All these changes contribute to the severity of
the disease, complications, and mortality in COVID-19 patients.

Keywords: COVID-19; inflammation; biomarkers; oxidative stress; correlation

1. Introduction

Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) causes severe
systemic symptoms [1-4]. Its pathogenesis also involves injury to cells that are not infected
by the virus. This is due to the attack of ROS (Reactive Oxygen Species) that are generated
from activated white blood cells, which are infiltrated into the virus-infected organs and
spread in the body via the bloodstream [5,6]. When oxidative stress causes tissue damage
in viral infections, the ROS pathways are a typical component of the immune response
mechanisms [7,8].

The exact mechanisms by which the SARS-CoV-2 virus induces oxidative stress are
not yet fully understood. However, it is known that the virus infects and harms respiratory
tract cells, causing cytokines and chemokines to be released. These can activate immune
cells like macrophages and neutrophils. These immune cells produce ROS as a part of their
defense mechanisms against pathogens. However, excessive ROS production can cause tis-
sue damage and oxidative stress. Furthermore, the virus can directly cause oxidative stress
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by interfering with the mitochondria’s function. Inflammatory pathways are triggered as
a result, adding to the burden of oxidative stress. Oxidative stress, including reductive
stress, can have many detrimental effects on the body, including inflammation, tissue
damage, and cell death. Oxidative stress in COVID-19 can lead to the development of acute
respiratory distress syndrome, a potentially fatal illness marked by lung inflammation
and fluid buildup. It also plays a role in complications involving other systems, partic-
ularly the cardiovascular system, leading to conditions such as myocarditis, thrombosis,
and arrhythmias.

Various diseases can complicate and burden the symptoms of COVID-19 infection.
Hypertension and cardiovascular diseases are highlighted as critical comorbidities that
elevate the risk of severe COVID-19 outcomes. The endothelial dysfunction that is com-
monly observed in hypertensive individuals may exacerbate the pro-thrombotic state that
is induced by COVID-19, increasing the likelihood of thromboembolic complications [9].

Chronic kidney disease and chronic obstructive pulmonary disease are also associated
with increased COVID-19 severity and mortality. Patients with chronic kidney disease
often have an impaired immune response and are at higher risk of fluid overload and
electrolyte imbalances, which can complicate the clinical management of COVID-19. Simi-
larly, individuals with chronic obstructive pulmonary disease have pre-existing pulmonary
damage and reduced lung function, making them more susceptible to severe respiratory
complications when infected with SARS-CoV-2 [9].

Among the comorbidities, obesity stands out as a significant risk factor. Individ-
uals with obesity often experience compromised respiratory function due to decreased
diaphragmatic excursion and reduced lung volumes, which can exacerbate the respiratory
challenges posed by COVID-19. Additionally, obesity is associated with chronic low-grade
inflammation, characterized by elevated levels of pro-inflammatory cytokines such as
interleukin-6 and tumor necrosis factor-«. This inflammatory medium may amplify the
cytokine storm that is observed in severe COVID-19 cases, leading to acute respiratory
distress syndrome and multi-organ failure. Furthermore, adipose tissue expresses the
angiotensin-converting enzyme 2 receptor, which the virus utilizes for cellular entry [9].

Diabetes mellitus is another prevalent comorbidity that significantly impacts COVID-
19 severity. The underlying mechanisms include chronic inflammation, impaired immune
response, and potential direct pancreatic damage by SARS-CoV-2, leading to dysregulated
glucose metabolism. Hyperglycemia itself can impair neutrophil function and reduce com-
plement activity, further compromising the host’s ability to combat the viral infection [9].

The early identification of high-risk individuals through detailed medical history
and appropriate diagnostic evaluations is crucial for implementing targeted therapeutic
strategies.

In particular, ROS, such as hydrogen peroxide and hydroxyl radicals, superoxide
anion radicals, singlet oxygen, and other free oxygen radicals that are produced in all free
radical conditions and diseases are considered reagents that attack the cell membranes and
give rise to lipid peroxidation [1,10]. Numerous studies have identified lipid peroxidation
as a major mechanism underlying cell membrane degradation and damage.

Cellular injury or organ dysfunction caused by oxidative stress occurs when ROS
accumulate in excess and damage the host defense mechanisms. These effects include
the oxidation of proteins and lipids, which leads to the loss of cell membrane integrity
and barrier dysfunction; cytoskeleton fragility and disrupted cell signaling; damage to
the nuclear membrane and genetic material; immunological overload, which causes both
acute and chronic diseases; and imbalance in the concentrations of various metal-protein
complexes and the cell redox status [1,11-13].
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The body naturally uses the free radical processes to metabolize oxygen and the
harmful byproducts of metabolism, immunological response, and regeneration. The an-
tioxidant systems typically maintain a balance between the synthesis of free radicals and
ROS and their neutralization. Oxidative stress is defined as the disturbance of this equilib-
rium [1,14,15]. It is generally accepted that free radical damage processes are the cause of
more than 60 distinct diseases [16-18].

Enzymes like superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione
reductase (GR), and catalase (CAT) are key components of the body’s enzymatic antioxidant
defense system. Non-enzymatic antioxidants include vitamin E, vitamin C, 8-carotene, uric
acid, different proteins like albumin and bilirubin, and many other compounds [7,10]. In
general, antioxidants are compounds that can delay, inhibit, or prevent oxidation by trap-
ping free radicals and reducing the level of oxidative stress [17-21]. The body’s antioxidant
capacity is continually challenged by free radical oxidation processes, particularly during
the course of viral infections.

We focused on evaluating oxidative stress as a major mechanism of cell damage in
patients with COVID-19 infection by simultaneously assessing standard oxidative stress
biomarkers in vivo—for the very first time in this specific combination—alongside typical
clinical biomarkers of inflammation.

The selected oxidative biomarkers (Thiobarbituric Acid-Reactive Substances—TBARSs),
as well as the antioxidant ones (the activities of the following enzymes: superoxide dismu-
tase, catalase, glutathione reductase, and antioxidant capacity), provided a comprehensive
profile of the oxidative stress status in the patients studied. Such a complete study is very
informative. All data obtained were compared to those of healthy subjects, who were
not infected with SARS-CoV-2 or another infection recently and did not suffer from any
chronic condition.

TBARSs are formed as a byproduct of the lipid peroxidation caused by the induced
oxidative burst resulting from the infection. They are accepted as a standard biomarker.
Because ROS have extremely short half-lives, their direct measurement is difficult. Instead,
several products of the damage can be measured, such as TBARSs. Malondialdehyde
(MDA) is one of the several low-molecular-weight end products that are formed via the
decomposition of certain primary and secondary lipid peroxidation products, measurable
as TBARSs [22]. That test displays the total amount of free radical peroxidation products,
as well as the oxidation process trend in the infection’s target organs.

The SOD amounts in cellular and extracellular media are essential for preventing
oxidative-stress-related diseases, including viral infections [23,24]. The reaction catalyzed
by SOD is extremely fast, with a turnover of 2 x 10° mol~!s~!, and the presence of suf-
ficient amounts of the enzyme in cells and tissues typically keeps the concentration of
superoxide radicals very low [25]. Therefore, quantifying SOD activity is crucial to accu-
rately characterizing a biological system’s antioxidant capacity. Notably, SOD treatment
has been shown to reduce the lethal or toxic effects of influenza virus infection in mouse
models, although it does not inhibit the viral replication itself [26-29].

Catalase is an enzyme that is found in practically all living creatures who are exposed
to oxygen. It catalyzes the conversion of hydrogen peroxide into oxygen and water [30].
It is a crucial enzyme for shielding the cell from ROS-induced oxidative damage. One
catalase molecule may convert millions of hydrogen peroxide molecules into oxygen and
water per second, making it one of the enzymes with the fastest turnover rates [31]. CAT
is a tetramer made from four polypeptide chains, each over 500 amino acids long [32]. It
contains four Fe-containing heme groups that allow the enzyme to react with H,O,.
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Glutathione reductase is a flavoprotein that catalyzes the NADP.H-dependent reduc-
tion of oxidized glutathione (GSSG) to glutathione (GSH) [33]. This enzyme is a part of the
GSH redox cycle. It is responsible for the levels of reduced cellular GSH. To defend against
oxidative stress, a high GSH/GSSG ratio is necessary. GPx1 is predominantly present in
erythrocytes, kidneys, and the liver, and GPx4 is highly expressed in renal epithelial cells
and testes. The same substrate, H,O;, is used by both GPx and CAT. However, GPx is
the main source of defense against oxidative stress, because it can react with lipids and
other organic hydroperoxides in an efficient manner [34,35]. Therefore, oxidative stress or
other circumstances that reduce GSH in the oral, nasal, and upper airway epithelium may
increase the vulnerability to viral infections.

The total antioxidant capacity reflects the cumulative action of both water-soluble and
lipid-soluble antioxidants. Since various antioxidants and antioxidant enzymes function
synergistically in vivo, assessing the total antioxidant capacity provides a more compre-
hensive overview of the body’s antioxidant status than evaluating individual antioxidants
or enzymes in isolation.

By concurrently evaluating common oxidative stress biomarkers in vivo—for the first
time in this particular combination—alongside common clinical biomarkers of inflamma-
tion, we aimed to assess oxidative stress as a primary mechanism of cell damage in patients
with COVID-19 infection.

2. Results
2.1. Clinical Data (Figure 1)

The standard clinical data obtained for the inflammation biomarkers showed that all
tested COVID-19 patients exhibited markedly elevated inflammatory activity:

- The number of WBCs in the healthy controls was approximately 70% compared to the
established control levels, whereas in the infected individuals, it was 30% higher.

- The number of LYMs was decreased more than two times in the infected patients in
comparison to the healthy individuals.

The white blood cells are a key component of the immune system that helps fight
infections. A much higher number of WBCs is generally associated with inflammation. This
was observed in the chosen patients too. In some cases, COVID-19 can cause a decrease in
the number of white blood cells, especially lymphocytes, a condition called leukopenia,
especially in the early stages of the disease or in severe cases. That was the case in the
tested patients as well. The mechanism by which COVID-19 causes lymphopenia is not
fully understood, but it may be due to a direct viral attack on the lymphocytes or to the
immune response against the virus as a whole. In other cases of this infection, the opposite
condition may be observed—an increase in the number of white blood cells, especially
lymphocytes (leukocytosis). This increase may be due to the infection-stimulated immune
response fighting the virus.

- The most informative and sensitive parameter for inflammation processes in the body
is CRP. This was raised to more than 2200% in the COVID-19 patients. Its level in the
healthy control was about 4% compared to the highest control levels.

The CRP levels in the blood usually rise rapidly in response to inflammation, especially
in patients with severe COVID-19 infection. They are usually high in cases of respiratory
failure or other complications. CRP levels can also be used to monitor the course of
COVID-19 infection and the patient’s response to the chosen treatment.
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- The ESR was also much higher in the tested COVID-19 patients, by more than 320%; it
was calculated to be about 35% in the healthy subjects, in comparison to the established
highest control levels.

The ESR measures the rate of red blood cell sedimentation. Elevated levels are gener-
ally indicative of the presence of inflammation. It has been found that the ESR is elevated
in many COVID-19 patients, particularly those with severe disease. Similar to CRP, the ESR
is a useful predictor of the severity of the disease in these patients.

W healthy controls COVID patients m healthy controls COVID patients

.

0 20 40 60 80 100 120 0 20 40 60 80 100

% White Blood Cells % LYM
(a) (b)
healthy controls COVID patients m healthy controls COVID patients
1
1 H
1 10 100 1000 10000 O 50 100 150 200 250 300 350
Ig % C-Reactive Protein % Erythrocyte Sedimendation Rate
(0) (d)

Figure 1. The number of white blood cells (WBCs) (a) and lymphocytes (LYMs) (b); the concentration
of C-reactive protein (CRP) (c); and the erythrocyte sedimentation rate (ESR) (d), presented as a
percentage in healthy control subjects and COVID-19 patients (p < 0.05). The data are not presented
in standard units due to different, but standard, methodologies and reference ranges being applied
in the laboratories where the samples of the patients and healthy controls were tested; data are
presented in percentages, with 100% being the maximum acceptable control value.

The inflammation markers in the COVID-19 patients included in our study were
significantly altered, reflecting a heightened systemic inflammatory response. However, it
is important to note that inflammation in COVID-19 can vary widely depending on the
severity of the infection and the individual immune responses. Our findings confirmed
a strong, direct correlation between the inflammation status and oxidative stress levels
in these patients, reinforcing the role of both mechanisms in the pathophysiology of the
COVID-19 disease.

2.2. Thiobarbituric Acid-Reactive Substances (TBARSs) (Figure 2)

Our data showed that TBARSs increased by almost three times in the COVID-19
patients in comparison to the healthy controls. Elevated levels of TBARSs indicate oxidative
stress, and our studies confirmed that those products accumulated in the bloodstream as a
result of the infection. Thus, further exacerbated cellular damage may easily contribute to
the severity of the disease.

High levels of TBARSs have been found in COVID-19 patients and have been associ-
ated with disease severity and thrombotic events. These findings suggest that oxidative
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stress may play a role in the pathogenesis of COVID-19 and that antioxidant therapies may
be beneficial in the management of COVID-19 [36]. Some results of other authors have
also shown that the TBARS levels in erythrocytes are higher in COVID-19 patients than in
control groups, showing the existence of an oxidative imbalance in these patients and the

overproduction of free radicals [37].

healthy controls

COVID patients

0 5 10 15
TBARS [mM]

20 25

Figure 2. Concentration of TBARSs in the blood plasma of COVID-19 patients and healthy control

subjects (p < 0.05).

2.3. Antioxidant Capacity (AOC) (Figure 3)

The antioxidant capacity (AOC) and activity refer to the ability of the body to neutralize

harmful free radicals and ROS and to protect against oxidative stress. Some authors

have reported that the total antioxidant capacity levels are considerably lower in patients

compared to healthy individuals (p < 0.05), including patients with mild and severe disease
(p < 0.05). These findings suggest that COVID-19 patients may be susceptible to a depleted
total antioxidant capacity. Moreover, observing such variations in the blood samples of
infected individuals could be considered a predictive marker of COVID-19 severity [38].
The antioxidant capacity reflects the overall antioxidant content and activity of the body in

tighting oxidative stress of various etiologies. Our results showed that the AOC was greatly
reduced in the blood plasma of COVID-19 patients by more than 4-fold, which proves the
overall exhaustion of antioxidants and antioxidant enzymes in the organism. The drastic

reduction in AOC indicates that the overall antioxidant capacity is overwhelmed, failing to

neutralize the excess free radicals.

healthy controls

COVID patients

0 0.2 0.4 0.6 0.8
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Figure 3. Antioxidant capacity (AOC) in the blood plasma of COVID-19 patients and healthy control

subjects (p < 0.05).

A major part of the antioxidant defense system of the organism consists of antioxidant

enzymes, which are formed and kept on an ongoing basis to regulate everyday levels
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of oxidation in the body. We only tested the major ones—superoxide dismutase (SOD),
catalase (CAT), and glutathione reductase (GR). They work together and neutralize specific
ROS, maintaining the cellular redox balance.

2.4. Activity of Super Oxide Dismutase (SOD) (Figure 4)

Our results demonstrated that the SOD activity in COVID-19 patients was significantly
elevated, being nearly 5-fold higher than in healthy individuals. This is indicative of
stimulation of the enzyme in the course of the disease and its potential to fight superoxide
radicals (Op ™), generated during the inflammatory response to SARS-CoV-2 infection.
The significant increase in SOD activity suggests a reactive upregulation to counteract the
high levels of superoxide radicals. Decreased SOD activity may be associated with serious
complications and lethal outcomes in COVID-19 patients.

m healthy tontrols COVID patients
—
0 0.1 0.2 0.3 0.4 0.5 0.6
SOD [U/ml]

Figure 4. The activity of superoxide dismutase (SOD) in the blood plasma of COVID-19 patients and
healthy control subjects (p < 0.05).

SOD converts superoxide radicals (O, ™) into hydrogen peroxide (H,O,), necessitating
enhanced CAT activity.

2.5. Catalase (CAT) Activity (Figure 5)

CAT is a key antioxidant enzyme that plays a crucial role in protecting cells from
oxidative damage by catalyzing the decomposition of hydrogen peroxide (H,O,), which
accumulates rapidly during disease states. Yan et al., 2020 found altered, decreased catalase
activity in COVID-19 patients, suggesting that oxidative stress may contribute to the
pathogenesis of the disease. Furthermore, the authors observed an inverse correlation
between catalase levels and inflammatory markers, implicating oxidative stress in the
cytokine storm that is commonly seen in severe COVID-19 cases [39].

m healthy controls COVID patients

0 10 20 30 40 50 60 70
CAT [nmol/min/ml]

Figure 5. Catalase (CAT) activity in blood plasma of COVID-19 patients and healthy control subjects
(r <0.05).
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Our results revealed that the CAT activity was significantly increased (36%) in the
COVID-19 patients in comparison to the healthy controls, following the pattern of the SOD
enzyme. The turnover of CAT is the highest among all enzymes. The increase in CAT
activity suggests an adaptive response to elevated hydrogen peroxide levels. It controls
the concentration of HyO,, not only as an inflammatory but also as a messenger molecule,
controlling the activity of other enzymes and genes. The activity of CAT and all antioxidant
enzymes is exhausted over time, especially in COVID-19 cases with additional complica-
tions, as has been confirmed by many authors. It should be noted that all patients tested in
that research were chosen during active COVID-19 infection, without any additional acute
or chronic conditions or diseases.

The elevated SOD and CAT activity may provide temporary protection against oxida-
tive damage during the acute phase of infection, limiting lipid peroxidation and cellular
injury. This is supported by studies showing enhanced antioxidant enzyme activity in
the early disease stages as part of systemic defense mechanisms. However, prolonged
stimulation may lead to enzyme exhaustion, particularly in severe cases or patients with
complications [40,41].

2.6. Glutathione Reductase Activity (GRA) (Figure 6)

Glutathione is a tripeptide composed of glutamate, cysteine, and glycine and appears
to be a crucial antioxidant molecule in the body. It acts as a substrate for glutathione reduc-
tase and peroxidase and is also involved in detoxifying ROS and other toxins. Glutathione
reductase activity refers to the rate at which this enzyme catalyzes the reduction of oxidized
glutathione (GSSG) to its reduced form (GSH), using the cofactor NADPH. Glutathione
reductase activity is important for maintaining the levels of reduced glutathione within
cells, which can scavenge ROS and protect cells from oxidative damage. Deficiencies in
glutathione reductase activity have been associated with various pathological conditions,
including neurodegenerative diseases, liver dysfunction, cancer, etc. Therefore, measuring
glutathione reductase activity is an important tool in assessing the oxidative stress status of
cells and tissues. The suppression of GRA indicates a compromised detoxification pathway
for hydrogen peroxide and lipid peroxides.

healhy controls COVID patients

0 10000 20000 30000 40000 50000 60000 70000
GRA [nmol/min/ml]

Figure 6. Glutathione reductase activity (GRA) in blood plasma of COVID-19 patients and healthy
control subjects (p < 0.05).

Our results confirmed a ~2.5-fold decrease in the activity of glutathione reductase in
the tested COVID-19 patients in comparison to the controls (healthy subjects), proving the
exhaustion of glutathione as a major antioxidant molecule in the organism during and after
the acute phase of the infection.
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The contrasting trends, the upregulation of SOD and CAT and downregulation of GRA,
reflect a dynamic interplay between compensatory mechanisms and exhaustion phases:

- Early adaptive response: During the initial infection stages, increased SOD and CAT
activities mitigate ROS accumulation, protecting cellular components from oxida-
tive damage

- Progressive exhaustion: As the infection persists, antioxidant systems like GRA be-
come depleted due to sustained ROS production and inflammation. This exhaustion
phase reduces the cellular resilience against oxidative stress, potentially contributing
to complications such as organ failure or severe systemic inflammation.

Monitoring SOD, CAT, and GRA activities could serve as biomarkers for disease
progression or therapeutic efficacy. Elevated SOD and CAT may indicate early compen-
satory responses, while reduced GRA could signal impending oxidative-stress-related
complications [40,41].

2.7. Correlation of Clinical and Experimental Biomarkers Between Healthy and Infected Subjects

The analysis of the clinical parameters (number of white blood cells, % lymphocytes,
C-reactive protein, and erythrocyte sedimentation rate) as standard clinical inflammatory
markers and the measured basic parameters of oxidative status in the organism (TBARSs,
AOC, SOD, CAT, GRA) showed complete correlation between the data of the tested healthy
subjects and the COVID-19 patients (r = +0.995), (Figure S1). The used function computes
the Pearson correlation coefficient, which measures the strength and direction of the linear
relationship between two variables. This is another confirmation that oxidative stress and
the free radical and oxidative mechanism, on the one hand, and the cytokine storm, on the
other, appear to be a damaging pathway in patients with “pure” COVID-19 infection.

A major strength of our study lies in the simultaneous assessment of multiple stan-
dardized biomarkers with strong clinical relevance, allowing for a comprehensive overview
of both oxidative and inflammatory processes. However, a key limitation is that although
our findings establish a robust correlation, they do not provide direct evidence of causation.
The exact mechanisms by which oxidative stress may drive disease severity in COVID-19
remain to be elucidated through targeted experimental studies.

A cytokine storm, a severe immune response marked by excessive cytokine production,
can arise not only from viral evasion strategies but also from genetic abnormalities in the
host. Cytokines contribute to endothelial permeability by damaging junctional proteins
like VE-cadherin or suppressing their synthesis. SARS-CoV-2 has been shown to activate
Toll-like receptor (TLR) 9 and NF-«kB, which increases the expression of inflammatory genes
while reducing nitric oxide, a key vasodilator and antithrombotic agent. Additionally,
SARS-CoV-2 can hyperactivate neutrophils via the NLR family pyrin domain containing
3 (NLRP3), causing leukocytes to release ROS, extracellular traps (NETs), and proteolytic
enzymes that perpetuate inflammation [42].

SARS-CoV-2 also drives chronic inflammation through mitochondrial dysfunction and
the activation of the cyclic GMP-AMP synthase (cGAS)-stimulator of the interferon genes
(STING) pathway. Elevated circulating inflammatory agents, endothelial dysfunction,
and micro-thrombosis increase the risk of cardiovascular complications, including the
progression of atherosclerotic plaques, arterial or venous thrombosis, and heightened
arterial stiffness [42].

SARS-CoV-2 enters the host cells primarily through the ACE2 receptor. The spike
(S) protein plays a crucial role in this process. The host proteases, such as TMPRSS2 and
cathepsins B and L, facilitate the viral entry by activating the S protein.
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Based on these factors, the possible therapeutic strategies for COVID-19 may include
the following:

- Protease inhibitors that target host proteases like TMPRSS2 and cathepsins, blocking
the virus’s entry;

- Antiviral agents—drugs inhibiting the viral RNA replication by various mechanisms;

- Immunomodulators, such as JAK inhibitors, reducing the inflammatory response;

- Plasma therapy—the application of antibodies from recovered patients to stimulate
the immune response;

- Monoclonal antibodies—engineered antibodies targeting viral proteins, e.g., the
spike protein;

- Vaccines, which are more effective against SARS-CoV-2 and its variants;

- Antioxidants—a supportive therapy against the inflammation and oxidative stress in
the organism [43].

The free radical mechanism is a basic damaging pathway. It has been proven to
have great clinical significance. Cell damage and oxidative stress contribute to the disease
severity, complications, and mortality in COVID-19 patients [44]. Therefore, antioxidant
agents targeting oxidative stress are suitable for reducing its severity [45]. The combinations
of antioxidants and antiviral drugs could synergistically reduce the complications and
lethal effects of the infection. Further research is needed to explore targeted antioxidant
therapies as potential adjunct treatments for COVID-19 to mitigate oxidative damage and
improve the clinical outcomes.

The elucidation of the mechanisms of prophylaxis, damage, and therapy in this type
of viral infection is of great importance and social significance. Despite the number of
articles available on the topic, the information reported by other authors on the damage
mechanisms is still insufficient or missing for many specific reactions, products, and
activities. The simultaneous evaluation of the chosen inflammatory and oxidative major
biomarkers investigated in our research clarified, to some extent, the role of oxidative stress
in COVID-19.

3. Materials and Methods
3.1. Human Subjects

Blood and blood plasma were obtained and tested on the same day from individuals
who were eligible for participation: 27 hospitalized male adults (n = 27), aged 23-62, with
a confirmed COVID-19 diagnosis and active, severe infection, and 25 healthy male and
5 healthy female individuals (same age range, n = 30), assigned to the tested healthy group.
All COVID-19 patients had recovered for shorter or longer periods in the hospital. No
antioxidant supplements or therapy were applied to any of the tested people. The exclusion
criteria included all other acute or chronic diseases or conditions and accompanying
medications. All these restrictions significantly reduced the number of chosen patients and
control individuals.

The gender imbalance (100% male patients vs. 83% male controls) between the
two tested groups may affect the antioxidant responses—estrogen enhances glutathione
synthesis, meaning a better antioxidant defense and more stable control levels, while
testosterone may suppress immune responses, meaning lower oxidative stress levels.
Nevertheless, the differences registered between both groups are significant and credible.

The tested blood plasma was stored frozen at —30 °C. The procedures were performed
in compliance with the relevant laws and institutional guidelines and according to the
ethical standards of the Declaration of Helsinki and preliminarily approved by the Ethics
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Committees of the involved institutions (JIK1/10 29 March 2021). Informed consent was
obtained from every individual taking part in the research.

3.2. Clinical Data

The standard clinical data used for the number of white blood cells (WBCs), C-reactive
protein (CRP) content, erythrocyte sedimentation rate (ESR), and number/percentage of
lymphocytes (LYMs) were obtained from the University Multiprofile Hospital for Active
Treatment and Emergency Medicine “N. I. Pirogov”, (COVID-19 patients), the National
Center for Transfusion Hematology and the Diagen Lab (healthy controls), Sofia, Bulgaria
(Table 1).

Table 1. Reference ranges of the tested clinical inflammation biomarkers.

Reference Ranges UMHATEM “N. I. Pirogov” Lab Diagen Lab
WBCs [x107] 41-11 3.5-10.5
LYMs 0.6-4.1 [x107] 20-40%
CRP 0.0-0.5 [mg/dL] 0.00-10.00 [mg/L]
ESR [mm/h] 0-15 2-20

3.3. Reagents

TBARSs, SOD, CAT, GR activities, and AOC were measured using kits from Cay-
man Chemicals, Ann Arbor, MI, USA, following the manufacturer’s protocols. De-
tailed information on each method, including reagents and its protocol, can be found
at https:/ /www.caymanchem.com/products/categories and the following links that were
first visited on 18 May 2020:

TBARS Assay Kit, Cat. # 10009055

https:/ /cdn.caymanchem.com/cdn/seawolf/insert/10009055.pdf
SuperOxide Dismutase Assay Kit, Cat. # 706002

https:/ /cdn.caymanchem.com/cdn/seawolf/insert/706002.pdf
Catalase Assay Kit Cat. # 707002

https:/ /cdn.caymanchem.com/cdn/seawolf/insert/707002.pdf
Glutathione Reductase Assay Kit, Cat. # 703202,

https:/ /cdn.caymanchem.com/cdn/seawolf/insert/703202.pdf
Antioxidant Assay Kit, Cat. # 709001

https:/ /cdn.caymanchem.com/cdn/seawolf/insert/709001.pdf

Spectrophotometrically, all samples were measured by SPECTROstar® Nano, BMG
LABTECH, Ortenberg, Germany.

3.4. Statistical Analysis

The limited statistical power in this study poses risks of Type Il errors, inflated effect
sizes, and reduced generalizability, while introducing confounding factors like a gender
imbalance. We employed strategies to improve the power and reduce bias during the
measurement, data analysis, and interpretation stages. All results were obtained as triple
reproducible measurements. All random and systematic errors were excluded. Statistical
analysis (Student’s t-test) was performed using Origin 8.5 (OriginLab, Northampton, MA,
USA) and Microsoft Office Excel 2010 (Microsoft Corp., Redmond, WA, USA) software.
Data were accepted as statistically significant at p < 0.05.
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4. Conclusions

All clinical biomarkers of inflammation confirmed the highly activated status of the
immune system in the tested COVID-19 patients: WBCs were increased by almost 100%,
LYMs were increased by ~30%, CRP was raised by more than 2200%, and ESR was increased
by ~320% in comparison to the established maximum control levels.

The biomarkers of oxidative stress confirmed that the infection possesses a free radical
damage mechanism: TBARSs were increased almost 3-fold, AOC was reduced more than
4-fold, SOD was increased almost 5-fold, CAT was increased 1.4-fold, and GRA was
suppressed 2.5-fold in the patients with “pure” COVID-19 infection. None of the tested
COVID-19 patients suffered from any other acute or chronic conditions.

In conclusion, COVID-19 is associated with oxidative stress and suppressed antioxi-
dant activity. COVID-19 infection can be described as a free radical disease.
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SOD Super Oxide Dismutase
CAT Catalase
GRA Glutathione Reductase Activity
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AOC Antioxidant Capacity

WBCs White Blood Cells

LYMs Lymphocytes

CRP C-Reactive Protein

ESR Erythrocyte Sedimentation Rate
SARS-CoV-2  Severe Acute Respiratory Syndrome-Related Coronavirus 2
ROS Reactive Oxygen Species

GPx Glutathione-Peroxidase

GR Glutathione-Reductase

MDA Malondialdehyde

GSSG Oxidized Glutathione

GSH Glutathione
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Abstract: It was previously reported that tyrosine 97 (Y97) of cytochrome c is phosphory-
lated in cow heart tissue under physiological conditions. Y97 phosphorylation was shown
to partially inhibit respiration in vitro in the reaction with purified cytochrome ¢ oxidase.
Here, we use phosphomimetic Y97E Cytc to further characterize the functional effects of
this modification both in vitro and in cell culture models. In vitro, phosphomimetic Y97E
Cytc showed lower activity in the reaction with purified cow heart cytochrome c oxidase
(COX), decreased caspase-3 activity, and reduced rate of reduction. Additionally, the phos-
phomimetic Y97E Cytc tended to be resistant to heme degradation and showed an increased
rate of oxidation. Intact mouse Cytc double knockout fibroblasts were transfected with
plasmids coding for phosphomimetic Y97E Cytc and other variants. Compared to cells ex-
pressing wild-type Cytc, the cells expressing phosphomimetic Y97E Cytc showed reduced
respiration, mitochondrial membrane potential, and reactive oxygen species production,
and protection from apoptosis. In an oxygen—glucose deprivation/reoxygenation cell cul-
ture model of ischemia/reperfusion injury, mitochondrial membrane potential and reactive
oxygen species production were decreased. These data show that Cytc phosphorylation
controls the overall flux through the electron transport chain by maintaining optimal inter-
mediate A¥Ym potentials for efficient ATP production while minimizing reactive oxygen
species production, thus protecting the cell from apoptosis.

Keywords: cytochrome ¢; mitochondrial respiration; apoptosis: reactive oxygen species;
myocardial infarction; ischemia-reperfusion

1. Introduction

Cytochrome ¢ (Cytc) is a small globular protein with a single covalently linked heme
group per peptide chain. Most mitochondria Cytc species contain between 94 and 114 amino
acids, depending on the species, and 104 amino acids in mammals [1]. Cytc acts as a
molecular switch between cellular life and death. The primary life-sustaining role of Cytc
is to shuttle the electrons from complex III to complex IV (cytochrome ¢ oxidase; COX),
also known as the terminal O, acceptor within the electron transport chain (ETC) [2].
The electron transfer from Cytc to COX is the proposed rate-limiting step of the ETC
(reviewed in [3]) and, therefore, is subject to tight regulation. Cytc also acts as a detoxifying
agent to dispose of reactive oxygen species (ROS) [4,5] and as part of the Ervl-Mia40
redox-coupled protein import pathway [6,7]. Cytc has even been shown to adopt different
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conformations depending on the location of the protein within the mitochondria [8]. Under
stress conditions, Cytc is released from the mitochondria into the cytosol, acting as an
inducer of cell death by initiating intrinsic apoptosis [9-11]. During this process, Cytc
binds to apoptotic protease activating factor 1 (Apaf-1) to form the apoptosome, activating
procaspase-9 to caspase-9, which cleaves procaspase-3 to caspase-3 and commits the cell
to apoptosis. However, this is a delicate balance, as the release of sublethal amounts
of Cytc has been shown to desensitize cancer cells to apoptosis [12]. Cytc has other
pro-apoptotic functions, such as cardiolipin peroxidase activity and ROS formation via
reduction of p66°"° [11,13-18]. Recent work has also shown that Cytc can translocate to the
nucleus as part of the DNA damage response [19,20]. Altogether, these diverse functions
of Cytc require tight regulatory control by the cell, such as allosteric regulation via ATP
binding, expression of tissue-specific isoforms (somatic and testis), and post-translational
modifications (PTMs) (reviewed in [21,22]).

Many PTMs of Cytc have been studied, including acetylation, carbonylation [23-25],
deamidation [26], glycation [27-30], glycosylation [31,32], homocysteinylation [33-36],
nitration [37—41], nitrosylation [42], phosphorylation, and sulfoxidation [43—46]. To date,
six tissue-specific phosphorylations of Cytc have been mapped by mass spectrometric
analysis (reviewed in [21]): T28 and T58 in the kidney, S47 in the brain, Y48 in the liver,
and T49 and Y97 in the heart. Additionally, there are two characterized disease-specific
acetylations of Cytc (reviewed in [21]) K39 in ischemic skeletal muscle and K53 in prostate
cancer. We and others have characterized the functional effects of the phosphorylations
directly and by using in vitro and in-cell culture models with phosphomimetics. Typically,
phosphorylations of Cytc and their respective phosphomimetics demonstrate reduced
respiration, mitochondrial membrane potential (AY¥r,), ROS production, and apoptosis.
Recently, Cytc phosphorylation has been shown to modify the newly discovered nuclear
functions of Cytc [47]. Additionally, Cytc phosphorylation can be lost under ischemia-
reperfusion (I/R) injury, likely due to activation of Ca*-sensitive phosphatases, such as
547 dephosphorylation in ischemic brain [48,49], which promotes cell death. We propose
that Cytc phosphorylation maintains optimal intermediate AYy, levels for efficient ATP
production but limited ROS generation while dephosphorylation induces pathologically
high AY, levels [7-10,13] and excessive ROS production, leading to cell death.

We previously identified phosphorylation of Cytc on Y97 in the cow heart under basal
conditions using our specialized purification protocol, which preserves the physiological
phosphorylation status [48]. Phosphorylated Cytc Y97 demonstrated sigmoidal kinetics
in the reaction with purified cow COX, while the dephosphorylated protein produced
a hyperbolic response [50]. Additionally, phosphorylation at Y97 shifted the heme iron-
methionine 80 absorption peak from 695 nm to 687 nm, indicating perturbations close to the
catalytic heme group. Other studies using a phosphomimetic system demonstrated reduced
thermal stability [51] and caspase-3 activity [52]. We also reported that neuroprotective
insulin treatment induced this modification in the brain, resulting in reduced Cytc release
from the mitochondria and reduced overall neuronal death after an ischemic insult [53].

In the present study, we aim to expand our understanding of the effects of Cytc Y97
phosphorylation on multiple Cytc functions by using mutagenesis with purified Cytc
variants and with cell lines stably expressing Cytc variants, including WT, phosphomimetic
mutant Y97E, and phenylalanyl mutant Y97F as an additional control. In vitro, we found
that phosphomimetic Y97E substitution causes inhibition of respiration in the reaction with
COX, similar to what is observed with the purified Y97 phosphorylated Cytc, and reduced
caspase-3 activity. In the cell culture model, we found that by introducing plasmids coding
for phosphomimetic Y97E and WT Cytc into Cytc double knockout cells, phosphomimetic
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substitution reduces intact cell respiration, A, and ROS production. Additionally, in an
oxygen—glucose deprivation/reoxygenation (OGD/R) model, which mimics I/R injury,
Y97E is protective against cell death by maintaining an optimal AYy, and reduced levels of
ROS. These data suggest that phosphorylation of Y97 regulates the overall ETC flux under
normal conditions, maintains a healthy intermediate AYr,, and controls mitochondrial
respiration, whereas under stress conditions such as I/R injury, dephosphorylated Cytc
drives maximal ETC flux, thus causing overproduction of ROS and cell death.

2. Results
2.1. Overexpression and Purification of Functional Cytochrome ¢ Variants in Bacterial Cells

Y97 phosphorylation was studied in vitro via mutagenesis to create phosphomimetic
Cytc using an E. coli overexpression system. We have used the approach by replacing the
rodent (somatic mouse and rat Cytc have the same sequence) wild-type (WT) Y97 Cytc
residue (Figure 1A) with the negatively charged amino acid glutamate (Y97E), which mim-
ics the in vivo phosphorylated Y97 due to glutamate and phospho-tyrosine both possessing
a negative charge. Using glutamate as a mimetic for phospho-tyrosine is an established
technique for both Cytc [21] and other proteins in general [54]. We also generated addi-
tional control Y97 phenylalanine (Y97F), which cannot be phosphorylated. Using an E. coli
overexpression system and our purification protocol, we generated significant amounts of
the recombinant proteins. The Coomassie blue stained gel (Figure 1B) and reduced UV-Vis
spectra (Figure 1C) show that isolated Cytc variants were highly pure and demonstrated
correct folding due to the presence of the characteristic &, (3, and y peaks. In the previous
publication where Y97 Cytc phosphorylation was initially discovered, in vivo, partially
Y97 phosphorylated Cytc demonstrated a blue shift of the 695 nm peak to 687 nm. Here,
phosphomimetic YO7E Cytc also demonstrates a shift and broadening of the 695 nm peak
to 687 nm (Figure 1C inset), indicating that Y97E replacement is a good mimetic for in vivo
Y97 phosphorylation.

2.2. Y97E Phosphomimetic Cytc Shows Decreased COX Activity

In the previous publication where Y97 Cytc phosphorylation was initially discovered,
in vivo partially Y97 phosphorylated Cytc purified from bovine heart demonstrated sig-
moidal kinetics with a maximal turnover of 32 s~ ! and a Ky, of 5.5 uM, compared to the
un-phosphorylated Cytc showing a hyperbolic response with a maximal turnover of 32 s~
and a Ky, of 2.5 uM [50]. Here, COX activity was measured with the recombinant Cytc
variants in reaction with bovine heart COX (Figure 1D). Similarly to the data previously
seen with Y97 phosphorylated Cytc, phosphomimetic Y97E Cytc showed pronounced
sigmoidal kinetics and a maximal turnover number of 7.0 s~!. In contrast, WT Cytc and
Y97F Cytc show hyperbolic responses with a maximum turnover of 9.3 s~! and 9.2 57},
respectively. The Ky, for Y97E Cytc in the reaction with COX was 9.1 uM, while the Ky,
for WT Cytc and Y97F Cytc were 4.3 puM and 4.8 uM, respectively. While the absolute
values for Vimax and Ky, seen here differ from those of the previous publication, likely due
to differences between using bovine Cytc (previous publication) and rodent Cytc (here)
with bovine COX, the trends are overall similar. These data suggest that YO7E replacement
is a good mimetic for in vivo Y97 phosphorylation, showing sigmoidal kinetics compared
to WT.

2.3. Y97E Phosphomimetic Cytc Shows Reduced Caspase-3 Activity

Cytc plays a central role in I/R injury via Apaf-1 interaction and caspase-3 activa-
tion. To test the effect of Y97 phosphorylation on apoptosis, where Cytc interacts with
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Apaf-1 to form the apoptosome, we analyzed Cytc variants in a cell-free caspase-3 assay.
Phosphomimetic Y97E Cytc showed 64% decreased caspase-3 activity compared to the WT
(Figure 1E).
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Figure 1. (A) Crystal structure (5C0Z.pdb) of rodent WT Cytc (blue) [48] with Y97 (green) labeled.
The PDB file was processed with the program Chimera (version 1.16). (B) Representative Coomassie
Blue stained 10% tris-tricine SDS-PAGE gel showing purity of the recombinant Cytc variants.
(C) Reduced Cytc UV-Vis spectra and oxidized Cytc UV-Vis spectra (inset) indicating correct folding
of the recombinant Cytc variants with characteristic «, 3, and y peaks labeled. (D) The oxygen
consumption rate of bovine heart COX in reaction with the recombinant Cytc variants was measured
using an Oxygraph+ system at 25 °C (n = 3). (E) Downstream caspase-3 activity in reaction with the
recombinant Cytc variants was measured using rhodamine fluorescence resulting from caspase-3
mediated cleavage of Z-DEVD-R110 (n = 4). (F) Initial rate of oxidation of reduced recombinant
Cytc variants by 100 uM of H,O, (1 = 4). (G) Initial rate of reduction of oxidized recombinant Cytc
variants by superoxide generated with a hypoxanthine/xanthine oxidase system (1 = 3). (H) Heme
degradation of recombinant Cytc variants by 3 mM of HyO, (1 = 3).

2.4. Phosphomimetic Y97E Cytc Displays a Higher Oxidation Rate, Lower Reduction Rate, and Is
Partially Resistant to Heme Degradation by Hydrogen Peroxide

Cytc plays an important role as a ROS scavenger. To study this behavior, we analyzed
the rate of oxidation of ferro Cytc variants in the presence of 100 uM of H,O, and the
rate of reduction of ferri Cytc variants in the presence of superoxide generated by a
hypoxanthine /xanthine oxidase reaction system. Phosphomimetic Y97E Cytc displayed a
36% higher oxidation rate (Figure 1F) and a 42% lower reduction rate, both compared to the
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WT (Figure 1G). For the rate of reduction, an additional group was included as a negative
control which contained superoxide dismutase (SOD), detoxifying superoxide generated
by the hypoxanthine/xanthine oxidase system. While Cytc plays an important role in ROS
scavenging, Cytc can lose its functionality at high ROS concentrations via the destruction
of the heme group. To assess the stability of the heme group, we spectrophotometrically
tracked the degradation of the heme catalytic site of Cytc over time upon the addition of
3 mM H;0;. Loss of absorbance of the Soret peak of Cytc at 408 nm is characteristic of
heme degradation. Phosphomimetic Y97E Cytc did not show any statistically significant
difference in heme degradation at 800 s compared to the WT. Interestingly, Y97F Cytc
did show increased, but not statistically significant, heme degradation, implying that a
nonpolar residue at the site destabilizes the heme group (Figure 1H).

2.5. Mutagenesis and Expression of Cytochrome ¢ Variants in Stable Cell Line

To study the functional effects of a YI7E phosphomimetic substitution of Cytc in an
intact cell culture system, we created cell lines stably expressing WT Cytc, YO7F Cytc, and
Y97E Cytc. Plasmids encoding these Cytc variants were transfected into a Cytc double
knockout mouse lung fibroblast cell line, where both the rodent testes and somatic isoforms
of Cytc were knocked out [55]. Cell lines that were equally expressing WT, Y97F, and Y97E
Cytc, along with a Cytc-null empty vector (EV) control, were used for the functional studies.
Western blot analysis showed that Cytc variants were expressed at similar levels in the cell
lines (Figure 2A).
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Figure 2. (A) Representative Western blot of Cytc double knockout cells transfected with Cytc
variants, showing equal Cytc expression and GAPDH as a loading control. (B) Mitochondrial stress
test performed with sequential injections of 1 pM of oligomycin, 2.5 uM of carbonylcyanide-3-
chlorophenylhydrazone, and 1 uM of rotenone/antimycin A (1 = 5). (C) Basal oxygen consumption
rate (OCR) from mitochondrial stress test (n = 5). (D) Mitochondrial membrane potential (AYm)
measured using a JC-10 probe (1 = 21). (E) Mitochondrial ROS production measured using a MitoSOX
probe (n = 10).
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2.6. Mitochondrial Respiration Is Inhibited in Cells Expressing Phosphomimetic Y97E Cytc

Glycolysis and mitochondrial oxidative phosphorylation are two primary energy
metabolism pathways that support all other cellular functions. The reaction between Cytc
and COX has been proposed to be the rate-limiting step of the ETC (reviewed in [3]), and
therefore, alterations of Cytc may impact overall cellular respiration. Intact cellular respiration
of the cells expressing the Cytc variants was measured via oxygen consumption rate (OCR)
during a mitochondrial stress test using a Seahorse bioanalyzer (Figure 2B). The cells expressing
phosphomimetic Y97E Cytc displayed a reduced basal respiration rate of 46% compared to
the cells expressing the WT (Figure 2C). Additionally, cells expressing phosphomimetic YI7E
Cytc showed decreased ATP-coupled respiration, maximal respiration, and spare respiratory
capacity compared to cells expressing the WT (Supplementary Figure S1).

2.7. Mitochondrial Membrane Potential and ROS Production Are Decreased in Cells Expressing
Phosphomimetic Y97E Cytc

Since the respiration rate was decreased in cells expressing phosphomimetic Y97E
Cytc, we hypothesized that there should be reduced mitochondrial membrane potential
(AYm) and, consequently, reduced ROS levels. AY, was measured with JC-10, a voltage-
dependent probe. We found that the red-to-green fluorescence ratio was decreased by
25% in cells expressing phosphomimetic Y97E Cytc compared to cells expressing the WT,
indicating a reduction of AYy, (Figure 2D).

Previous research has demonstrated a correlation between AY, and ROS production [56],
which is particularly relevant in conditions of cellular stress, such as I/R injury. As high mem-
brane potentials drive ROS production, we measured ROS levels using the MitoSOX probe.
We found that MitoSOX fluorescence was 36% decreased in cells expressing phospho-
mimetic Y97E Cytc compared to cells expressing the WT, indicating reduced mitochondrial
ROS levels (Figure 2E).

2.8. Cells Expressing Phosphomimetic Y97E Cytc Are Protected from Cell Death

We analyzed apoptosis induced by H,O, or staurosporine treatment for the cell lines
expressing the Cytc variants. Necrosis and early and late apoptosis were assessed using
annexin V/propidium iodide (PI) staining followed by flow cytometry analysis. HyO,
and staurosporine are known to induce cell death via oxidative stress [57] or inhibition
of protein kinases [58], respectively. The cells were subjected to 400 uM of H,O; for 16 h
and 1 pM of staurosporine for 5 h, respectively. In both stress-inducing conditions, cells ex-
pressing the phosphomimetic Y97E variant showed decreases in total cell death. Treatment
with H,O; resulted in 36% cell death in cells expressing the phosphomimetic Y97E Cytc
compared to 45% cell death in cells expressing the WT (Figure 3A). Similarly, treatment with
staurosporine resulted in 16% cell death in cells expressing the phosphomimetic Y97E Cytc
compared to 40% cell death in cells expressing the WT (Figure 3B). Overall, the decrease in
total cell death for the cells expressing the phosphomimetic Y97E Cytc mimics the decreases
seen with the in vitro caspase-3 activity assay, highlighting the role of Y97 phosphorylation
in reducing the pro-apoptotic features of Cytc.
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Figure 3. (A) Annexin V/propidium iodide flow cytometry data after exposure to 400 uM of H,O,
for 16 h (n = 3). (B) Annexin V/propidium iodide flow cytometry data after exposure to 1 uM of
staurosporine for 5 h (n = 3).

2.9. Cells Expressing Phosphomimetic Y97E Cytc Suppress ROS Production upon
Oxygen—Glucose Deprivation/Reoxygenation (OGD/R)

Mitochondrial dysfunction during reperfusion following ischemia has been linked to
increased mitochondrial membrane potential and ROS-induced damage of mitochondrial
components [59]. During reperfusion, AY, hyperpolarizes, which drives the production
of ROS. Other phosphorylations of Cytc that are present under basal conditions are lost
during ischemia due to the depletion of the kinase substrate ATP and the loss of calcium
homeostasis, which results in the activation of mitochondrial phosphatases [48,49]. We
employed the oxygen—glucose deprivation/reoxygenation (OGD/R) model to further study
this relationship. The cells expressing the Cytc variants were exposed to 1% oxygen in
glucose-depleted media for 90 min, mimicking the ischemic condition. This was followed
by 30 min of simulated reperfusion in oxygen- and glucose-containing media supplemented
with either JC-10 or MitoSOX probe to study AY, and ROS production. Excluding EV
cells, which do not contain Cytc and are thus protected from Cytc-mediated apoptosis
induction, cells expressing the phosphomimetic Y97E Cytc showed the lowest AY 1, levels
after OGD/R compared to cells expressing other Cytc variants (Figure 4A). Similar findings
were observed after OGD/R for MitoSOX, i.e., the cells expressing phosphomimetic Y97E
Cytc showed the lowest mitochondrial ROS production after OGD/R, excluding the EV
(Figure 4B). These results suggest a protective role of YI7E phosphomimetic replacement
and, thus, Y97 phosphorylation in I/R injury.
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Figure 4. (A,B) AYm (n = 14) and mitochondrial ROS production (1 = 21) were measured at normoxia
(gray bars) or after 90 min of oxygen-glucose deprivation followed by 30 min of reoxygenation (red bars).
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3. Discussion

Generally, tissue-specific phosphorylations of Cytc tend to be present under physiolog-
ical conditions, leading to partial inhibition of oxidative phosphorylation and significant
inhibition of apoptosis (reviewed in [21]). These provide slight tweaks to mitochondrial
functioning to optimize tissue metabolism and make the tissues resilient to physiological
stressors. The loss of these phosphorylations during ischemia, due to rapid depletion of
the kinase substrate ATP, in addition to the loss of mitochondrial Ca** homeostasis leading
to activation of phosphatases, results in reperfusion injury due to AYy, hyperpolarization
driving increased ETC activity, reverse electron transfer, and ROS bursts (reviewed in [60]).
We propose that the loss of the inhibitory phosphorylations during ischemia is a futile
attempt of the cell trying to upregulate oxidative phosphorylation and energy production,
with another deleterious effect of sensitizing the tissue to apoptosis [48,49]. Given that Y97
phosphorylation of Cytc was discovered under physiological conditions in the mammalian
heart, an organ with known vulnerability to I/R injury resulting from myocardial infarction,
it is highly likely that loss of this phosphorylation contributes to I/R injury in a way similar
to that seen of 547 phosphorylation of Cytc in the brain [48].

Our lab previously showed that Y97 phosphorylation of Cytc is an important modifica-
tion that regulates COX enzyme activity in the mammalian heart [50]. Here, we expand on
that previous work by characterizing phosphomimetic Y97E Cytc using both purified pro-
tein and transfected cell culture models. Previous work on Cytc has shown that glutamate
is a suitable mimic for phospho-tyrosine [51]. Y97 is conserved in mammals, with only a
few species of plants or microorganisms expressing a different residue at the site, most
commonly F97 [1]. One of the two main functions of Cytc is as a single electron carrier from
complex III to COX in the ETC, which is the proposed rate-limiting step of the ETC under
physiological conditions [3]. The publication that initially discovered phosphorylated Y97
Cytc, which was purified from bovine heart, showed that the phosphorylation resulted in
sigmoidal kinetics in reaction with COX, whereas the dephosphorylated protein showed
a hyperbolic response [50]. Our data here with the phosphomimetic Y97E Cytc agree with
these results, with the phosphomimetic YO7E Cytc showing sigmoidal kinetics and the WT,
non-phosphorylated protein showing a hyperbolic response. Furthermore, the UV-Vis spectra
of phosphomimetic YO7E show the characteristic blue shift of the typical 695 nm peak to
687 nm, similar to the in vivo Y97 phosphorylated Cytc. These results further support the
notion that Y97E replacement mimics the effects seen with Y97 phosphorylated Cytc.

The second main function of Cytc is as a key pro-apoptotic signal [61]. Upon its release
from the mitochondria to the cytosol, Cytc interacts with Apaf-1 to form the apoptosome.
This results in the activation of caspase-9 and triggers the downstream caspase cascade.
Our data here shows statistically significant reductions in caspase-3 activity, with a 64%
reduction in caspase-3 activity when using phosphomimetic Y97E Cytc compared to WT.
Interestingly, when analyzed with a Swiss PDB viewer using a published docking model of
Cytc and Apaf-1 (3]BT.pdb), Y97 is not part of the Apaf-1 interaction site [62]. It is spatially
located closest to Apaf-1 residues E659 and D1106 with an approximate distance of 14 A
(Figure 5). The binding between Cytc and Apaf-1 is known to be driven by electrostatic
interactions, with the positively charged Cytc binding to its negatively charged binding
pocket on Apaf-1 [62]. The gain of a negative charge with phosphomimetic Y97E Cytc
may cause globally decreased binding to Apaf-1. Additionally, when looking at purified
phosphomimetic Y97E Cytc protein, we identified an increased rate of oxidation with H,O,
and a decreased rate of reduction with superoxide.
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Figure 5. Docking model of Cytc and Apaf-1 (3]BT.pdb) [62]. The distance between the amino acid
residues E659 and D1106 (blue sticks) of Apaf-1 (gray) to Y97 (purple) of Cytc (yellow with red heme
group) is approximately 14 A. The PDB file was processed with the program Swiss PDB viewer
(version 4.1.0).

Furthermore, we characterized phosphomimetic Y97E Cytc in a cell culture model.
Rodents possess two active Cytc isoforms, somatic and testes, while humans possess a
single active Cytc isoform that possesses features of both rodent isoforms. Knocking out
the rodent somatic isoform induces expression of the testes isoform to ensure metabolic
competence [55]. Therefore, we employed a double knockout model where both the
somatic and testes isoforms are knocked out. These double knockout cells were transfected
with the recombinant Cytc variants to mimic the effects of Y97 phosphorylation. Our
results show decreased respiration, decreased AY,, and decreased ROS production in cells
expressing the phosphomimetic Y97E Cytc, highlighting the relationship between AY,,
respiration, and ROS production highlighted above (Figure 6). When looking at apoptosis
triggered by H,O, and staurosporine, the cells expressing phosphomimetic Y97E Cytc
showed decreased total cell death, which matches the data observed using the recombinant
phosphomimetic Y97E Cytc protein, which demonstrated an increased rate of oxidation
with HyO, and decreased caspase-3 activity.

Apoptosis Phospho-Y97 Cytc Mitochondrial Function

Protective during I/R

Figure 6. Model of Cytc Y97 phosphorylation as protective to cardiac muscle.

46



Int. J. Mol. Sci. 2025, 26, 1314

The partial inhibition of respiration observed in intact cells expressing the phospho-
mimetic Y97E Cytc is significant because of the relationship between respiration, AYr,, and
ROS production. It is known that 95% of ROS are generated from electron leaks in the
respiratory complexes I and III [63]. Under normal conditions, maintenance of interme-
diate AY, levels (80-140 mV) avoids ROS generation but provides the full capability to
produce ATP because maximal rates of ATP synthesis by ATP synthase take place at an
intermediate AYy, of 80-140 mV [64]. At AYr, exceeding 140 mV, ROS production at ETC
complexes I and III increases exponentially, leading to cell death [65]. This relationship
between AY,, and ROS is further supported by the results presented here under basal
conditions and using the OGD/R model, which simulates I/R injury. In the OGD/R model,
cells expressing unphosphorylated WT Cytc showed increased A, which triggered a
similar increase in ROS production. The cells expressing the phosphomimetic Y97E Cytc
demonstrated lower AYy, which attenuated ROS production. However, on the other hand,
phosphomimetic Y97E Cytc protein showed a lower rate of reduction by superoxide. It
is possible that this may be partially due to the repulsion between the negative charges
of the phosphomimetic glutamate and superoxide. An alternate explanation provided by
previous research is that point mutations at Y97 lead to subtle changes in the hydrogen
bonding network surrounding the heme group, leading to perturbed redox properties
under higher electrical fields [66].

The secondary control, unphosphorylated Y97F, often displayed an intermediate
phenotype compared to the WT and the phosphomimetic Y97E Cytc, such as the results
seen for the caspase-3 activity, rate of oxidation, and rate of reduction assays. This highlights
the regulatory importance of the tyrosine residue at site 97, which allows for phenotypic
shifting depending on the phosphorylation state. However, phenylalanine mutation is
still tolerated at site 97 and is seen in many species of plants [1]. This provides a possible
evolutionary reason for the intermediate phenotype: plants lack the regulatory capability
of the phosphorylation site but instead possess a mutation that shows features of both
the phosphorylated and unphosphorylated Cytc seen in mammals. Surprisingly, cells
expressing Y97F Cytc tend to behave either like cells expressing the WT or the Y97E Cytc,
depending on the assay. For the basal respiration and cell death assays, cells expressing
Y97F Cytc tend to behave like cells expressing the WT Cytc. On the other hand, for the AY,
and mitochondrial ROS production assays, cells expressing Y97F Cytc tend to behave more
like the cells expressing the Y97E Cytc. This highlights the complex relationship between
mitochondrial respiration, AY,, and mitochondrial ROS production.

A previous publication also looked at the WT, Y97F, and Y97E Cytc variants [51].
In that publication, Garcia-Heredia et al. found that the midpoint redox potential and
cardiolipin peroxidase activity of phosphomimetic Y97E Cytc were not different compared
to the WT. Interestingly, the authors did find that the phosphomimetic Y97E Cytc showed
dramatically decreased thermal stability, with the melting temperature dropping by 30 °C
compared to the WT. However, the authors attributed this not to the effect of the negative
charge but rather to the loss of the aromatic ring, as Y97F Cytc was comparable to the WT.

Another publication studied Y97 Cytc phosphorylation by substituting Y97 with
the noncanonical amino acid p-carboxymethyl-L-phenylalanine (pCMF) [52]. This study
reported increased COX activity using phosphomimetic Y97pCMF Cytc, which contradicts
data previously obtained with Y97 phosphorylated Cytc—i.e., the gold standard—and data
presented here on phosphomimetic Y97E Cytc, which displays altered COX kinetics and
slight enzymatic inhibition, matching those observed with the in vivo phosphorylated
protein. The authors proposed that this stimulation was due to a double regulatory
mechanism via the phosphorylation and increased supercomplex formation, which the
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authors observed in a yeast model. They also reported reduced ROS production and
caspase-3 activity using phosphomimetic Y97pCMEF Cytc, although ROS scavenging activity
and cardiolipin binding were unchanged.

Interestingly, another study identified that Y97 phosphorylation of Cytc could be
induced in ischemic pig and rat brains using insulin [53]. Insulin-induced Y97 phosphory-
lation of Cytc resulted in significant neuroprotection, with a 49% increase in NeuN-positive
neurons compared to the ischemia condition alone.

In conclusion, our results suggest that Cytc Y97 phosphorylation results in optimal,
intermediate membrane potential levels, lower ROS production, and significant protection
from cell death upon OGD/R (Figure 6). Therefore, Cytc Y97 phosphorylation is a beneficial
modification in cardiac muscle under physiological conditions, but its loss during ischemia
sensitizes cardiac tissue to reperfusion injury. Finally, recent research studying posttransla-
tional modifications of Cytc supports the concept that such small chemical modifications of
this evolutionarily highly optimized protein control electron flux in the ETC, putting it in
a central position of regulating AYy,, energy production and ROS in a highly fine-tuned
tissue-specific manner.

4. Materials and Methods

All chemicals and reagents were purchased from MilliporeSigma (Burlington, MA,
USA) unless otherwise specified.

4.1. Bacterial Overexpression and Recombinant Protein Purification

The codon corresponding to Y97 of the somatic rodent Cytc (WT) cDNA cloned into
the pLWO01 expression vector was mutated to a glutamate residue (Y97E) as a phospho-
mimetic replacement or phenylalanine as an additional control (Y97F) which cannot be
phosphorylated using the quick-change site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA) as directed by the manufacturer. The pLW01 plasmid also contained
the sequence for S. cerevisine heme lyase, which bacteria lack, in order to successfully cova-
lently attach the heme group to Cytc [67]. The following primers were used to mutate Y97
of the Cytc sequence: Y97E forward primer 5-GACCTAATAGCTGAGCTTAAAAAGGC-
3/, Y97E reverse primer 5-GCCTTTTTAAGCTCAGCTATTAGGTC-3/, Y97F forward
primer 5'-GGCAGACCTAATAGCTTTCCTTAAAAAGGC-3/, and Y97F reverse primer
5'-GCCTTTTTAAGGAAAGCTATTAGGTCTGCC-3'. Using the Dpn I restriction enzyme,
the parental supercoiled dsDNA was digested for 1 h at 37 °C. The resulting PCR products
were transformed into XL 10-Gold Ultracompetent cells. The plasmids from the overnight
culture were purified from individual colonies using a QIAprep spin column miniprep kit
(#27106, Qiagen; Valencia, CA, USA). Plasmid purity and quantity were assessed using a
Nanodrop 1000 spectrophotometer, and the desired mutations were confirmed by sequencing.

The plasmids were transformed into chemically competent Escherichia coli strain,
C41(DE3) cells (Biosearch technologies; Tucson, AZ, USA) according to the manufacturer’s
protocol in order to overexpress the Cytc variants. Selected clones were inoculated into
10 mL of terrific broth containing 0.1 mg/mL of carbenicillin and grown overnight at
37 °C under 225 to 250 RPM agitation. The overnight culture was inoculated into several
flasks containing 5 L of carbenicillin-containing TB medium and grown until an ODg
of 1 was reached. The addition of 100 pM of isopropyl-B-D-thiogalactoside induced
Cytc expression. Cell pellets were collected after 8 h of expression via centrifugation at
1900 RPM for 55 min at 4 °C (Shovell SS-34, Thermo Fischer Scientific, Waltham, MA,
USA). Bacterial pellets were harvested and lysed, and Cytc was purified using modified
ion exchange chromatography; a DE52 anion-exchange column (20 mM phosphate buffer,
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pH 7.5, 4.0 mS/cm conductivity) followed by CM52 cation-exchange (30 mM phosphate
buffer, pH 6.5, 6.0 mS/cm conductivity). Next, the protein was eluted with a high salt
elution buffer (40 mM phosphate buffer, 0.5 M NaCl). Finally, the protein was desalted
and concentrated by centrifugation using Amicon Ultra-15 3 kDa centrifugal filter units
(Millipore; Billerica, MA, USA) and stored at —80 °C [48]. Protein concentration was
determined spectrophotometrically, as detailed below. Protein purity was determined
via Coomassie blue staining of a 10% tris-tricine sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel loaded with 500 ng of each Cytc variant and ran as
described below.

4.2. Concentration Determination of Cytc

The concentration of Cytc was measured using a Jasco V-570 double beam spectropho-
tometer (2 nm bandwidth, 200 nm/min scanning speed) using a 0.1 mm path length quartz
cuvette. The Cytc variants were diluted and reduced with sodium dithionite (Na;S,04)
or oxidized with potassium ferricyanide (KzFe(CN)g). Cytc was desalted using Sephadex
G-25 NAP5 columns (GE Healthcare, Chicago, IL, USA). Cytc concentration was calculated
using differential spectra at 550 nm by subtracting the oxidized form from the reduced
form using the formula: [Cytc] = (Asspreduced — Aszpoxidized)/(19.6 mM/cm x 1 cm) X
dilution factor. The presented reduced UV-Vis spectra were recorded at 25 uM of Cytc,
while the oxidized UV-Vis spectra were recorded at 200 uM of Cytc.

4.3. Cytochrome ¢ Oxidase Activity Measurement

Regulatory-competent COX was previously purified from bovine heart tissue as
described [50] and diluted to 3 uM in solubilization buffer (10 mM of K-HEPES, 40 mM of
KCl, 1% Tween 20, 2 mM of EGTA, 10 mM of KF, pH 7.4 supplemented with a 40-fold molar
excess of cardiolipin and 0.2 mM of ATP). Prior to use, COX was dialyzed overnight in
1 L of solubilization buffer using a 12-14 kD Spectra/Por 2 dialysis membrane (Spectrum
Laboratories, Inc.; Rancho Dominguez, CA, USA) at 4 °C to remove cholate bound to the
COX during the purification process. COX activity was measured in a Clark-type oxygen
electrode (Oxygraph system, Hansatech; Pentney, UK) at a final concentration of 40 nM
of bovine heart COX in the chamber at 25 °C in 220 uL of solubilization with 20 mM of
ascorbate as an electron donor. Oxygen consumption of COX was measured upon titration
of Cytc variants injected into the airtight oxygen electrode at different concentrations
ranging from 0 to 25 uM. COX activity is reported as turnover number (s~ 1).

4.4. Measurement of Caspase-3 Activity

Caspase-3 activation was measured using a cell-free apoptosis detection system.
Cytc’/ ~ mouse embryonic fibroblasts (CRL 2613, ATCC; Manassas, VA, USA) were cul-
tured in 150 mm dishes, pelleted, and washed with ice-cold phosphate-buffered saline
(PBS) twice, followed by one wash with cytosol extraction buffer. The cell suspension was
transferred to a 2 mL Dounce homogenizer with CEB buffer (20 mM K-HEPES, 10 mM
KCl, 1.5 mM MgCly, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSE, pH 7.5)
for 15 min at 4 °C to allow the cells to swell. The cells were ruptured using a pestle for
20-30 strokes. The lysates were centrifuged at 15,000 x g for 15 min at 4 °C to remove cellu-
lar debris. The protein concentration of the supernatant was measured using a DC assay kit
(Bio-Rad, Hercules, CA, USA). The Enzchek caspase-3 assay kit 2 (Thermo Fisher Scientific)
was used which contains Rhodamine 110 linked DEVD tetrapeptide, an artificial caspase-3
substrate that fluoresces after cleavage by caspase-3. A 1 mg/mL protein concentration
of cell extracts was incubated with mutant Cytc variants at 20 ug/mL for 2 h at 37 °C.
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Fluorescence was detected using a Fluorskan Ascent FL plate reader (Lab Systems, Thermo
Scientific; Waltham, MA, USA) with an excitation filter of 485 nm with 14 nm bandwidth
and an emission filter of 527 nm with 10 nm bandwidth. Readings were corrected using
background measurement in the absence of Cytc. The final reading is expressed in the
percentage of change compared to WT.

4.5. Measurement of Cytochrome ¢ Oxidation and Reduction Rate

The kinetics of oxidation of ferro-Cytc by HyO, were measured spectrophotometrically
at 550 nm [68]. Cytc variants were fully reduced with sodium dithionite (Na;S,O4) and
desalted using NAP5 columns (GE Healthcare, Piscataway, NJ, USA). The initial absorbance
of 15 pM Cytc in 0.2 M Tris-Cl, pH 7.0, was measured at 550 nm and 630 nm as a background
reading using 0.2 M Tris-Cl as a blank. Then, 100 uM of H,O, was added to the cuvette as
an oxidizing agent, and the reduction in absorbance at 550 nm was measured every 10 s for
1 min. The rate of Cytc oxidation is expressed in uM/s.

The kinetics of reduction of ferri-Cytc by superoxide were measured spectrophotomet-
rically at 550 nm. The rate of reduction was measured using a hypoxanthine/xanthine oxi-
dase system to generate superoxide [69]. Cytc variants were fully oxidized with potassium
ferricyanide (KzFe(CN)g) and desalted using NAP5 columns (GE Healthcare, Piscataway,
NJ, USA). A reaction mixture consisting of 10 uM of Cytc, 100 uM of hypoxanthine, and
14.2 nM of catalase in 1 xPBS was prepared in a cuvette, and an initial absorbance was
measured at 550 nm using 1 xPBS as a blank. The reaction was initiated with the addition
of 181.5 nM xanthine oxidase to the cuvette. The increase in absorbance at 550 nm was
measured every 15 s for 3 min. Superoxide dismutase 2 (925 nM) was used as a negative
control by detoxifying superoxide. The rate of Cytc reduction is expressed in pM/s.

4.6. Heme Degradation Assay

The degradation of the covalently attached heme group of Cytc using high concen-
tration HyO, was measured spectrophotometrically. Cytc variants were oxidized using
potassium ferricyanide (K3Fe(CN)y) and desalted using NAP5 columns (GE Healthcare,
Piscataway, NJ, USA). A reaction mixture containing 5 pM of Cytc in 50 mM of phosphate
buffer with pH 6.1 was prepared, and the initial absorbance at 408 nm, which corresponds
to the characteristic heme Soret band, was measured [68]. Heme degradation was initiated
with the addition of 3 mM of H,O,. The loss in absorbance at 408 nm was measured at
60, 200, 400, 600, and 800 s. The heme degradation is reported as a percent change in
absorbance compared to the baseline absorbance.

4.7. Cell Culture and Stable Transfection of Cytc Constructs

The codon corresponding to Y97 of the somatic rodent Cytc (WT) cDNA cloned into
the pBABE-puro expression plasmid (Addgene, Cambridge, MA, USA) was mutated to
a glutamate residue (Y97E) as a phosphomimetic replacement or phenylalanine as an
additional control (Y97F) which cannot be phosphorylated using site-directed mutagenesis
(Agilent Technologies, Santa Clara, CA, USA). The same mutagenesis primers as above
were used to generate the variant Cytc expression constructs, which were stably transfected
into Cytc double knockout mouse lung fibroblasts (a kind gift from Dr. Carlos Moraes,
University of Miami, Coral Gables, FL, USA) using Transfast transfection reagent (Promega,
Madison, WI, USA) in a 1:1 transfection reagent to DNA ratio, as described in the manufac-
turer’s protocol. As a negative control, cells were also transfected with a pPBABE plasmid
that did not contain the sequence for Cytc, resulting in an empty vector (EV) cell line.
The transfected cells were cultured at 37 °C with 5% CO; in DMEM supplemented with
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10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 100 pg/mL primocin
(Invivogen, San Diego, CA, USA), 1 mM sodium pyruvate, and 50 pg/mL uridine. Initial
selection was performed with the above media supplemented with 2 ug/mL puromycin.

4.8. Gel Electrophoresis and Western Blotting

Cells expressing Cytc variants were lysed using 100 pL of a RIPA lysis buffer (150 mM
of NaCl, 5 mM of EDTA, pH 8.0, 50 mMTris, pH 8.0, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) supplemented with protease inhibitor cocktail (#P8340, MilliporeSigma,
Burlington, MA, USA) to prevent lysate degradation. Mixtures were then sonicated and
centrifuged at 16,900 x g for 20 min at 4 °C to remove cellular debris. SDS-PAGE of resulting
lysates was carried out using 50 ng total protein of each cell line on a 10% tris-tricine gel in
the presence of anode (200 mM Tris, pH 8.9) and cathode buffers (100 mM of Tris, 100 mM
of Tricine, 0.1% SDS, pH 8.25). The gel was transferred onto a PVDF membrane (Bio-Rad)
using a Trans-Blot SD semi-dry apparatus (#1703940; Bio-Rad) at 75 mA for 15 min and
blocked in 5% milk for 1 h at room temperature. Membranes were cut between 25 and
35 kDa ladder markers. The lower and upper membranes were incubated in 1:4000 mouse
anti-Cytc (#556433; BD Pharmingen; San Jose, CA, USA) or 1:8000 mouse anti-GAPDH
(#60004-1-1g; Proteintech; Rosemont, IL, USA) respectively, in 5% milk overnight at 4 °C.
The next day, membranes were incubated in 1:10,000 sheep anti-mouse IgG conjugated
to horseradish peroxidase secondary antibody (#NA931V; GE Healthcare; Chicago, IL,
USA) in 5% milk for 2 h at room temperature. The blots were visualized using Pierce ECL
western blotting substrate (#32106; Thermo Fisher Scientific; Waltham, MA, USA).

4.9. Mitochondrial Stress Test

The OCR and extracellular acidification rates (ECAR) of the cells expressing the Cytc
variants were measured. Cells were seeded at a density of 10,000 cells/well in a 0.1%
gelatin-coated XF24 plate (Agilent, #100777-004) overnight in 250 uL/well growth media.
After overnight incubation, the growth medium was replaced with 675 uL of Seahorse
media was prepared with 4.15 g of DMEM powder (#D5030, Millipore Sigma) dissolved
in 500 mL of ddH,O, pH 7.4, sterile filtered (#431097, Corning Incorporated, Corning,
NY, USA), supplemented with 10 mM glucose and 10 mM sodium pyruvate without FBS
or phenol red. The cells were incubated in a CO,-free incubator for 1 h with seahorse
media. Then, the OCR and ECAR were measured in an XFe24 Seahorse extracellular flux
analyzer (Seahorse Biosciences, North Billerica, MA, USA). Following basal measurements,
sequential injections of oligomycin (1 uM), carbonyl cyanide chlorophenylhydrazone
(CCCP, 2.5 uM), and rotenone/antimycin A (1 pM) were performed. The mitochondrial
stress test parameters (basal respiration, non-mitochondrial respiration, proton leak, ATP-
coupled respiration, maximal respiration, and spare respiratory capacity) were calculated
according to the manufacturer’s instructions. OCR is reported as pmol O, /min, and ECAR
is reported as mpH/min.

4.10. Measurement of Membrane Potential

Mitochondrial membrane potential (AYm) was measured using the JC-10 (5,5,6,6'-
tetrachloro-1,1,3,3'-tetraethylbenzimidazolylcarbocyanine iodide) probe (#ENZ-52305,
Enzo Life Sciences; Farmingdale, NY, USA). When the membrane potential is low, the
JC-10 probe occurs as monomers and emits green fluorescence. When the membrane poten-
tial is high, the JC-10 probe aggregates inside the mitochondria, producing red fluorescence.
Measuring this ratio between red and green fluorescence provides a relative measure of the
mitochondrial membrane potential. Cells were seeded at a density of 10,000 cells/well in a
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black 96-well plate (Corning, #CLS3603) coated with 0.1% gelatin. The growth medium
was exchanged with FBS-free, phenol red-free DMEM cell culture medium supplemented
with 3.0 uM of JC-10 and cultured for 30 min. Cells were washed with 1xPBS twice.
Green fluorescence (excitation 485 nm/emission 527 nm) and red fluorescence (excitation
485 nm/emission 590 nm) of the cells were measured using the Synergy H1 microplate
reader (BioTek Instruments Inc.; Winooski, VT, USA). A¥m is represented as a ratio of
red/green fluorescence.

4.11. Measurement of Mitochondrial ROS Production

Mitochondrial ROS production was measured using a MitoSOX red mitochondrial
superoxide indicator probe (Invitrogen, #M36008). This mitochondrial ROS indicator ac-
cumulates inside the mitochondria due to its delocalized positive charge and emits red
fluorescence after superoxide oxidation. Cells were seeded at a density of 10,000 cells/well
in a black 96-well plate coated with 0.1% gelatin. The growth medium was exchanged
with FBS-free, phenol red-free DMEM cell culture medium supplemented with 5 uM of
MitoSOX and cultured for 30 min. Cells were washed with 1xPBS. Fluorescence (excita-
tion 510 nm/emission 580 nm) was measured using a Synergy H1 plate reader (BioTek,
Winooski, VT, USA). Data is reported as a percentage change compared to WT.

4.12. Measurement of Cell Death Using Annexin v/PI Staining

Cells expressing the Cytc variants were seeded at a density of 1 x 10° in 10 cm culture
dishes. Cells were cultured overnight as described above in growth media. After 24 h,
the cells were treated with H,O, (400 uM for 16 h) or staurosporine (1 pM for 3 h). The
dead cells were harvested by collecting the culture medium. Live cells were collected using
trypsinization. The cell suspension was washed twice with 1xPBS, and 1 x 10° cells were
resuspended in a 1 mL 1x binding buffer (BD Pharmingen, Lot: 1026022). A total of 450 uL
cell suspension was incubated with 6 uL of annexin V-FTIC (BD Pharmingen, Lot: 1026022)
and 6 pL of propidium iodide (BD Pharmingen, Lot: 1026022) at room temperature in
the dark for 15 min. After incubation, reagents were diluted with 3 mL of 1x binding
buffer. Cells were counted on a CyFlow Space flow cytometer (Sysmex America, Inc.;
Lincolnshire, IL, USA) and analyzed using FCS Express 7 software (De Novo Software;
Glendale, CA, USA).

4.13. Oxygen Glucose Deprivation/Reoxygenation Model

Cell lines expressing Cytc variants were studied using an OGD/R model to simulate
I/R injury. Cells were seeded in 96 black well plates with clear bottoms and cultured
to our standard protocol, as described above. Before the experiment JC-10 or MitoSOX
experiment, the media was exchanged with glucose-free, FBS-free, phenol-red-free DMEM
(Gibco, Waltham, MA, USA, #A1443001) that had been equilibrated with 95% N2 and 5%
CO?, which mimics the ischemic condition [49]. The cells were incubated with this ischemic
media for 90 min at 37 °C with 1% O, and 5% CO, gas in a hypoxic chamber under the
control of ProOx 110 oxygen and ProCO; 120 carbon dioxide probes (Biospehrix, Redfield,
NY, USA). The ischemic media were exchanged with glucose, FBS-free, phenol red-free
DMEM culture medium (Gibco, #31053028) and reoxygenated for 30 min under normal
conditions along with the respective probe (JC-10 or MitoSOX). The control plates were
maintained in normoxic conditions with regular media supplemented with FBS. The JC-10
or MitoSOX experiments were then carried out as described above.
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4.14. Statistical Analyses

The data shown represent the mean. Error bars represent the standard deviation.
For most assays, statistical analyses for the data were analyzed for statistical significance
using one-way ANOVA comparing the mean of each column with the mean of every
other column followed by post-hoc Tukey test using GraphPad version 10.4.0 (GraphPad
Software, San Diego, CA, USA). For COX activity, the Km and Vmax for WT and Y97F were
calculated using nonlinear regression followed by Michaelis-Menten calculation, while the
Km (Khalf) and Vmax for Y97E were calculated using nonlinear regression followed by
allosteric sigmoidal calculation. The statistical significance was calculated using one-way
ANOVA with post-hoc Tukey test as described above, specifically on the 25 uM of Cytc
condition. For heme degradation, statistical significance was calculated using one-way
ANOVA with post-hoc Tukey test as described above, specifically on the 800 s condition.
For annexin V/propidium iodide experiments, statistical significance was calculated using
one-way ANOVA with post-hoc Tukey test as described above on total cell death (PI+
cells, annexin V+ cells, and annexin V+/PI+ cells combined). For OGD/R experiments,
statistical significance within the hypoxia and normoxia groups was calculated using one-
way ANOVA comparing the mean of each column with the mean of the control column
(WT) with the post-hoc Dunnett test. However, a student’s two-tailed t-test assuming equal
variance was used to compare the hypoxia and normoxia conditions for a specific Cytc
variant. p values are indicated in the figures.
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Abbreviations

Apaf-1 apoptotic protease-activating factor

CCcCp carbonyl cyanide m-chlorophenyl hydrazone

COX cytochrome c oxidase

Cytc cytochrome c

ECAR extracellular acidification rate

ETC electron transport chain

EV empty vector

FBS fetal bovine serum

I/R ischemia-reperfusion

OCR oxygen consumption rate

OGD/R oxygen-glucose deprivation/reoxygenation

PBS phosphate-buffered saline

pCMF p-carboxymethyl-L-phenylalanine

PI propidium iodide

PTMs post-translational modifications

ROS reactive oxygen species

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SOD superoxide dismutase

WT wild-type

Y97E tyrosine 97 of cytochrome ¢ replaced with glutamate
Y97F tyrosine 97 of cytochrome ¢ replaced with phenylalanine
AY¥Ym mitochondrial membrane potential
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Abstract: Pregnancy at advanced maternal age (AMA) is a condition of potential risk for the develop-
ment of maternal-fetal complications with possible repercussions even in the long term. Here, we
analyzed the changes in plasma redox balance and the effects of plasma on human umbilical cord
mesenchymal cells (hUMSCs) in AMA pregnant women (patients) at various timings of pregnancy.
One hundred patients and twenty pregnant women younger than 40 years (controls) were recruited
and evaluated at various timings during pregnancy until after delivery. Plasma samples were used to
measure the thiobarbituric acid reactive substances (TBARS), glutathione and nitric oxide (NO). In
addition, plasma was used to stimulate the hUMSCs, which were tested for cell viability, reactive
oxygen species (ROS) and NO release. The obtained results showed that, throughout pregnancy
until after delivery in patients, the levels of plasma glutathione and NO were lower than those of
controls, while those of TBARS were higher. Moreover, plasma of patients reduced cell viability and
NO release, and increased ROS release in hUMSCs. Our results highlighted alterations in the redox
balance and the presence of potentially harmful circulating factors in plasma of patients. They could
have clinical relevance for the prevention of complications related to AMA pregnancy.

Keywords: aging; antioxidants; lipid peroxidation; nitric oxide; pregnancy

1. Introduction

The historical definition of the term “Advanced Maternal Age” (AMA) refers to a
condition of maternal age over 35 years [1,2]. The analysis of the data collected in the
last three decades evidenced an increase in the average age of conception and delivery in
women belonging to developed countries [3]. These findings concern both women aged
35-39 years, in whom the increase in the birth rate was from 45.9 per 1000 women in 2010
to 52.7 per 1000 women in 2019, and women aged 40—44 years, who showed an increase in
the birth rate from 10.2 to 12 per 1000 women in the same range of years [4-6]. In addition
to reasons related to work and career needs, the increase in AMA pregnant women could
be explained also by the development in advanced reproductive technology, which has
extended the reproductive window [7,8]. Thus, on the grounds of these considerations, the
above reported definition of AMA appears outdated and it would be more appropriate to
use it for pregnant women older than 40 years [9,10].
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It should be kept in mind that AMA pregnancy could represent a risk factor for adverse
maternal complications, such as pre-eclampsia, gestational diabetes mellitus, gestational
hypertension, and Cesarean delivery, as well as for fetal outcomes [7,8]. In addition to
increased maternal mortality and morbidity, the above health complications also have
repercussions in terms of increased costs to health systems worldwide [11]; a great deal of
effort should be made to try to counteract or even prevent them.

Actions aimed at preventing AMA pregnancy-related complications could be focused
on the modulation of its pathophysiological mechanisms.

In this regard, an important role is played by the loss of placental functions [12].
Indeed, changes in the placentation process may have serious consequences in pregnancy
for women presenting specific characteristics, including AMA, which are also related to
endothelial dysfunction [11].

In physiologic pregnancy, reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are generated mainly by the placenta and vascular endothelium, as well as through
the action of xanthine oxidase and nitric oxide (NO) synthase [13,14].

However, when the feto-placental unit is poorly perfused, such as during AMA
pregnancy, an increased oxidant release not counteracted by antioxidants like superoxide
dismutase or glutathione (GSH) and glutathione peroxidase may affect normal vasodilation
and become an important factor in the pathogenesis of AMA pregnancy-related complica-
tions, like those affecting the cardiovascular system, kidney and liver as well [11,13,15].

In particular, increased concentrations of lipid peroxides in the villous and decidual
tissues have been reported to be common to all miscarriages and have been correlated with
proteinuria, uricemia and pulsatility index of umbilical arteries in pre-eclamptic pregnant
women [16].

Furthermore, changes in lipid peroxides could play an important role in AMA preg-
nancy since they can affect endothelial function through changes in thromboxane A2 and
NO release in the utero-placental and maternal systemic vasculature as well [17].

Also, as regarding GSH, which is one of the most important antioxidants that can
reduce unstable ROS and turn into oxidized GSH, it was reported to be strongly reduced in
the plasma of pre-eclamptic women [11,16], in placental aging and in adverse pregnancy
outcomes [18].

It is important to underline that oxidative stress resulting from unbalance between
oxidants and antioxidants can be involved in the physiopathology of AMA pregnancy
through changes in endothelial NO availability and endothelial dysfunction.

Another possible target of the prevention/modulation of AMA pregnancy-related
complications could be represented by the human umbilical cord mesenchymal stem cells
(hUMSCs), which can protect placental function by increasing its development and angio-
genesis through paracrine actions and the release of immunomodulatory factors [16,19-21].
Also, those cells can be involved in the modulation of oxidative stress/inflammation, have
the ability to recover ovarian function in premature ovarian insufficiency or natural aging
animal models, and exert cardioprotective effects through the release of microRNA [22].

Despite existing knowledge about this issue, however, additional information regard-
ing the plasma redox balance and the changes in hUMSCs function induced by circulating
factors in AMA pregnant women at different times of pregnancy would be mandatory to
better understand the pathophysiological aspects.

Considering what has been reported above regarding the role of lipid peroxides, GSH
and NO in the physiopathology of AMA pregnancy and the lack of detailed informa-
tion, here, our primary endpoint was to examine the plasma levels of lipid markers of
peroxidation, GSH and NO at the first trimester (T0), at the second trimester during the
morphologic ultrasound (T1) and at 48-72 h after the delivery (T2) in pregnant women
over 40 years (median age 41) compared with pregnant women younger than 40 years
(median age 30). In particular, we used the thiobarbituric acid reactive substances (TBARS)
assay for measurement of plasma lipid peroxides such as malonyldialdeide (MDA) and
specific assays for GSH and NO, as previously conducted [23-25]. Secondly, we wanted to
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analyze the effects of plasma taken from AMA pregnant women at different time points
on hUMSCs in order to highlight the role of circulating factors in the modulation of their
viability and oxidant release.

2. Results
2.1. Patients

All patients were subjected to careful anamnestic investigation. Risk factors were also
investigated for pregnancy disorders and previous pathological pregnancies (Table 1). The
anamnestic characteristics of the two groups, compared by means of Fisher’s test, were
found to be superimposable, with no statistically significant differences (p > 0.05) except
for maternal age (Table 1). Therefore, the only characteristic that significantly differentiated
the group of AMA patients and the group of controls was obviously the age (41 versus
30 years, p < 0.0001).

Table 1. Characteristics of the total population at enrollment.

AMA Patients Controls Val
(1 = 100) (n = 20) p-vatue
Age median (IQR) 41 (40-42) 30 (27-32) <0.0001
(]f:g/[/I rzggorfegfjﬁj;‘g% 23.7 (20.9-27.4) 215 (19.8-23.3) 0.04
Ethnicity n (%)
Caucasic 80 (80.0) 18 (0.90)

Other 20 (20.0) 2 (0.10) 0.47
Nulliparous 7 (%) 36 (36.0) 7 (35.0) 0.93
Miscarriages 1 (%)

0 45 (45.0) 12 (60.0)
1 37 (37.0) 7 (35.0)
>=2 18 (18.0) 1(5.0) 0.29
Before-pregnancy pathologies 1 (%) 18 (18.0) 1(5.0) 0.25
Positive combined prenatal
screening test and positive at 26 (26.0) 1(5.0) 0.06

second-level test

Although the body mass index (BMI) before pregnancy of AMA patients was higher
than that of controls (p < 0.05), it was within the normal weight range.

A positive first trimester screening was found in 26 of 100 AMA pregnant patients,
while it was positive in only one patient of the controls. In the calculation of the risk, the
age of the patients had a substantial influence.

In Table 2, we describe the main delivery outcomes of patients and controls. The
statistical analysis did not show a significant high percentage of complications in AMA
patients vs. controls (p = 0.12). Among AMA patients, spontaneous delivery occurred in
23 patients (43.4%), Cesarean section in 22 (41.5%), induced childbirths in 5 (9.4%) and
dystocic deliveries in 3 (5.7%) (Table 2). In controls, 11 (61.1%) spontaneous delivery
occurred, childbirths were induced 3 times (16.7%), as Cesarean section, and dystocic
delivery occurred only once (5.6%). A total of 28 patients presented no complications and
36 developed some gestational comorbidities, such as gestational diabetes, preterm birth,
intrahepatic cholestasis of pregnancy, gestational hypertension, pre-eclampsia, placenta
low lying, intrauterine growth restriction IUGR) and deep vein thrombosis.

Table 2. Delivery outcomes in patients and controls who gave birth by the end of the study.

AMA Patients Controls Value
(n = 53) (n = 18) p
Type of delivery n (%)
Spontaneous vaginal 23 (43.4) 11 (61.1) 0.19
Induced 5(9.4) 3(16.7) 0.40
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Table 2. Cont.

AMA Patients Controls

(n = 53) (n = 18) p-Value
Cesarean section 22 (41.5) 3 (16.7) 0.06
Dystocic 3(5.7) 1(5.6) 0.99
Gestational age at delivery median (IQR) 39 weeks (38-40) 39 weeks (38-40) 0.50
Birth weight at delivery (g) mean (SD) 3073 (575.2) 3288 (445.9) 0.15

2.2. Plasma TBARS, GSH and NO

The results of plasma TBARS, GSH and NO measurements performed in AMA patients
and controls at various times during pregnancy up to postpartum are shown in Table 3. All
models were adjusted by type of delivery (classified as in Table 2).

Table 3. Response trends over time obtained by comparing groups averaged over time and measure-
ment time within a group in plasma measurements.

F Value p Value Outcomes
Group 42.45 <0.0001
Time 0.40 0.67
Interaction group x time 0.43 0.65 TBARS
Type of delivery 0.61 0.61
Group 29.20 <0.0001
Time 8.56 0.0004 NO
Interaction group x time 1.21 0.30
Type of delivery 0.69 0.56
Group 101.49 <0.0001
Time 3.89 0.02
Interaction group x time 231 0.11 GSH
Type of delivery 0.30 0.82

GSH: glutathione; NO: nitric oxide; TBARS: thiobarbituric acid reactive substances.

It is of note that the overall mean of the considered outcomes (TBARS, GSH and NO)
between AMA patients and controls was significantly different (group effect).

It is also of note that, at T3, in AMA patients, the levels of TBARS remained higher
than those measured in controls (p < 0.05): in AMA patients, 9 mM 5.3-12 and, in controls,
5.1 ™ (4.6-5.7). Also, plasma GSH of AMA patients was lower than that found in controls
(p <0.05): in AMA patients, 5 ™ (3.4-7.2) and, in controls, 8 ™ (7-8.9). As regards NO,
in AMA patients, the plasma values were lower than those of controls (p < 0.05): in AMA
patients, 9.6 ™ (5.6-13) and, in controls, 14.5 M (11.9-16.7).

Also, in the plasma of the umbilical cords, there was an alteration in the redox state in
AMA patients. Indeed, GSH levels were lower than those observed in the controls (p < 0.05;
Figure 1A), while TBARS levels were higher (p < 0.05; Figure 1B). Instead, we did not detect
any significant differences regarding NO (Figure 1C).

2.3. Effects of Plasma on hUMSCs

The in vitro experiments showed that the treatment of hUMSCs with plasma taken
from AMA patients was able to reduce cell viability and NO release and increase ROS pro-
duction (Figure 2A-C). As evidenced in Figure 2A, the cell viability was lower than that mea-
sured both in hUMSCs treated with plasma of the controls and in the untreated hUMSCs.

If we analyze the results obtained at the three different time points, it can be observed
that there are no significant variations in the median values of cell viability in hUMSCs
treated with plasma of AMA patients (Figure 2A). In the case of the controls, cell viability
was even increased at T3 in comparison with that found in the untreated hUMSCs (p < 0.05).
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Figure 1. Glutathione (GSH, (A)), malonyldialdeide (MDA, (B)) and nitric oxide (NO, (C)) in umbilical
cord plasma older (AMA > 40 yrs) and younger (Cntrl < 40 yrs) pregnant women collected at delivery.
MDA was measured through the TBARS assay. T2: at the delivery. The results are expressed as
median and range of different measurements. Square brackets indicate significance between groups
(p <0.05).
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Figure 2. Effects of plasma taken from pregnant women older (patients) and younger than 40 years
(controls) on cell viability (A), reactive oxygen species (ROS) release (B) and nitric oxide (NO) release
(C) in hUMSCs. The bars represent the effects of plasma of all 10 patients and all 5 controls at various
time points. TO: at 11-13 weeks of gestational age; T1: at 2022 weeks of gestational age; T3: before
Cesarean section or at 48-72 h after the delivery. The results are the median and range of repeated
experiments. Untreated cells: non-treated hUMSCs. * p < 0.05 vs. untreated cells; a: p < 0.05 vs. T3
controls; square brackets indicate significance between the groups (p < 0.05).

As performed for plasma measurements of TBARS, GSH and NO, we executed a
statistical analysis about response trends over time in measured variables of the in vitro
experiments too. As shown in Table 4, it is of note that a significant interaction group x time
emerged for in vitro data about NO and cell viability. This means that changes in response
over time differed among AMA patients and controls.
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Table 4. Response trends over time obtained by comparing groups averaged over time and measure-
ment time within a group in the in vitro experiments.

F Value p Value Outcomes
Group 53.03 <0.0001
Time 1.87 0.20 NO
Interaction group x time 10.41 0.003
Type of delivery 2.58 0.11
Group 184.9 <0.0001
Time 9.34 0.004
Interaction group x time 7.30 0.01 CELL VIABILITY
Type of delivery 0.21 0.88
Group 32.34 0.0001
Time 31.47 <0.0001 ROS
Interaction group x time 0.45 0.65
Type of delivery 1.33 0.31

NO: nitric oxide; ROS: reactive oxygen species.

Concerning ROS, we observed an increased release by hUMSCs treated with plasma
of AMA patients both vs. the untreated cells and vs. hUMSCs treated with plasma of the
controls (Figure 2B).

Also, in hUMSCs treated with plasma of AMA patients at T3, cell viability and NO
release were lower than those found in hUMSCs treated with plasma of controls, whereas
ROS release was higher (Figure 2).

2.4. Clinical Pattern

The analysis of the data regarding AMA patients suffering from gestational diabetes,
preterm birth, intrahepatic gestational cholestasis, gestational hypertension, pre-eclampsia,
low-lying placenta, IUGR and deep vein thrombosis vs. controls, and even comparing
patients with pregestational diseases vs. uncomplicated ones, did not show any statistically
significant difference. Thus, the altered redox balance we found in AMA patients can be
linked to age rather than to any comorbidities.

3. Discussion

Our results highlighted an altered redox balance in the plasma of AMA patients at
diagnosis and throughout the duration of pregnancy up to 48 h postpartum. Moreover, we
showed that unknown factors capable of affecting viability and ROS release in hUMSCs
circulate in the plasma of the aforementioned patients.

In recent years, there has been a significant increase in AMA pregnancies, probably
due to epidemiological and socio-economic reasons, as well as a progressive strengthening
of medically assisted fertility techniques [2]. The percentage of women who decide to post-
pone pregnancy in developing countries is increasing. According to the recent Certificate
of Assistance in Childbirth (CeDAP), the average age of mothers is 33.1 years for the Italian
population, and the average age of having a first child is over 31 years, according to the
global report [26,27].

In the past, an AMA gestation was almost always accidental and related to pluriparity;
however, today it is more frequently associated with the first pregnancy and with changes
in demographics of childbirth.

As previously reported, AMA pregnancy has been considered as an independent risk
factor for several complications, varying across ages. In fact, these pregnancies are known
to be linked to several comorbidities and adverse outcomes, such as pregnancy-related
hypertensive disorders, blood transfusion, and maternal and fetal mortality [16,28]. In
this regard, AMA has been reported to increase the risk of stillbirth (RR 2.16, 95% CI
1.86-2.51), perinatal mortality, intrauterine growth restriction, neonatal death, admission
to neonatal intensive care unit, pre-eclampsia, preterm delivery, cesarean delivery and
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maternal mortality compared with women younger than 40 years old (RR 3.18, 95% CI
1.68-5.98) [29].

The relationship between AMA and stillbirth is not directly linked to maternal mor-
bidity or assisted reproductive technology [30].

One of the possible explanations of those phenomena could be the increased oxidative
stress. Pregnancy itself augments susceptibility to oxidative stress, with an elevated
presence of ROS and RNS in the circulatory system. The amplified gestational redox
imbalance can trigger several adverse outcomes such as abnormal placental function, and
complications, including the forementioned pre-eclampsia, embryonic resorption, recurrent
pregnancy loss, fetal developmental anomalies, intrauterine growth restriction and, in
extreme instances, fetal death. The body’s answer to control the increase in RNS/ROS
levels requires nonenzymatic and enzymatic defense processes (i.e., acting on TBARS, GSH
and NO). The literature describes a plausible association between compromised antioxidant
enzyme function and the occurrence of these adverse gestational outcomes. Oxidative
stress causes detrimental consequences on maternal physiology, pregnancy progression
and fetal development by acting on placental function and compromising oxygen and
nutrient delivery to the fetus [31].

Pregnancies complicated by conditions such as oxidative stress, hypoxia and inflam-
mation are associated with alterations in placental vasculogenesis, trophoblast expression of
transporters and hormone production contributing to alteration in fetal development [32].

Regarding this issue, it should be pointed out that, in physiological pregnancy, the
increase in oxidants is counterbalanced by the production of antioxidants and the occur-
rence of oxidative stress is limited [33,34]. In particular, it was shown that there is a gradual
reduction in lipoperoxide formation with the progress of gestation to protect the fetus
against ROS [35].

Instead, in all conditions in which the systems for regulating the balance between
oxidants and antioxidants are poorly effective, the development of oxidative stress is
markedly greater. Certainly, one of those conditions predisposing the onset of oxidative
stress is aging [36].

The primary endpoint of this study was the analysis of plasma redox balance at
different time points during pregnancy in AMA vs. younger pregnant women.

We measured lipid peroxidation as MDA release by means of the TBARS assay, since
it has been widely used in previous studies aimed at analyzing oxidants in biologic fluids
during pregnancy too [34,37].

We found that patients and controls differed in terms of plasma TBARS and GSH
levels throughout pregnancy. Hence, lipid peroxidation markers were higher in women
with advanced age, while the antioxidant was higher in the control. Similar results were
noted also in the experiments performed by using plasma from umbilical cords of AMA
patients. Although both age and body mass index were different among groups, mean body
mass index for AMA women was within the normal weight range, suggesting differences
in redox potential could be attributable to age [38].

TBARS are the most reliable biomarkers of oxidative stress [39] and have been shown
to have some clinical relevance in aging and age-related pathologies [40]. Our data about
TBARS are in agreement with those found by de Lucca L et al. and Draganovic D et al.
in complicated and uncomplicated pregnancies and in pregnancy-induced hypertension
women, respectively [32,35]. Indeed, among the 45 pregnant women recruited in the study
by de Lucca L et al., TBARS increased in the second trimester when compared to the first
trimester of pregnancy in the uncomplicated group, whereas they increased in the third
trimester when compared to the first trimester of pregnancy in the complicated group.
Also, the 100 pregnant women with hypertension recruited by Draganovic D et al. had
increased mean TBARS values over 20 umol, whereas, in healthy pregnant women, only
1% experienced increased TBARS value.

Regarding GSH, it was suggested that the measurement of its plasma levels could
provide a way to measure resilience of redox networks in aging and age-related disease [41],
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and it is strongly reduced in placental aging and in adverse pregnancy outcomes [18]. For
this reason, we have performed GSH measurements in plasma of AMA patients throughout
pregnancy and compared it with those of controls.

Also, although a role of the above reported pregnancy-related complications in the
alteration of the balance between oxidants and antioxidants is conceivable [42,43], the
statistical analysis showed that there were no significant differences regarding the parame-
ters of redox balance and oxidative stress between AMA patients with complications and
without complications. In fact, 28 patients presented no complications and 36 developed
some gestational comorbidities. Indeed, as described in the Results section, the analysis
of the data regarding the 36 AMA patients suffering from pathologies during pregnancy
vs. controls, and even comparing patients with pregestational diseases vs. uncomplicated
ones, did not show any statistically significant difference.

For this reason, we can attribute the increased values of plasma TBARS and reduced
values of plasma GSH more to the advanced age of the patients than to their complications.

The data we obtained about the redox balance in AMA pregnant women up to 48 h
after delivery and in umbilical blood could have clinical implications in those subjects
and newborns. In this regard, there are data demonstrating that both children born from
complicated pregnancies and AMA pregnant women are at increased risk of cardiovascular
disease, which could be related to oxidative stress and endothelial dysfunction that had
arisen during pregnancy [42—47].

In particular, our results could be helpful to increase knowledge about the role of
oxidative stress in the physiopathology of AMA pregnancy and of systemic diseases that
could arise in AMA pregnant women [44,45]. Also, it could stimulate studies on the efficacy
of preventive or therapeutic treatments aimed at contrasting them.

As reported above, a key role as a pathogenic mechanism could be played by oxidative
stress and endothelial dysfunction [12,34,46—48]. The data we obtained about plasma levels
of NO would confirm this hypothesis.

Hence, in AMA pregnant women, we found statistical significance regarding group
effect in the measurements of plasma TBARS, GSH and NO between AMA patients
and controls.

Data about NO are of relevance for the physiologic regulation of pregnancy and for the
onset of pregnancy-related pathologies. In the placental-umbilical unit, the NOS isoforms,
namely the endothelial (eNOS) and the inducible ones, which are involved in NO release,
are expressed in the syncytiotrophoblast (STB) and in the endothelium of umbilical vein
and arteries and in placental microvascular endothelial cells [33]. NO, through its dilating
effects, plays a pivotal role for maintaining endothelial function and is responsible for
keeping vascular homeostasis, which ensures constant uterine blood flow [49]. Also, NO
is engaged in STB endovascular invasion and development of the placenta through its
angiogenic and vasculogenic effects [50].

For those reasons, changes in NO release, which can be observed in conditions of
placental hypoperfusion and oxidative stress, may be involved in the onset of pregnancy-
related diseases. In fact, in the presence of hypoxia and oxidative stress, the bioavailability
of tetrahydrobiopterin, which is a cofactor of eNOS, is reduced and eNOS uncoupling can
be observed. In this way, NO released from eNOS turns into peroxinitrites, which can
reduce placental blood flow through vasoconstriction and activate inflammatory-response-
associated signaling pathways [51].

In order to better understand the pathophysiology of pregnancy in AMA, both in rela-
tion to the effects on the mother and on the fetus, we performed some in vitro experiments
on hUMSCs, which could play a fundamental role for the proper functioning of the placenta
and the continuation of a pregnancy without complications [13]. The stimulation of those
cells with plasma taken from AMA pregnant women was able to reduce cell viability and
NO release and increase ROS release. It is noteworthy that the effects of plasma of AMA
patients on hUMSCs persisted even after delivery.
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It is also of note that a significant interaction group x time was found about NO and
cell viability. This means that changes in response over time differed among AMA patients
and controls. In particular, we observed an increase in cell viability of hUMSCs treated
with plasma of controls, whereas no changes over time were observed for AMA patients.

Our data may have pathophysiological implications, since it is well known that
hUMSCs can regulate trophoblast invasion, angiogenesis and placental function through
the modulation of inflammation and the release of mediators like vascular endothelial
growth factor, the placental growth factor, miRNAs or NO [16,21,52-54]. Alterations in the
production of the aforementioned factors, with particular reference to NO, would, therefore,
result in the loss of the role played by hUMSCs in the physiological regulation of pregnancy.
For those reasons, our results, which highlight a possible mechanism underlying AMA
pregnancy physiopathology, which could be related to unknown harmful circulating factors
targeting hUMSCs, would add knowledge about this issue.

Regarding the nature of those “unknown circulating factors”, among others, we could
speculate that extracellular vesicles (EVs) could be good candidates, since they are released
by STB into the maternal circulation in increasing amounts with advancing gestational
age to target various organs, and may represent a mechanism by which the placenta
orchestrates maternal responses in normal and pathological pregnancy [54]. Actually, the
aim of this study was not to investigate the nature of those circulating factors, which could
be the object of subsequent research.

Overall, we could hypothesize that, in AMA pregnant women, a condition of feto-
placental dysfunction related to aging phenomena would cause an imbalance between
oxidants/antioxidants in favor of the former, with an increase in lipid peroxidation, which
would worsen endothelial dysfunction. Furthermore, circulating factors released by the
endothelium itself, the immune system and the uteroplacental tissues and cells, including
hUMSCs, could have detrimental effects on maternal physiology, pregnancy progres-
sion, and fetal development. Thus, we could speculate that the oxidative imbalance we
found in our study and the release of those factors could contribute to miscarriages, fetal
developmental abnormalities, preterm birth, low birth weight and the development of
cardiovascular or other chronic disease, which could arise in AMA pregnant women and
in children too. However, those issues will need to be explored in greater depth in order to
define their role in AMA pregnancy and AMA-related diseases.

Thus, it would be crucial to explore this field of research also from a prevention
perspective and for giving recommendation to AMA pregnant women to decrease the
AMA pregnancy-associated risks. In this regard, it could be suggested to change lifestyle
in order to increase the antioxidant power and keep endothelial function.

Anyway, for the development of effective interventions aimed at mitigating the detri-
mental effects of oxidative stress during pregnancy, there should be an advance in the
knowledge of the underlying mechanisms.

Limitations

The results of this study could be implemented by increasing the sample size of
both AMA pregnant women and controls as well and by carrying out analyses of plasma
parameters even some months after delivery.

Although our study has possible relevant clinical implications, it should be, certainly,
considered that the pathological conditions under examination could have many possible
correlates, which have been investigated here and are not entirely well known.

Also, in our study, we used hUMSc from a depository since they are widely adopted
to perform studies about inflammation, cancer and neurologic diseases [54-56]. In addition,
the results we obtained were similar to those we found from preliminary experiments
performed in primary hUMSCs isolated from umbilical cords. Anyway, the use of primary
hUMSCs could be suggested for future studies about pregnancy and pregnancy-related
diseases in order to better correlate the results obtained with the clinical ones and to increase
the knowledge about their possible involvement in the physiopathology of AMA. In this
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regard, it could be interesting to perform crosstalk experiments between hUMSCs and
other placental cell lines and analyze the role of EVs released by hUMSCs. As reported
above, the nature of the “unknown circulating factors” should also be investigated as well
by focusing on EVs.

Also, future analyses performed on hUMSCs through qPCR could be organized in
order to investigate in detail the role of oxidants and antioxidants and of various NOS
isoforms. Moreover, by means of confocal microscopy, it could be possible to implement
knowledge on the cellular effects of the plasma of AMA pregnant women.

4. Materials and Methods
4.1. Patients

This observational case—control study was performed on 100 pregnant women older
than 40 years (patients) and 20 pregnant women younger than 40 years (controls) enrolled
at the Gynecology and Obstetrics Unit, Universita del Piemonte Orientale, Azienda Os-
pedaliera Universitaria Maggiore della Carita, Novara, between 30 June 2021 and 30 June
2023, for a total of two years.

4.2. Clinical Evaluation

Patients and controls were subjected to anamnestic investigation. In each pregnant
woman, blood samples were collected for the analysis of oxidants/antioxidants markers,
such as TBARS, GSH and NO, as specified below. The inclusion criteria were singular or
twin pregnancies; age > 40 years for patients/<40 years for the controls; written informed
consent; acceptance to the follow-up and giving birth at Gynecologic and Obstetrics Unit,
Azienda Ospedaliera Universitaria Maggiore della Carita.

Women were excluded in cases of legal interdiction; childbirth in different centers;
age < 40 years for patients and >40 years for the controls; positivity for SARS-CoV-2,
anti-HIV or anti-HCV.

Plasma samples were collected at TO, T1, T2 and T3. TO was taken at 11-13 weeks
of gestational age, during the first trimester screening, when the patients were counseled
and recruited. T1 was taken at 20-22 weeks of gestational age, during the second trimester
morphological ultrasound. T2 was at the time of delivery and umbilical cord blood
was collected. Finally, T3 was taken before Cesarean section or within 48-72 h after
vaginal delivery.

Of the 134 AMA patients that visited in the selected study period, 34 women were

excluded, as shown in Figure 3.
43 AMA samples
atT2

= delivery at another hospital (n=14)

+ inability to perform the sampling
(0=17)

~ (S::IZ{)S-C(:VZ positivity at delivery

+ bichorionic biamniotic twin
pregnancy (n=2)

+ stillbirth (n=2)

134 AMA patients
visited in the selected
study period

34 AMA patients did not
participate because of:

« diagnosis of miscarriage or
fetal anomalies

* belonephobia

+ maternal infection

« language barrier

* lack of consent

« follow-up at another center

100 AMA samples 80 AMA samples
at TO atT1

+ ultrasound screening not performed (n=1)
or performed at another hospital (n=4)
+ therapeutic termination of pregnancy (n=4)
+ miscarriages between 13-20 weeks gestation (n=2)
+ consent withdrawal (n=1)
+ early gestational age for second trimester screening (n=8)

« delivery at another hospital (n=13)

« inability to perform the sampling
(n=10)

* SARS-CoV2 positivity at delivery
0-2)

« stillbirth (n=2)

53 AMA samples
atT3

Figure 3. Flowchart describing advanced-maternal-age (AMA) pregnant women that underwent the
analysis of plasma redox balance and NO at various time points.
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Therefore, 100 patients and 20 controls were enrolled. At various time points, some
patients were lost, as shown in Figures 3 and 4. Thus, the evaluations regarding the plasma
redox balance and NO were executed on 100 patients at TO0, 80 patients at T1, 43 patients
at T2 and 53 patients at T3; and 20 controls at T0, 18 controls at T1, 16 controls at T2 and

18 controls at T3.
16 samples of
controls
atT2
20 controls ~~ * Inability to perform the sampling (n=2)
emolled

18 samples of
controls

20 samples of controls at1t

at TO

18 samples of
controls

= Second trimester ultrasound performed at T3

at another hospital (n=2)

Figure 4. Flowchart describing the controls that underwent the analysis of plasma redox balance and
NO at various time points.

4.3. Biological Sample Analysis

In each pregnant woman, 15 mL blood samples were taken at 9 am in fasting conditions
by using BD Vacutainer tubes (sodium heparin or ethylenediaminetetraacetic acid as
anticoagulant). Each sample was centrifuged for 15 min through a centrifuge (Eppendorf,
mod. 5702 with rotor A-4-38, Milan, Italy) at 1600 rpm and 4 °C. The plasma was aliquoted
into 5 tubes, which were stored at —80 °C at the Physiology laboratory, Universita del
Piemonte Orientale, until they were used for the quantification of TBARS, GSH and NO
and to perform the in vitro experiments on hUMSCs. Plasma samples were handled in
pseudonymized conditions and measurements were performed at least in triplicate.

4.4. Quantification of Plasma TBARS

Plasma TBARS were measured by using the TBARS assay Kit (Cayman Chemical, Ann
Arbor, M1, USA), which evaluates the MDA release [23,24]. Briefly, 100 pL of each plasma
sample was added to sodium dodecyl sulfate solution (100 nL) and Color Reagent (2 mL).
Samples were boiled for 1 h and then put on ice for 10 min to stop the reaction. After
centrifugation for 10 min at 1600 g at 4 °C, 150 uL of each sample was transferred to 96-well
plates for malonyldialdeide detection through a spectrophotometer (VICTOR™ X Multil-
abel Plate Reader; Perkin Elmer; Waltham, MA, USA) at 530-540 nm excitation/emission.
A standard curve with the MDA Standard was performed as a reference for TBARS in each
sample (expressed as malonyldialdeide in pM).

4.5. Quantification of Plasma GSH

Plasma GSH levels were quantified through the Glutathione Assay Kit (Cayman
Chemical) [23,24]. Briefly, each plasma sample was deproteinated through the addition of
meta-phosphoric acid solution. After centrifugation (2000 g for 2 min), the supernatant of
each sample was collected and 50 uL/mL of TEAM reagent was added. Thereafter, 50 pL
of each sample was moved to 96-well plates, where the measurement of GSH was executed
through a spectrophotometer (VICTOR™ X Multilabel Plate Reader; Perkin Elmer) at
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405-414 nm excitation/emission. To perform an accurate GSH quantification (as uM), a
standard curve was prepared as well by using the GSH Standard.

4.6. Quantification of Plasma NO

Plasma NO was quantified by the Griess assay (Promega Italia Srl, Milan, Italy) [23,25].
To achieve this, 5 mL plasma sample was deproteinated by adding 10 mL sulfosalicylic
acid. The samples were then vortexed every 5 min and allowed to react for 30 min at room
temperature. After centrifugation (10,000x g for 15 min), 50 uL of the supernatant was
added to saline (1:2 dilution) for the subsequent analysis. The remaining microliters were
used without dilution. In order to reduce nitrate to nitrite, the samples were passed through
a copper—cadmium column of an autoanalyzer (Autoanalyzer; Technicon Instruments
Corp., Tarrytown, NY, USA) and then they were mixed with an equal volume of Griess
reagents. After 10 min, the absorbance was measured by a spectrometer (VICTOR™ X
Multilabel Plate Reader; Perkin Elmer) at 570 nm. NO release was examined in comparison
with a standard curve and expressed as nitrites (uM).

4.7. In Vitro Experiments
4.7.1. Effects of Plasma on hUMSCs
Cell Culture

The hUMSCs (StemBioSys, San Antonio, TX, USA) were cultured in x-Minimum Essen-
tial Medium Eagle (VWR International srl, Milan, Italy) supplemented with 2.5% heparin-
free human pooled platelet lysate, 1% Antibiotic-Antimycotic (VWR International srl), and
1% GlutaMax (Euroclone, Pero, Italy).

Experiments were carried out using the plasma of 10 AMA patients at the time points,
T0, T1 and T3, and of 5 patients belonging to the controls at the same time points. For
the in vitro experiments, we selected patients/controls characterized by a physiological
pregnancy, without the onset of any complications, and for whom samples were available
and adequate at the three chosen time points.

Untreated cells were also included in the analysis. In particular, we used specific
Transwell inserts in order to analyze cell viability, ROS and NO release in hUMSCs treated
with plasma samples, as previously performed. As depicted in Figure 5, 10% plasma
samples calculated in relation to total volume of each insert were positioned in the apical
surface of the insert itself for 3 h, while hUMSCs were plated in the basal one. After 3 h
stimulation with plasma, the inserts were removed and various assays were performed,
as described below. Experiments were executed in triplicate and repeated three times on
different pools of hUMSCs.
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Figure 5. Experiments on hUMSCs. hUMSCs: human umbilical cord mesenchymal stem cells.

Cell Viability

Cell viability of hUMSCs was investigated by using 1% 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT assay; Cayman Chemical), as previously per-
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formed [25,56]. Briefly, after the 10% plasma stimulation of hUMSCs (50,000 cells/well
in 24-well plates), the media were removed and 200 pL of the MTT solution diluted in
Dulbecco’s Modified Eagle Medium high glucose w/o phenol red, supplemented with
2 mM L-glutamine and 1% penicillin-streptomycin, was added to each well. After the
addition of 100 uL of dimethyl sulfoxide (Sigma, Milan, Italy) to dissolve the formazan
crystals, cell viability was determined by measuring the absorbance through a spectropho-
tometer (VICTOR™ X Multilabel Plate Reader; PerkinElmer; Waltham, MA, USA), with a
wavelength of 570 nm. Cell viability was calculated by setting control cells (untreated cells)
as 100%.

ROS Release

ROS release by hUMSCs was analyzed through the DCFDA assay, which evaluated the
oxidation of 2,7-dichlorodihydrofluorescein diacetate into 2,7-dichlorodihydrofluorescein
(Abcam, Cambridge, UK) [25,56]. To achieve this, 50,000 hUMSCs/well were plated in 24-
Transwells plates in complete medium, as executed for MTT assay. After stimulation with
10% plasma for 3 h, the medium was removed and washing was performed with phosphate
buffer saline, which was followed by staining with 10 uM 2,7-dichlorodihydrofluorescein
diacetate for 20 min at 37 °C. The fluorescence intensity of 2,7-dichlorodihydrofluorescein
was measured at 485 nm /530 nm excitation/emission by using a spectrophotometer
(VICTOR™ X Multilabel Plate Reader; PerkinElmer). Results were expressed as 2,7-
dichlorodihydrofluorescein fluorescence intensity, which was proportional to the amount
of intracellular ROS.

NO Release

NO release by hUMSCs was quantified through the Griess assay (Promega) [25,56].
To achieve this, 50,000 hUMSCs were plated in 24-Transwells plates in complete medium
and then the same experimental protocol followed for MTT and ROS assays was used. At
the end of the stimulations, NO was examined in the sample’s supernatants by adding
Griess reagent following the manufacturer’s instruction. Thereafter, the absorbance of each
sample was read at 570 nm through a spectrometer (VICTOR™ X Multilabel Plate Reader;
Perkin Elmer). A standard curve was prepared to quantify the NO production, which was
expressed as nitrites (uM).

Statistical Analyses

All data were collected using the Research Electronic Data Capture software, v10.3.3
(RED-Cap, Vanderbilt University, Nashville, TN, USA). The mean of the multiple mea-
surements taken on each patient/control was considered for the analysis. For plasma
quantification and the in vitro experiments, the results were presented as median and
interquartile (IQR) range. The differences in quantitative variables between the two groups
were assessed using the Mann—-Whitney test. Spearman’s correlation coefficient was used
to calculate the correlation between quantitative variables. The association between cate-
gorical variables was assessed using the chi-square test. Laboratory data were analyzed
through repeated-measures ANOVA. This method of analysis was used because of the
multiple responses taken in sequence on each experimental unit. The objective was to
examine and compare response trends over time, comparing groups averaged over time
and comparing measurement time within a group. The unstructured covariance matrix
was used as a correlation pattern among responses to the same subject. A p-value < 0.05
was considered statistically significant. Statistical analysis was performed by using STATA
version 18 (College Station, TX, USA: Stata Corp LLC), SAS 9.4 (SAS Institute Inc., Cary,
NC, USA) and Graph PAD (GraphPad Prism 6 Software, San Diego, CA, USA).

5. Conclusions

Our results have highlighted an altered redox balance and a reduction in NO in
plasma of AMA pregnant women and evidenced the existence of unknown circulating
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factors capable of inducing damages in hUMSCs. Those alterations were shown early
and persisted up to 48 h after delivery. Beyond the possible obstetric complications, the
increased plasma levels of TBARS, the reduced plasma levels of GSH and the harmful
circulating factors could represent risk factors for the development of cardiovascular or
other chronic disease, which could arise in women after advanced maternal age pregnancy
and in children [13].

The results of this study about the role of oxidative stress in AMA pregnant women
could have clinical implications regarding the usefulness of preventive or therapeutic
treatments aimed at contrasting it.

Considering the role of the altered redox balance in the physiopathology of AMA
pregnancy and its possible deleterious systemic effects, our research could correlate with
the advice to act above all on lifestyle. In particular, a healthy and varied diet and moderate
physical activity appear to be fundamental elements for the modulation of the redox state
and the keeping of the mothers” and children’s health.

Moreover, in the future, our data could have interesting clinical repercussions in
terms of diagnosis, treatment and follow-up of several widespread diseases related to
AMA pregnancy.
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Abstract: This paper describes the effects of murine norovirus (MNV) infection on oxidative stress
and histopathological changes in mice. This study uses histopathological assays, enzymatic and
non-enzymatic antioxidant markers, and total oxidative status and capacity (TOS, TAC). The results
suggest that MNV infection can lead to significant changes with respect to the above-mentioned
parameters in various organs. Specifically, reduced superoxide dismutase (SOD), Mn superoxide
dismutase (MnSOD), catalase (CAT), and glutathione reductase (GR) activities were observed in liver
tissues, while higher MnSOD activity was observed in kidney tissues of MN V-infected mice when
compared to the control. GR activity was lower in all tissues of MN V-infected mice tested, with the
exception of lung tissue. This study also showed that norovirus infection led to increased TOS levels
in the brain and liver and TAC levels in the brain, while TOS levels were significantly reduced in the
kidneys. These changes may be due to the production of reactive oxygen species (ROS) caused by
the viral infection. ROS can damage cells and contribute to oxidative stress. These studies help us
to understand the pathogenesis of MNV infection and its potential effects on oxidative stress and
histopathological changes in mice, and pave the way for further studies of the long-term effects of
MNYV infection.

Keywords: oxidative stress; bacterial and viral diseases

1. Introduction

Viral infections are one of the major causes of global health issues [1], where noroviruses
(NoVs) are one of the most common causes of gastroenteritis in humans in all age groups
worldwide [2]. These pathogens belong to the family Caliciviridae and are a type of
non-enveloped, single-stranded RNA viruses characterized by being positive sense [3].
Noroviruses have also been identified in a variety of animal species, including pigs, cows,
sheep, cats, dogs, rats, and mice, but murine norovirus (MNV) is the only representative of
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this family showing the ability to replicate in cell culture and laboratory animals [4], and at
the same time, it is one of the most common pathogens of laboratory mice [5].

The initiation of effective therapy, as well as ensuring the removal of side effects
caused by viral infections, requires a deep understanding of the pathogenesis and effects
induced by norovirus infections at the cellular, tissue, and organ levels.

Wild-type mice (adults) infected with MNV show subclinical intestinal infection with-
out gastric symptoms [6]. In contrast, MNV infection is lethal in immunocompromised
mice (for example in immunodeficient mice with impaired innate immunity and negative
expression of STAT1 and Rag2 genes). There has been a steady increase in MNV infections in
laboratories, where non-susceptible mouse strains infect susceptible mice. After administra-
tion of the virus to the immunocompromised animals, systemic disease develops—bloating,
intestinal pathology, and diarrhea that result in weight loss [7-9]. Currently, MNV is the
most widespread pathogen in animal facilities [10]. Mice infected with asymptomatic
MNYV are the source of the virus, and they can adversely affect other laboratory animals
and undermine the reliability of studies conducted on animals [11]. Several histopatho-
logical changes were observed during MNV infection in different strains of laboratory
mice. NOD.CB17-Prkdcscid /] (NOD-scid) immunodeficient mice showed no lesions, while
liver and small intestine lesions were noted in STAT1-/- mice, and Rag2/STAT1-/- mice
showed liver, lung, and brain lesions. The latter were also seen in infected animals of
the IFNYR-/- strain [4,12,13]. Histopathological changes in the colon were observed in
immunocompromised B6.129P2-1110tm1Cgn/JZtm, C3Bir.129P2-1110tm1Cgn/JZtm, and
germ-free B6.129P2-1110tm1Cgn/JZtm mice [11].

Pathological changes in organs observed over the course of infection may result from
the disruption of metabolic pathways within the infected cell. Viral proliferation takes
over the functions of host cells and causes a significant imbalance in the intracellular
physiological processes and systems, including the redox system [10]. Oxidative stress,
resulting from the imbalance between the antioxidant systems and toxic reactive oxygen
species (ROS) [14], can be triggered by a wide variety of viral infections, including HIV
1, hepatitis B, C, and D viruses, herpes viruses, and respiratory viruses, such as coron-
aviruses [15]. However, oxidative stress and ROS generation are essential for numerous
biological and physiological functions. Increased ROS concentration triggers enzymatic
antioxidant systems, such as superoxide dismutase (SOD, MnSOD), glutathione peroxidase
(GPx), glutathione reductase (GR), and catalase (CAT), considered the main oxidative stress
markers, and non-enzymatic antioxidant systems including total oxidative status (TOS),
total antioxidant capacity (TAC), and malondialdehyde (MDA) [16].

Superoxide dismutase (SOD), with its isoforms, e.g., MnSOD, is one of the main
antioxidative enzymes that neutralize superoxide ions [17]. It mainly catalyzes the conver-
sion of superoxide radicals (O2e—) to hydrogen peroxide (H,O,), which is subsequently
converted into H,O by GPx and CAT [18]. Oxidative stress caused by an imbalance in
oxidant/antioxidant markers and disruption of endogenous antioxidant systems can be
quantified using total antioxidant capacity (TAC), total oxidative status (TOS) [19], and
MDA concentration, which is considered a marker of oxidative stress, more specifically of
lipid peroxidation understood as lipid damage caused by ROS [20].

The comprehension of relevant antioxidant mechanisms and the relationship between
viral infection pathological changes and oxidative stress may play a crucial role in under-
standing viral pathogenesis and identifying potential therapeutic targets, especially as
antiviral therapies are often unavailable. Therefore, instead of acting directly on the virus,
the effects of infection can be reduced by using therapy to limit the effects of oxidative stress.

The purpose of this project was to study the effects of MNV infection on oxidative
stress and histopathological changes in C56B1/6] mice.
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2. Results
2.1. Assessing the Effectiveness of Infection

Due to the rapid rate of elimination of the virus from the body, RT-PCR tests showed
such low titers that the result was not statistically significant. Successful infection of mice
was confirmed by the detection of antibodies to norovirus in the serum of infected mice by
the virus neutralization test (VNT) and interferon measurements.

2.2. Monitoring Histopathological Changes in Organs of MNV-Infected Mice

Despite the fact that tissue sections were taken from the small and large intestine,
pancreas, liver, heart, lungs, kidneys, and brain fragments (forebrain, midbrain) after 3,
4, and 7 days of norovirus incubation, similar changes were found in the liver and brain
in all individuals studied. In the other organs, there were either no changes (small and
large intestine, pancreas, heart) or individual changes independently of the length of virus
incubation (lungs, kidneys).

In the lung and kidney, small perivascular infiltrates within the blood vessels com-
pared to a normal picture were observed. As infiltrates were found in the subcapsular
zone as well as in the cortex and medulla of the kidney and in the lungs surrounding the
bronchioles in the control group, it was decided not to consider changes in these organs as
caused by the virus (Figure 1).

Figure 1. Histopathological changes in the lungs and kidneys. Lungs: Example pictures of lympho-
cyte infiltration in the control group and on the 3rd day. Note the presence of lymphoreticular tissue
present (arrow) next to the bronchiole in the control group as well as in the alveoli on the 3rd day.
Similar changes were found in individuals from other groups. Mag 100 x. Kidneys: Example pictures
of lymphocyte infiltration in animals on the 3rd, 4th, and 7th days. Mild lymphocyte infiltration
(arrow) under the kidney capsule and between proximal tubules on the 4th day. Similar changes were
observed in other time periods and in the control group. Fourth day—Mag 200, seventh—Mag
400 x. Scale bar—control and 7th day—25 pm, scale bar—3rd and 4th days—100 um. These changes
were considered not to be associated with norovirus.

In the liver, perivascular infiltrates were present surrounding both the hepatic triads
and intralobular vessels. In the lobules, they often surrounded single hepatocytes; however,
no features of necrosis or apoptosis were found. In the liver, numerous binucleated
hepatocytes were present in all experimental groups, which, however, indicated enhanced
repair processes (Figure 2).
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Contro

o

Figure 2. Histopathological changes in the liver. Control group—normal structure of hepatocytes
surrounding the central vein (arrow). Mag 400x. Mild lymphocyte infiltration around the blood
vessel (arrow) after 3rd (Mag 400x) and 4th days. ((Mag 200x).After the 7th day, lymphocyte
infiltration in the hepatic stroma (arrow). Mag 400x. Scale bar—25 um.

In the brain, infiltrates were localized in the meningeal vessels within the cerebellum
and midbrain, mostly in white matter and pia mater. No such infiltrates were found in
the forebrain. The infiltrates were often accompanied by edema, giving the white matter a
foam-like character (Figures 3 and 4).

el

Figure 3. Histopathological changes in the midbrain. Control group—numerous blood vessels in the
midbrain (arrow). Mag 200 x. After 3rd and 4th days—perivascular infiltration of lymphocytes in the
white matter (arrow). Mag 400 x. (D) after the 7th day, mild perivascular lymphocyte infiltration in
white matter (arrow). Mag 400 . Scale bar—25 pm.
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Figure 4. Histopathological changes in the cerebellum. Control group—normal image of unaltered
cortex covered with pia matter. Mag 400x. On the 3rd day, 4th day, and 7th day—perivascular
infiltration of lymphocytes in the white matter (arrow). Mag 400x. Scale bar—25 pum.

At 4 and 7 days after infection, the changes were broadly similar. Although there was
less swelling in the cerebellum 7 days after infection compared to 3 days after infection,
there were also lower levels of blood present in the vessels in the organs. In addition, an
increased number of small infiltrates was observed in the liver and brain compared to
3 days post-infection. Nevertheless, no increased apoptosis or necrosis was observed in the
organs examined (Figures 1-4).

2.3. Oxidative Stress Markers

We found statistically significant differences in SOD, MnSOD, GST, GPx, GR, and CAT
activities, TAC and TOS levels, and MDA concentration between the sampled tissues in the
control and norovirus-infected mice (Table 1).

We found higher SOD activity in the liver tissue of control mice when comparing
it in individual tissues between the control and norovirus-infected mice (Table 1). Sim-
ilarly, we found statistically significant differences in MnSOD activity when comparing
it in individual tissues between the control and norovirus-infected mice. We observed
higher MnSOD activity in the liver, but lower MnSOD activity in the kidney tissues of the
control mice (Table 1). Further comparisons within individual tissues showed higher GR
concentrations in the brain, cerebellum, and liver tissues of the norovirus-infected mice
compared to control mice. We observed higher GR activity in the lung and kidney tissues
of the control mice compared to norovirus-infected mice (Table 1). Comparisons within
individual tissues showed higher CAT activity in the cerebellum, lung, and kidney tissues
of the norovirus-infected mice compared to control mice. We observed increased CAT
activity in the liver of the control mice compared to the norovirus-infected ones. (Table 1).
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Table 1. Levels of oxidative stress markers in the brain, cerebellum, liver, lung, and kidney tissues

collected from all control (n = 7) and norovirus-infected mice euthanized 7 days after inoculation

(n =7). Results are presented as median with lower and upper quartiles (Me (Q1-Q3)).

Oxidative Stress

Marker Group Brain Cerebellum Liver Lungs Kidney p
ol 1.1 15.0 3.6 41 5.4 0,001
SOD contro (9.0-14.1) (11.6-18.9) (3.3-4.8) (2.5-5.7) (4.8-6.8) :
(NU/mg protein) noroviru 12.0 15.0 2.7 4.9 5.9 <0.001
orovirus (11.2-13.4) (11.5-15.5) (2.4-2.8) (3.2-6.3) (5.0-6.1) :
Peontrol vs. norovirus  0-443 0.443 <0.01 0523 0.701
31 25 24 26
MnSOD control (2.1-4.1) (1.4-37) (2.2-2.9) (2.3-3.0) 19(1.8-20) <0.05
(NU/mg protein) . 2.7 2.0 2.6 2.2
norovirus (2.6-3.0) 2.6(23-28) (1.9-2.2) (2.2-2.8) (2.1-2.4) <0.01
Peontrol vs. noroviras  0-609 0.609 <0.05 0.701 <0.05
control 26.6 26.8 5.7 135 1.8 0,001
GR (25.7-28.0) (24.9-27.5) (5.4-7.4) (12.4-15.9) (1.5-2.4) :
(IU/g protein) norovirus 15.4 21.9 0.3 18.3 3.6 <0.001
(15.0-17.8) (19.3-22.6) (0.2-0.3) (17.8-18.4) (2.6-4.7) :
Peontrol vs. norovirus  <0.01 <0.01 <0.01 <0.01 <0.05
control 184.1 1332 396.4 140.3 290.8 0,001
CAT (1412-187.7)  (108.1-147.1) (382.7-437.5)  (1334-1443)  (264.3-298.1) '
(IU/g protein) orovirus 154.0 193.5 225.6 180.8 358.2 0,001
(117.6-179.8)  (186.3-238.9) (204.1-247.3)  (166.1-187.7)  (355.0-374.5) :
Peontrol vs. noroviras  0-250 <0.01 <0.01 <0.01 <0.01
control 446 488 65 496 270 0001
GPx (257-555) (413-522) (60-69) (485-530) (208-401) :
(IU/g protein) norovirus 309 256 135 389 250 <0.001
(271-358) (205-373) (113-150) (384-399) (245-270) :
Peontrol vs. norovirus  0-201 <0.01 <0.01 <0.01 0.443
6.4 8.1 39 62 5.6
GST control (6.2-7.0) (6.8-8.8) (3.1-4.6) (5.2-7.6) (5.2-6.6) <0.001
(IU/g protein) noroviru 6.5 7.5 5.9 6.4 5.1 <0.05
orovirus (5.4-6.8) (6.4-9.6) (4.7-7.5) (8.9-7.0) (5.1-5.2) :
Peontrol vs. norovirus  0-609 1.0 <0.01 0.798 0.19
control 0.34 0.41 0.32 0.26 033 0,001
TAC (0.32-0.38) (0.38-0.46) (0.31-0.36) (0.22-0.27) (0.32-0.44) :
(mmol/g protein) norovirus 0.43 0.16 0.18 0.25 0.47 <0.001
(0.41-0.53) (0.14-0.18) (0.11-0.24) (0.21-0.34) (0.44-0.48) :
Peontrol vs. norovirus <001 <0.01 <0.01 0.256 0.070
control 045 0.46 0.40 2.48 0.62 0,001
TOS (0.29-0.53) (0.43-0.56) (0.38-0.46) (2.20-2.76) (0.60-0.71) :
(IU/g protein) norovirus 0.74 0.55 0.87 1.97 0.43 <0.001
(0.67-0.90) (0.51-0.59) (0.86-1.07) (1.54-2.14) (0.40-0.46) :
Pcontrol vs. norovirus ~ <0.01 0.097 <0.01 0.055 <0.01
control 7.1 14.3 29 33 2.7 0,001
MDA (6.5-8.2) (13.5-15.1) (2.8-3.6) (3.1-3.8) (2.1-3.2) '
(IU/g protein) . 7.2 12.1 24 3.7 3.1
norovirus (6.7-8.4) (11.2-12.3) (2.1-2.6) (3.2-4.6) (2.8-3.8) <0.001
Peontrol vs. norovirus  0-898 0.055 <0.05 0.523 0.246

Abbreviations: CAT—catalase activity; GPx—glutathione peroxidase activity; GR—glutathione reductase activity;
GST—glutathione S-transferase; MDA—malondialdehyde concentration; MnSOD—Mn superoxide dismutase
activity; SOD—superoxide dismutase; TAC—total antioxidative capacity; TOS—total oxidative status. Green
indicates biochemical analysis results showing an increase relative to the control. Biochemical analysis results

showing a decrease relative to the control are highlighted in red. p—statistical significance (p < 0.05).

When comparing GPx activity in individual tissues between control and norovirus-

infected animals (Table 1), we found higher GPx activity in the cerebellum and lungs of
control mice, as well as in the liver tissue of norovirus-infected mice. Additionally, this
comparison revealed higher GST activity in the liver of norovirus-infected mice (Table 1).
Furthermore, we observed higher TAC levels in brain tissue but lower levels in the cerebel-
lum and liver tissues of norovirus-infected mice compared to control mice. Conversely, we
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noted higher TOS levels in the brain and liver, but lower TOS levels in the kidney tissues of
norovirus-infected mice compared to controls. Finally, concentrations of MDA were higher
in the liver tissue of control mice compared to norovirus-infected mice.

3. Discussion

The present study was designed to investigate how MNYV infection affects oxidative
stress and histological changes in mice.

It is known that MNV infection is associated with histopathological changes in im-
munocompetent hosts, but clinical disease is prevented by a STAT1-dependent interferon
response [21]. Interferon gamma, along with other type I and Il interferons, has previously
been shown to play a role in limiting MNV macrophage infection [22].

We and others have used several inbred strains of mice as hosts for MNV infection [1,23,24].
But, since most of the genetically engineered mouse strains are from the C57B1/6 genetic
background, in this report, we decided to use this host strain. Moreover, a direct comparison
of MNV-associated diarrhea in C57Bl/6 and Balb/c mice showed that both strains are
comparably susceptible [25]. In our project, we also considered the use of different MNV
strains. In studies of the pathogenesis of this virus in mice, the authors usually use MNV-
1.CW 1, MNV-1.CW 3, and MNV-4, -5, and -6. These strains induce histopathological
changes in many organs in some experiments, while in other studies, these changes are
weak or not noted at all. This depends on many factors—the immunocompetence of the
animals, their age, and, finally, the dose of virus [26]. Mumphrey et al. [27], comparing
MNV-1.CW 3 and CW 1, reported that the MNV-1.CW 3 strain, being more virulent than
CW 1, caused more severe histopathological changes. However, these studies, as well
as those of other authors [5], do not apply to the neural tissue in which we wanted to
demonstrate lesions. In a publication by Karst et al. [5], such changes were obtained using
purified MNV-1 from IFN«[3yR-/mouse brains. To obtain similar changes, we chose the
MNV-1.CW1 (ATCC) strain of the same origin. Here. we also analyzed oxidative stress
markers, which were tissue dependent, suggesting variation in oxidative stress associated
with viral pathogenesis.

In the study by Hsu et al. [28], MN V-infected mice were analyzed for histopatholog-
ical changes in various groups, including naturally MNV-infected mice; wild-type mice
experimentally infected with MNV; immunodeficient mice experimentally infected with
MNYV; mice in gastrointestinal disease models experimentally infected with MNV; and mice
in other disease models experimentally infected with MNV. Some naturally MN V-infected
mice showed histopathological changes in the liver, lungs, mesenteric lymph nodes, lungs,
and spleen. In some wild-type mice experimentally infected with MNYV, histopathological
changes occurred in the liver, small intestines, and spleen. In the histopathological examina-
tion of immunodeficient mice experimentally infected with MNYV, changes were observed
in the liver, lungs, small intestine, and spleen, and in the case of Rag2-/-, /STAT1-/-,
and Ifno3yR-/- mice, changes were observed in the brain. Some mice in gastrointestinal
disease models experimentally infected with MNV exhibited histopathological changes in
mesenteric lymph nodes, small and large intestines, the spleen, and the stomach. In the
case of some mice in other disease models experimentally infected with MNV, changes
were observed in mesenteric lymph nodes and the aorta [29]. In our experiment, no severe
changes in examined organs were found except mild lymphocyte infiltrations in the brain
and liver without visible cell damage [21].

In fact, some of the most common causes of encephalitis are viral infections. Several
viral agents have been described to cause this condition, such as arboviruses, rhabdoviruses,
enteroviruses, herpesviruses, retroviruses, orthomyxoviruses, orthopneumoviruses, and
coronaviruses, among others. However, MNV was not treated as an agent that can cause
encephalitis [30].

The present study also showed that the enzymatic and non-enzymatic markers of
oxidative stress were tissue dependent. Viral infection caused depletion of most of the
assessed enzymes like SOD, MnSOD, CAT, and GR in liver tissue compared to the control
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mice, whereas the GPx and GST activities measured in liver tissue were significantly
higher in the norovirus-infected mice. Superoxide dismutase, catalase, and glutathione-
dependent enzymes, such as GPx, are the most important antioxidant enzymes. Superoxide
dismutases, like total SOD and MnSOD, are enzymes that catalyze the conversion of
superoxide into O, and HyO,. Catalase catalyzes the conversion of H,O, into H,O and
O,, and GPxs catalyze the conversion of HyO, or hydroperoxides to H,O and alcohols
while oxidizing GSH to GSSG. Reactive oxygen species’ role during viral infections may
be unclear and may depend on how they are produced [31]. The activity of MnSOD was
higher in the kidney tissue of the norovirus-infected mice when compared to control ones.
The activity of GR was lower in all the studied tissues in norovirus-infected mice except for
lung tissue. It is known that the activities and concentration of the selected antioxidative
enzymes change during viral infection or different stages of infection. A study conducted
on an in vitro model reported that during the first hours after infection, SOD, GST, CAT,
and GPx were the main antioxidative enzymes induced in response to the infection [32].
As the infection progressed, only SOD concentration increased, leading to increased H,O,
production, whereas other antioxidant enzymes decreased, including those that are critical
for neutralizing H,O, [33].

The body’s overall oxidative state is typically estimated using the total oxidant status
(TOS), whereas the body’s overall antioxidant level is determined by total antioxidant
capacity (TAC) [34]. Other studies showed that TOS levels clearly increase with the
aggravation of the COVID-19 disease, since the elevated level of oxidative stress has
the capability to intensify the severity of COVID-19. Karkhanei et al. reported that serum
TOS level, one of the oxidative stress biomarkers, was higher in patients with acute SARS-
CoV-2 presentation. The authors showed that serum TOS levels in infected COVID-19
patients were related to other important factors, such as fever, hospitalization longer than
one week, residency, educational status, and job type, and indirectly related to SpO2
(oxygen saturation). In the present study, the selected non-enzymatic antioxidative and
oxidative parameters such as TOS, TAC, and MDA changed after the norovirus infection,
depending on the analyzed tissue. Nevertheless, noroviral infection resulted in increased
TOS levels in the brain and liver and increased TAC levels in brain tissues, while TOS levels
were significantly decreased in the kidneys. The decrease in TAC may lead to reduced
body resilience and ultimately to increased mortality [35]. The presented results prove
that oxidative stress markers change rapidly depending on the conditions of the external
environment. Selected evidence suggests that ROS overproduction and antioxidant system
depletion play a significant role in the pathogenesis of viral infections and in the progression
of the disease severity.

With high levels of oxidative stress in target organs including the brain, liver, kidney,
and lung, oxidative stress plays a crucial role in a number of pathological disorders.
We believe that this shows a strong connection between oxidative stress levels and the
specific functions of each organ. Multiple intracellular signaling pathways are known to
be activated by oxidative stress, resulting in subsequent organ failure. Targeting oxidative
stress is thus thought to be useful in preventing organ damage, and assessing the level
of oxidative stress may act as a biomarker in a variety of disease conditions. Here, we
understand that the selected virus may have varied effects and, thus, create varying stresses
in different organs—depending on the location of inflammation, the severity of the infection,
and the corresponding immune response—which may also be influenced by other factors.
In order to support this hypothesis further, biomolecular studies have to be performed.

4. Materials and Methods
4.1. Mice

Animal experimentation was carried out under permission no. 022/2022 from the
Local Ethical Committee in Wroclaw, Poland. Mice were housed in individually ventilated
cages and fed with standard sterilized rodent chow and water ad libitum. The specific
pathogen-free, hygienic status of the animal facility is maintained by periodic sentinel

82



Int. J. Mol. Sci. 2024, 25, 3614

screening according to FELASA recommendations. All measures were taken to minimize
the number of animals in procedures and their suffering.

The study material consisted of healthy and norovirus-infected mice, which were
divided into 4 study groups:

1. Healthy controls (control);

2. Euthanized 3 days after infection (3 days);
3. Euthanized 4 days after infection (4 days);
4. Euthanized 7 days after infection (7 days).

The method used to euthanize mice was cervical dislocation. Before the procedure,
the mice were placed in the induction chamber of a veterinary anesthesia workstation
(Equipement Vétérinaire Minerve, Esternay, France). The isoflurane flow was set to 2.5%.
Two minutes after the mice were fully premedicated, they were transferred to pads with an
inhalation mask and the anesthetic administration was continued. With a firm grip, placing
the index finger and thumb directly behind the skull, and with the other hand grabbing the
tail just at the base, one strong movement led to the dislocation of the cervical vertebrae.
Pulling was continued until the skull was felt to be completely unattached to the spine.
Each time, breathing stopped within a few seconds of the dislocation. Before starting the
necropsy procedure, mice were decapitated.

4.2. Monitoring the Kinetics of MNV-1 Infection in C57Bl/6] Mice

The amount of virus in the suspension to be administered to the experimental animals
was tested by RT-PCR. C57Bl/6] mice were infected per os with 50 microliters of MNV1
suspension (100TCIDsp) on day 0. Mice were kept in isolation under specific pathogen-free
(SPF) conditions to prevent accidental infection with another pathogen. After MNV was
experimentally administered to the animals, a repeat RT-PCR test was performed after
euthanasia. We used an indirect interferon gamma (IFNy) test and a virus neutralization
test to ascertain comparable MNV infection and antibody levels between individual mice.

4.3. Cell Culture

In vitro experiments were conducted using RAW 264.7 macrophage cells (TIB-7 TM,
ATCC, Manassas, VA, USA). These cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with nonessential amino acids and 10% fetal bovine
serum (FBS), obtained from Biological Industries (Kibbutz Beit-Haemek, Israel). The cell
cultures were maintained in 25 mL polystyrene flasks (Googlab Scientific, Rokocin, Poland)
and incubated at 37 °C in a controlled environment with 5% CO; and 95% humidity.
Passage of the cells was carried out using 0.25% trypsin-EDTA (Biological Industries).

4.4. Virus Propagation

Murine norovirus (ATCC, Los Angeles, CA, USA, VR-1973) was used for this project.
When the RAW 264.7 (TIB-7™, ATCC, Manassas, VA, USA) cells reached 75-80% conflu-
ence, the cell culture medium was removed, and the cells were rinsed with phosphate-
buffered saline (PBS). Subsequently, the virus was introduced into the flask and allowed
to incubate for 3 h under conditions of 37 °C with 5% CO,. Following this incubation,
the virus suspension was removed, and the cell culture was washed again with PBS. Dul-
becco’s Modified Eagle’s Medium (DMEM) was then added, and the cells were subjected
to further incubation for a period of 4 to 6 days. Daily observations were carried out using
an inverted microscope (Olympus Corp., Hamburg, Germany; Axio Observer, Carl Zeiss
Microlmaging GmbH, Munich, Germany) to monitor the development of cytopathic effects
(CPEs). Norovirus was titrated using a TCIDs5( (50% Tissue Culture Infectious Dose) assay
and then stored in a freezer at —80 °C

4.5. Histological Examination

For histopathological evaluation, small and large intestine, pancreas, liver, heart,
lung, kidney, and brain fragments (forebrain, midbrain) were taken from all animals. The
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material was fixed in a solution of 4% buffered formalin (pH 7.2-7.4) for 48 h and then
dehydrated in an alcoholic series after washing in tap water. The material was then em-
bedded in paraffin. The 6 um thick sections were stained with hematoxylin and eosin. The
material was analyzed in a Nikon Eclipse 80i light microscope using NisElements Ar soft-
ware https://www.microscope.healthcare.nikon.com/products/software/nis-elements /
nis-elements-advanced-research, accesed on 1 June 2023 (Nikon, Tokyo, Japan).

4.6. Oxidative Stress

Seven days after viral inoculation, we harvested 100 mg of selected tissues: brain,
cerebellum, liver, lungs, and kidneys from the infected animals (n = 7) and put it in 1 mL of
a homogenizing buffer with protease inhibitors. The tissues were homogenized (1:10 w/7v)
in 0.9% NaCl with a glass homogenizer (Potter-Elvehjem PTFE, Sigma-Aldrich, Darmstadt,
Germany) and then sonicated (Virsonic 100, VirTis, Gardiner, NY, USA). The tissue samples
were then frozen and stored at —80 °C, until the analysis.

For this study, organs were taken from all control (n = 7) and infected mice were
euthanized 7 days after inoculation (n = 7).

4.6.1. Superoxide Dismutase (SOD) (EC 1.15.1.1) Activity

Total SOD activity was measured using the Oyanagui method [35]. In this method,
xanthine oxidase catalyzes the production of superoxide anion that reacts with hydroxy-
lamine to produce nitroso ions. The latter combined with n-(1-naphthyl)ethylenediamine
and sulfanilic acid gives a color combination that can be measured spectrophotometrically.
The SOD and mnSOD activities were determined using the Oyanagui method [35]. The
SOD activities were expressed in NU/mg of protein, with 1 NU (nitrate unit) equal to 50%
inhibition of nitrite ion formation.

4.6.2. Catalase (CAT) Activity (EC 1.11.1.6)

CAT activity was assessed using the Aebi method [36]. In this method, the homogenate
is mixed with perhydrol in 50 mM TRIS/HCI buffer, pH 7.4, and the reaction is started
by adding freshly prepared hydrogen peroxide. The rate of decomposition of hydrogen
peroxide can be measured spectrophotometrically at 240 nm. CAT activity is expressed as
units per 1 g protein (IU/g protein).

The CAT activity was determined using the Aebi method [36] and expressed as units
per 1 g protein (IU/g protein).

4.6.3. Glutathione Peroxidase (GPx) Activity (EC 1.11.1.9)

GPx activity was measured by using the kinetic method [37], with t-butyl peroxide as
a substrate. In this reaction, oxidized glutathione (GSSG) is regenerated in the presence of
glutathione reductase (GR) and NADPH. GPx activity was expressed as umoles of NADPH
oxidized in 1 min per 1 g of protein (IU/g protein) for selected tissues.

The GPx activity was measured using the kinetic method [37] with t-butyl peroxide
as a substrate and is expressed as pmoles of oxidized NADPH in 1 min per 1 g of protein
(IU/g protein).

4.6.4. Glutathione Reductase (GR) Activity (EC 1.8.1.7)

GR activity was determined by using the kinetic method and is expressed as pmoles
of nicotinamide adenine dinucleotide phosphate (NADPH) utilized in 1 min per 1 g of
protein (IU/g protein) for assessed samples [38]. This method is based on changes in the
concentration of NADPH that reacts with oxidized glutathione. The changes in absorbance
at 340 nm were measured with a PERKIN ELMER Victor X3 reader (PerkinElmer, Inc.,
Waltham, MA, USA).

The GR activity was determined using the kinetic method [38] and expressed in
umoles of NADPH utilized in 1 min by 1 g of protein (IU/g protein).
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4.6.5. Glutathione-S Transferase (GST) Activity (EC 2.5.1.18)

GST activity was estimated using the Habig and Jakoby kinetic method [39]. The
reaction mixture containing reduced glutathione was added to the samples. After initial
stabilization, 1-chloro-2,3-dinitrobenzene (in ethyl alcohol solution) was added, and ab-
sorbance changes were monitored using a PERKIN ELMER Victor X3 reader, at 340 nm
wavelength, for at least 3 min. GST activity was expressed as umoles of thioether formed
within 1 min per 1 g of protein (IU/g protein).

4.6.6. Total Oxidant Status (TOS) and Total Antioxidant Capacity (TAC)

The total oxidant status (TOS) and total antioxidant capacity (TAC) levels were de-
termined using the Erel methods [40,41]. TOS was determined using the methodology
provided by Erel based on a system containing xylene orange, o-dianisidine, and Fe*?
ions [35]. The determination of TAC in serum was based on the method of decolorization
of oxidized ABTS (2,2-azinobis(3-ethylbenzothiazo-ine-6-sulfonate)) under the influence of
antioxidants occurring in the tested material [35].

4.6.7. Malondialdehyde (MDA) Concentration

The malondialdehyde (MDA) concentration was measured using a reaction with thiobar-
bituric acid [42], calculated from a standard curve prepared with 1,1,3,3-tetraethoxypropane,
and expressed in umol/g protein.

4.6.8. Statistical Analysis of Antioxidant Stress Markers

The normality of distributions was assessed using the Shapiro-Wilk test. Kruskal-
Wallis ANOVA was used for comparisons in the study and norovirus groups depending
on the type of tissue. Within a single tissue, comparisons between the study group and
the control group were made using the Mann-Whitney U test. The median (lower—upper
quartile) (Me (Q1-Q3)) was used in the description. The tests performed were two-sided
and the significance level was set at 0.05. The calculations were performed in the TIBCO
Statistica® 13.3.0 program (data analysis software system), (TIBCO Software Inc., Santa
Clara, CA, USA), accessed on 15 September 2023
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Abstract: Inflammation can be triggered by a variety of factors, including pathogens, damaged cells,
and toxic compounds. It is a biological response of the immune system, which can be successfully
assessed in clinical practice using some molecular substances. Because adiponectin, a hormone
released by adipose tissue, influences the development of inflammation, its evaluation as a potential
measure of inflammation in clinical practice is justified. In the present contribution, statistical
comparison of adiponectin concentration and selected molecular substances recognized in clinical
practice as measures of inflammation were utilized to demonstrate whether adipose tissue hormones,
as exemplified by adiponectin, have the potential to act as a measure of rapidly changing inflammation
when monitoring older hospitalized patients in the course of bacterial infection. The study showed
no statistically significant differences in adiponectin levels depending on the rapidly changing
inflammatory response in its early stage. Interestingly, the concentration of adiponectin is statistically
significantly higher in malnourished patients than in people with normal nutritional levels, assessed
based on the MNA. According to the results obtained, adiponectin is not an effective measure of
acute inflammation in clinical practice. However, it may serve as a biomarker of malnutrition in
senile individuals.

Keywords: adiponectin; bacterial infection; inflammation; older inpatients; malnutrition;, MNA;
nutritional status; oxidative stress in infection

1. Introduction

Inflammation is the natural way in which the immune system responds to harmful
stimuli such as pathogens, damaged cells, toxic compounds, or irradiation. It acts by
removing harmful substances and initiating the healing process. Inflammation is, therefore,
a defense mechanism that is crucial to maintaining good health. Various factors, such as
infection, tissue injury, or cardiac infarction, can trigger inflammation by causing tissue
damage [1]. The inflammation process causes changes in the patient’s general clinical

Int. ]. Mol. Sci. 2024, 25, 2016. https:/ /doi.org/10.3390/ijms25042016 88 https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 2016

condition but is also reflected in the concentration levels of certain substances, which result,
among other things, from processes related to oxidative stress. It is possible to successfully
confirm the presence and monitor the course of the inflammatory reaction using several
laboratory tests. In clinical practice, the levels of C-reactive protein (CRP), procalcitonin
(PCT), and leukocytes (WBC) are usually determined for this purpose.

CRP is an acute-phase protein, a pro-inflammatory substance, the production of
which is intensified during inflammation in the body. It is synthesized in the liver in
response to increased interleukin-6 (IL-6) levels, which contributes to the activation of
CRP transcription genes. Increased CRP levels may occur in both acute and chronic
inflammation. However, this condition is most frequently observed in the case of infectious
diseases [2,3]. Procalcitonin is a protein produced as a result of the transformation of pre-
procalcitonin with the participation of endopeptidases in thyroid C cells. It is a precursor
of a hormone naturally occurring in the body—calcitonin. Under homeostatic conditions,
PCT concentrations are very low (typically < 0.05 ng/mL). The level of PCT is reactively
increased as a result of the presence of heightened amounts of substances circulating in
the blood, i.e., endotoxins, cytokines—interleukin-1b (IL-1b), and interleukin-6 (IL-6) or
tumor necrosis factor (TNF-). A sudden increase in this marker is usually caused by an
acute inflammatory response, most often caused by a bacterial infection [4,5]. Leukocytes
(WBC) are a population of blood cells that participate in the immune system’s response to
the inflammatory reaction. A special role in acute inflammation is played by neutrophils,
whose influx into the inflamed area is stimulated by pro-inflammatory cytokines, i.e.,
IL-6 or IL-1b. Normally, the level of white blood cells in the blood is <10 x 10?/L and
a result exceeding this threshold is called leukocytosis. Leukocytosis with neutrophilia
is the basis for suspecting an acute inflammatory reaction and suggests deepening of
the diagnostics each time to detect its cause [6]. There are many examples of substances
involved in the development of inflammation. Notably, uric acid is also more frequently
measured in clinical practice. However, it does not serve as a marker for monitoring
inflammatory changes. It has been shown that older people had atypically high CRP
and I1-6 concentrations if the patient had hyperuricemia [7]. Therefore, when considering
substances for their potential to monitor inflammation, it is worth taking into account their
correlations with uric acid.

The process of inflammation is noticeably related to oxidative stress. During inflamma-
tion there are many substances produced, which also play a significant role in the oxidative
stress. Higher concentrations of IL-6, IL-1b, or TNF-a can be noticed in the progress of both
these cases. In general, inflammation and oxidative stress often occur simultaneously in the
organism, which causes one of the processes to affect another, activating several biochem-
ical pathways, using receptor mechanisms and effects of many chemicals on body cells.
Reactive oxygen species (ROS), which are produced by the effect of oxidative stress, entail
activation of the immune system. Immune cells, especially leukocytes, are activated and
the course of inflammation in the organism begins. Consequence of the mentioned actions
are pro-inflammation cytokine level upgrowth and an exacerbation of the inflammation [8].

Adipose tissue is a hormonally active organ that produces adipokines, which play
essential roles, for instance, in the maintenance of whole-body energy and metabolic
homeostasis at both organ and system levels, inflammation, obesity, and oxidative stress,
which accompanies many age-related diseases. One of the most hormonally significant
adipokines and the richest one in human plasma is adiponectin (APN). Numerous studies
have demonstrated that it has insulin-sensitizing, anti-atherogenic, and anti-inflammatory
effects. Furthermore, decreased serum levels of APN are associated with chronic inflam-
mation of metabolic disorders, which include type 2 diabetes, obesity, and atherosclero-
sis. However, recent studies have shown that APN could have pro-inflammatory roles
in patients with autoimmune diseases. Thus, it appears that adiponectin has both pro-
inflammatory and anti-inflammatory effects, which indirectly suggests that adiponectin
has different physiological roles based on the isoform and effector tissue [9]. Its production
in excessive amounts by adipose tissue cells contributes to the development of unfavorable
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metabolic processes. APN stimulates the phosphorylation of the enzymes: adenosine
monophosphate-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC). This
leads to the activation of key enzymes for oxidation of fatty acids. Additionally, it stimu-
lates the functioning of the APN-AMPK-eNOS signaling pathway, as a result of which the
production of free oxygen radicals (ROS) is intensified. Moreover, it has been shown that a
low level of adiponectin is associated with an increased concentration of pro-inflammatory
cytokines (including IL-6 and TNF-) in the blood, which favors the intensification of the
inflammatory reaction and may be the basis of many diseases related to systemic inflamma-
tory reaction, i.e., rheumatoid arthritis, type Il diabetes, or systemic lupus erythematosus.
Because adiponectin influences the development of chronic inflammation, its evaluation as
a potential measure of inflammation in clinical practice is justified [9,10]. It should also be
remembered that adiponectin increases under conditions of oxidative stress [11], which
indicates its potential in measuring inflammation.

Senile patients admitted to the hospital for acute medical illness have a high prevalence
of multimorbidity, malnutrition, and cognitive impairments [12]. In the case of such a
patient, it is often difficult to make a quick and accurate diagnosis, so it takes time to
implement appropriate treatment, and very often the patient’s clinical condition worsens.
Moreover, treating infections in older patients can be difficult as their symptoms and signs
may not be specific, leading to both over and undertreatment. Additionally, they have
a weaker immune response to infections, which can affect the kinetics of biomarkers of
infection [13]. When interpreting admission biomarkers for older adults with infections,
caution must be taken as their prognostic abilities are lower in comparison to younger
adults [14,15]. For these reasons, searching for and validation of good biomarkers of
disorders common in the senile population is imperative and may facilitate hospitalization,
i.e., allow for faster diagnosis and application of effective treatment. Using infection
markers such as PCT to guide personalized treatment decisions is particularly helpful for
geriatric patients. PCT is a valuable biomarker for assessing the risk of septic complications
and adverse outcomes in geriatric patients. It can also help make informed decisions about
whether to use antibiotics or not.

In human research, leptin and APN are the two most extensively studied biomarkers
among different molecules [16]. Many studies confirmed negative correlations between
adiponectin and inflammatory biomarkers. However, the inverse correlation between the
two variables was almost non-existent in participants who were older than 55 years of
age. Adiponectin may be a possible predictor, among other things, of endothelial dysfunc-
tion [17], renal dysfunction [18], multiple sclerosis course [19], metabolic syndrome [20],
osteoporosis [21], or even hair loss severity in alopecia areata [22]. Interestingly, data
from patients with viral infections (chronic hepatitis C virus infections) [23] and human
experimental endotoxemia [24] suggest altered patterns of APN release in these conditions.
There is increasing evidence suggesting that adiponectin has an anti-inflammatory effect
on the lungs. However, further research is needed to clarify the mechanism and roles of the
APN pathway in protecting against lung diseases, including fungal, bacterial, and viral
infections [25].

The study aimed to demonstrate whether adiponectin, as a prominent representative
of adipose tissue hormones, has the potential to act as a measure of rapidly changing
inflammation in the course of bacterial infection.

2. Results
2.1. The Influence of Nutritional Status on Evaluated Parameters

Table 1 illustrates the descriptive statistics of putative biomarkers divided by the
MNA. According to the results, the mean uric acid concentration in hospitalized patients
with normal nutritional status based on the MNA (N = 24) was 5.467 mg/dL. In patients at
increased risk of malnutrition (N = 32), the mean uric acid concentration was 6.206 mg/dL,
while in malnourished patients (N = 7), the mean concentration was 8.043 mg/dL. Therefore,
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there is a noticeable tendency for the uric acid level to increase as the nutritional status
deteriorates, but the study group is too small to treat this as a rule.

The average adiponectin concentration in patients with a nutritional level within the
normal range was 50.230 pug/mL, in patients with an increased risk of malnutrition it was
67.788 ug/mL, and in malnourished patients had a value of 79.626 pg/mL. As in the case of
uric acid, here too there is a possible tendency to increase the concentration of adiponectin
as the nutritional level deteriorates that needs further confirmation.

Similarly, the concentrations of inflammatory parameters, i.e., WBC and CRP, did
not differ significantly in groups with different nutritional status. The average WBC
at the time of admission to the hospital in patients with normal nutritional status was
9.195 x 103/uL, with the risk of malnutrition 10,295 x 103/uL, and in malnourished
people 9374 x 10%/uL. The mean WBC at discharge from the Clinic was, in properly
nourished patients 8.078 x 103/uL, in patients at risk of malnutrition 7.504 x 103/uL, and
in malnourished patients 7.266 x 103/pL. The mean CRP concentration upon admittance
was 34.106 mg/dL in patients with normal nutritional status, 61.343 mg/dL in patients at
risk of malnutrition, and 30.866 mg/dL in malnourished ones. The mean CRP concentration
at the end of hospitalization was 24.519 mg/dL in patients with normal nutritional status,
18.800 mg/dL in patients at risk of malnutrition, and 7.757 mg/dL in malnourished people.
It can be assumed that the obtained values result from factors other than nutritional level,
which may be comorbidities or diseases that are the direct cause of hospitalization.

Due to the failure to meet the assumption of the equality of groups necessary for the
parametric analysis of variance (ANOVA) (verification with the Chi-square test of equality,
p <0.001). Kruskal-Wallis tests were performed, which are its non-parametric equivalent.
The results showed that there were statistically significant differences in adiponectin values
in the individually analyzed groups (Table 2).

Post hoc tests showed differences in adiponectin concentration between the group of
patients with normal nutritional levels and the group of malnourished patients (p = 0.004).
No significant differences were found between the group of patients with normal nutri-
tional status and those at risk of malnutrition (p = 0.392) and between patients at risk of
malnutrition and patients with malnutrition (p = 1.000). The distributions of adiponectin
measurement values in the groups are presented in Figure 1.
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Figure 1. Boxplot of adiponectin divided by the MNA.
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2.2. The Influence of Rapidly Changing Inflammation in the Course of Infection on
Discussed Parameters

Table 3 shows the descriptive statistics and results of statistical tests of biomarkers
depending on the use of antibiotics. The average uric acid concentration was comparable
in the group of people using antibiotics during hospitalization due to bacterial infection
(N =36) and those not using them (N = 27) and amounted to 5.897 and 6.437 mg/dL, re-
spectively. Concerning adiponectin concentration, no significant differences were observed
between the described groups. The average concentration was 65.458 ug/dL in patients
taking antibiotics and 58.443 g /dL in patients not taking antibiotics during hospitalization
(p =0.361). Statistically significant differences were found for WBC and CRP measurements,
both at the time of admission and upon discharge from the Clinic, but this is due to the
characteristics of the groups discussed: patients taking antibiotics had high parameters
of inflammation resulting from infectious diseases, which quickly decreased as a result of
proper antibiotic treatment.

2.3. The Influence of Gender on Discussed Parameters

Table 4 presents the descriptive statistics and p-values of biomarker tests among pa-
tients divided by gender. According to the analyses, the uric acid concentration did not
differ significantly in women (N = 26) and men (N = 37) and amounted to an average of
6.058 mg/dL and 6.178 mg/dL, respectively (p = 0.842). There was also no statistically sig-
nificant difference in adiponectin concentration between women and men, which averaged
52.275 ng/dL and 69.494 pg/dL, respectively (p = 0.023). The WBC concentrations, both
upon admission to the Clinic and at the end of hospitalization did not differ depending on
gender. A higher average CRP concentration at admission and the end of hospitalization
was found in women, which amounted to 78.723 mg/dL at the beginning of hospitalization
and 32.368 mg/dL at the end of the stay, respectively. While in men the average CRP
concentration on admission was 25.463 mg/dL and at discharge 10.402 mg/dL. These
differences, however, may be consequences of the diseases that led to the hospitalization of
individual study participants, which led to different responses to inflammatory parameters.

2.4. Biomarker Correlation Analysis

Spearman’s correlation coefficients were determined for the biomarkers analyzed,
along with significance tests. The following graphs show the correlations among the entire
study group, as well as by group of inpatients with normal nutritional status, at risk of
malnutrition, and malnourished (Figure 2).

Among the entire study group, at the 0.05 significance level, significant correlations
were found between WBC at the time of hospital admission and WBC upon discharge
from the Clinic (R = 0.51), CRP at admission (R = 0.46), CRP at discharge (R = 0.35), and
PCT on admission. CRP upon admittance is significantly correlated with CRP at discharge
(R =0.65) and PCT on admission (R = 0.47) and at discharge (R = 0.37). CRP upon discharge
is also significantly correlated with PCT on admission and at discharge. Finally, PCT at the
time of admission is correlated with PCT at discharge (R = 0.54) (Figure 2A).

For patients with normal nutritional status, statistically significant correlations at the
0.05 level were shown between WBC measurements on admission and upon discharge
from the Clinic (R = 0.68), as well as CRP measurements at the time of admission and
discharge (R = 0.82) and PCT upon admittance (R = 0.72) (Figure 2B).
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Figure 2. Spearman’s correlation diagram for all subjects (A), for patients with normal nutritional
status (B), for the group at risk of malnutrition (C), and for malnourished patients (D). Correlations
significant at the 0.05 level are marked in black or white.

For patients at risk of malnutrition, significant correlations were found at the 0.05
significance level between WBC upon admittance and WBC at discharge (R = 0.45), CRP on
admission (R = 0.5), CRP at discharge (R = 0.4), and PCT upon admittance (R = 0.42). In
addition, WBC at discharge is statistically significantly correlated with CRP on admission
and at discharge (R = 0.36 and R = 0.38, respectively). CRP at the time of hospital admission
is significantly correlated with CRP at discharge (R = 0.63). CRP at discharge is statistically
significantly correlated with PCT on admission (R = 0.4). Finally, PCT on admission
is correlated with PCT at discharge (R = 0.55). (Figure 2C). Interestingly, there were
no statistically significant correlations for biomarkers tested in malnourished patients
(Figure 2D).

2.5. Effect of Antibiotic Therapy on the Change in WBC, CRP, and PCT Parameters between
Admission and Discharge

To test the effect of antibiotic therapy on the change in WBC, CRP, and PCT parameters
between admission and discharge, the differences in these measurements were determined
and statistical tests were performed by groups defined by antibiotic intake. A negative
value indicates a decrease in the value of the measurement at discharge relative to that
taken at admission. Assuming the declared level of significance, there were no statistically
significant differences in the values of the WBC, CRP, and PCT parameters (Table 5).
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Table 5. Descriptive statistics and statistical test results of selected differences in biomarkers between
admission and discharge from the Clinic by antibiotic use.

No Antibiotic Antibiotic Statistical Tests
Standard . Standard . Test
N Mean Elrlroir Median IQR N Mean %?roarr Median IQR Type p-Value Poeifler
‘[’ch/ﬁ‘g 34 -1311 0.576 —0195 2003 27 —3477 1145 —227 7120  UMann-Whitney test 0152 1
C[nligfﬂf]f' 30 17407 8.157 —0605 14855 27 48644 14481 2286 8584 UMannWhitneytest  0.054 1
Egi{f] 13 —0192 0.083 ~0.010 03 19 -2.778 1.992 003 0305 Student’s t-test 0294 0179

3. Discussion

A common reason for hospitalization, especially in older patients, is conditions involv-
ing a rapid increase in the inflammatory response. There are many causes of inflammatory
reactions, including infectious diseases, rheumatological diseases, injuries, and cancer.
During the treatment of patients with an inflammatory response, it is difficult to interpret
commonly used inflammatory markers because they are characterized by the fact that their
concentration increases in the general inflammatory response, which makes it difficult
to specify what disease was the cause of the increase in inflammatory parameters [1].
For example, the treatment of infections in patients with advanced cancer can be carried
out as effectively as possible. However, it is not always possible to achieve complete
normalization of inflammatory parameters during hospitalization, because part of the
inflammatory reaction will result from, for instance, the co-existing cancer [26]. The results
of the present study confirm this phenomenon as substantial reductions in the WBC, CRP,
and PCT (Table 5) values between the time of admission and discharge from the Clinic may
be observed in most cases due to antibiotic treatment. However, the lack of statistically
significant differences between the antibiotic and no antibiotic group suggests inflamma-
tion from causes different than bacterial infection. Therefore, it seems justified to search for
further parameters measuring inflammation that could be used in clinical practice. The
present study was conducted to demonstrate whether adipose tissue hormones, using
the example of adiponectin, have the potential to act as a measure of rapidly changing
inflammation when monitoring older patients in the course of infection.

Older adults are a very fragile and specific group of patients. They are at high risk of
bacterial infections, often present atypically, and have weaker immune responses, which
results in high morbidity and mortality [27]. Moreover, because of lower prognostic
values of routinely assessed parameters in comparison to younger adults, finding a reliable
biomarker of bacterial infections would accelerate the proper diagnosis and effective
treatment. The other important matter is an inappropriate prescription of antimicrobials to
senile patients, which not only contributes to antibiotic resistance but also potential adverse
effects, especially due to multiple chronic diseases and polypharmacy.

The oxidation-inflammation theory of aging proposes that there is a close relationship
between oxidative stress, inflammation, and aging. Aging is a loss of homeostasis caused
by chronic oxidative stress, which mainly affects regulatory systems such as the immune
system, nervous system, and endocrine system. This leads to activation of the immune sys-
tem, inducing an inflammatory state, which creates a vicious cycle where chronic oxidative
stress and inflammation reinforce each other. It leads to increased age-related morbidity
and mortality [28]. There is a possible link between metabolic stress and oxidative stress in
senile patients. It should be underlined that adiponectin plays a crucial role in maintaining
metabolic balance and reducing oxidative stress related to obesity. Gradinaru et al. described
significantly lower levels of adiponectin in senile patients with metabolic syndrome con-
comitantly with significantly higher levels of oxidative stress and cardiovascular disease
risk markers [29]. Moreover, adiponectin levels were significantly positively associated
with antioxidant capacity and significantly negatively associated with serum uric acid
concentration. The results obtained in this study do not confirm the relationship between
uric acid and adiponectin concentrations (Figure 2). The role of oxidative stress in acute
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and chronic infections, as well as in associated diseases, has been a topic of much debate.
In bacterial infections, oxidative stress arises from altered metabolic pathways and has
been linked to organ damage and the development of cancers. Helicobacter pylori, for in-
stance, triggers enzymes that generate reactive oxygen species (ROS), such as spermine
oxidase, and increases the expression of redox-regulated genes that are proinflammatory
and potentially cancer causing, such as cyclooxygenase 2 [30].

Different effects of adiponectin in the human body have been already proven, includ-
ing insulin-sensitizing, anti-atherosclerotic, and anti-inflammatory effects. This diversity
is probably due to the existence of many isoforms of the hormone, which differ in their
actions and the signaling pathways in which they participate. High concentrations of
adiponectin are observed in many diseases caused by chronic inflammation. However, to
understand and describe the effects of APN during the acute phase of inflammation, more
research is necessary [9]. The most frequently described effect of APN is anti-inflammatory,
even in diseases that do not specifically affect adipose tissue. It is so because receptors
that may be influenced by adiponectin are located, for example, in the lungs. Therefore,
therapies based on mechanisms involving APN may be used in the future in the treatment
of inflammatory pulmonary diseases [25]. Naturally, due to the complex involvement of
adiponectin in inflammatory processes, many researchers have been trying to identify the
possibility of using it as a prognostic marker. So far, however, it has not been possible to
link the dynamics of changes in adiponectin concentrations with ongoing acute inflamma-
tion. However, many studies have presented results suggesting that the measurement of
a given protein can be used to detect and predict the course of some diseases, especially
those in which there is chronic inflammation associated with obesity [31]. Determination
of adiponectin concentration may probably be helpful in clinical practice in monitoring
oncological diseases, diabetes, cardiovascular diseases, and Alzheimer’s disease [10]. A
meta-analysis by Yang et al. showed that elevated adiponectin levels are an independent
predictor of cardiovascular death and mortality in patients with coronary artery disease. It
follows that the described hormone could probably contribute to identifying patients with
coronary artery disease at high risk of death [32]. Additionally, the study by Giiven and
co-authors proved the usefulness of measuring APN in monitoring the course of breast
cancer and diagnosing patients at risk of more aggressive disease. However, detailed
research on large databases is necessary to introduce the described method into clinical
practice [33]. Interestingly, the disturbance of the adiponectin-to-leptin ratio in the body
may also play a role in the development of inflammation. This is especially true in patients
with metabolic syndrome (MS). As shown by Friihbeck et al., the total concentrations of
both laboratory-determined adiponectin and its multimeric forms were significantly lower
in MS patients. Moreover, the quantitative adiponectin/leptin ratio in this group of people
was significantly lower compared to the general population. It also should be noted that
the study group showed increased levels of inflammatory markers, including CRP. This
constitutes the basis for the conclusion that abnormalities in the functioning of adipose
tissue, manifested as disturbances in the adiponectin/leptin ratio among MS patients, may
increase the effects of oxidative stress and significantly increase the unfavorable effects of
ongoing inflammation [34]. Another study by Chen et al. describes that concentrations
of adiponectin, hs-CRP (highly sensitive CRP), IL-6, and the level of activity of antioxi-
dant enzymes, i.e., superoxide dismutase (SOD), may also have a predictive value for the
occurrence of MS in a patient. In this study recruited patients had significantly higher
concentrations of the above-mentioned inflammatory markers, as well as lower adiponectin
concentrations and reduced SOD activity. It can therefore be concluded that high concen-
trations of inflammatory markers combined with reduced adiponectin levels significantly
correlate with a higher risk of MS [35]. In addition to the above-mentioned observations in
senile MS patients, Ma et al., in their investigation, demonstrated a higher body mass index
(BMI), higher blood glycemia, significantly increased CRP levels, and significantly reduced
APN levels compared to the group of patients without MS [36]. The above-mentioned
investigations demonstrate the validity of considering the concentration of circulating APN
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as a predictive marker for MS in older patients. In the present study, statistically significant
differences were found for WBC and CRP measurements both at the time of admission and
upon discharge from the Clinic. Notably, patients taking antibiotics had high parameters
of inflammation resulting from infectious diseases, which quickly decreased as a result
of proper antibiotic treatment (Table 3). However, no statistical differences were found
for the level of APN between these two groups of patients. Some statistically significant
correlations were found for inflammatory parameters such as WBC and CRP, but not for
adiponectin (Figure 2).

Some previous investigations indicate the role of APN in immunological response to
infections. For instance, in the study by Behnes et al., it was shown that the level of the
protein form of APN and the expression of the mRNA encoding it increase in response
to the development of sepsis. Additionally, it has been proven that the deterioration
of the patient’s general condition and severe sepsis are related to the increase in the
concentrations of the mentioned substances in the blood. In laboratory tests, an increase in
adiponectin and mRNA levels was observed as the disease progressed. Additionally, the
study revealed that the group of patients treated with drotrecogin a (DAA)-activated protein
C therapy was characterized by increased adiponectin expression during the ongoing
systemic inflammatory reaction. Therefore, the study results confirm that adiponectin may
play an important role in the pathogenesis of inflammatory processes in sepsis [37]. An
attempt to demonstrate the relationship between the concentration of adiponectin and
leptin and the presence of acute inflammation was made by Ekstréom and co-authors [38].
This condition was attempted to be induced in one of the study groups by administering a
vaccination against Salmonella typhi. In the second group, measurements were performed
after undergoing open-heart cardiac surgery. Therefore, two validated methods of inducing
the inflammatory process were used. However, summarizing the results of adiponectin and
leptin determinations in plasma, no changes were noticed in samples taken before and after
the intervention. In addition, it was decided to determine the expression of adiponectin
genes in omental and subcutaneous fat tissue, and no changes were detected there either. It
follows that quantitative changes in the production and release of adiponectin probably
do not depend on the processes of the acute inflammatory response. This phenomenon
is consistent with the results obtained in this study. Interestingly, a slightly lower median
level of APN is observed among inpatients suffering from infection in comparison to the
“no antibiotic” group, but the lack of statistical significance does not allow conclusions at
this stage of research. The results obtained so far may be considered preliminary and need
further investigations, especially considering many possible comorbidities characteristic of
the senile population.

Adiponectin concentration is significantly influenced by body weight reduction, which
deserves special attention in obese patients. It has been shown that reducing fat tissue while
maintaining muscle mass in the weight-loss process in this group of patients leads to an in-
crease in adiponectin concentration. This means that the assessment of serum adiponectin
levels can serve as a predictor of the effects of weight loss in patients struggling with
obesity [39]. The relationship between adiponectin concentration in the older population
and their general condition, muscle mass, and the risk of mortality in this group of patients
was investigated by Walowski et al. The results suggest that high levels of adiponectin
are associated with lower muscle mass, reduced bone mineral content, and lower levels
of fatty liver disease. This is most likely related to a decrease in the level of insulin-like
growth factor 1 (IGF-1) in response to an increase in the concentration of adiponectin in the
body [40]. The results of the above-mentioned studies are in agreement with the present
investigation, which shows that a low nutritional status is associated with a higher con-
centration of adiponectin (Table 2). Significant differences in adiponectin concentration
between the group of patients with normal nutritional status and the group of malnour-
ished patients (p = 0.004) were observed (Figure 1). In contrast, Madra-Gackowska et al.
highlighted the influence of nutritional status according to the MNA on such adipokines
as leptin and resistin [41]. No statistically significant differences between patients with
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normal nutritional status, at risk of malnutrition, and malnourished were found for APN.
However, adiponectin concentration was inversely related to nutritional status, which was
also observed in the current study. Indeed, the secretion of adiponectin by adipose tissue
cells may be regulated by many factors, including diet and the patient’s overall nutritional
status. Important factors modulating the synthesis of adiponectin are the elements of the
diet and the percentage of its components. The most beneficial in this respect seems to be
the Mediterranean diet and the DASH diet, the main element of which is the supply of
optimal amounts of unsaturated fatty acids, but also fiber and polyphenols. Thanks to their
positive impact on maintaining the optimal level of APN, the above-mentioned dietary
formulas may therefore support the prevention of some lifestyle diseases containing an
inflammatory component, i.e., cardiovascular diseases or cancer [42]. The inflammatory
process is one of the fundamental mechanisms of obesity. In its course, inflammatory
mediators are released from adipocytes into the bloodstream, which affect other body
tissues. APN has anti-inflammatory properties and, in the case of obesity, it counteracts
the negative effects of pro-inflammatory cytokines. An unfavorable effect of obesity is the
gradual development of resistance to adiponectin, which over time leads to a significant
reduction in the beneficial effects of this APN, which may result in an exacerbation of
inflammatory processes [43].

This study revealed some statistically significant differences in inflammatory pa-
rameters and adipokine levels between groups established based on nutritional status
or antibiotic use. However, there are some limitations of the present investigation. The
measurement of serum APN was performed only once while repeating the measurement
at the end of hospitalization could shed more light on the behavior of APN. The group
of recruited patients, in whom the measurements were carried out, was relatively small.
Presumably, for a larger groups, the results could be more accurate. For this reason, the
results presented in this study cannot be fully applied to the entire population of older
people. The focus was also only on demonstrating the relationship between adiponectin
concentration and the course of acute inflammation. Completely different correlations can
probably be found in patients struggling with chronic diseases involving the inflammatory
process, for example cancer or rheumatological diseases. Therefore, it is necessary to
conduct more studies involving older people to confirm the validity of using adiponectin
as an acute inflammatory marker.

4. Materials and Methods
4.1. Ethical Statement

The study was approved by the Bioethics Committee of the Collegium Medicum. L.
Rydygier in Bydgoszcz. Nicolaus Copernicus University in Toruri on 14 December 2021.
Consent number KB 675/2021.

4.2. Patient Recruitment

The study recruited 64 patients over 60 years of age, hospitalized in the Geriatrics
Clinic of the University Hospital No. 1. Dr. A. Jurasz in Bydgoszcz in the period from
July 2022 to April 2023, whose level of cognitive functioning allowed them to express
informed consent to participate in the study. According to the organizational structure
of the mentioned Clinic, patients can be hospitalized in two modes: planned, to perform
a Comprehensive Geriatric Assessment (CGA), and urgent, when the health condition
requires urgent hospitalization for general internal medicine reasons. Representatives of
both groups took part in the study.

4.3. Nutritional Status Assessment

The Comprehensive Geriatric Assessment is a set of scales and tests used to assess
independence in everyday functioning and to detect disorders that are part of the so-called
Geriatric Giants such as falls, eating disorders, or frailty syndrome [44]. CGA is intended
to indicate the patient’s problems and deficits and draw attention to their strengths, which
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may become a starting point for improving everyday functioning. As part of the assessment,
the nutritional status is also checked. It is particularly important in estimating the body’s
energy resources necessary to function while being exposed to multiple diseases [45].
A test that can be used to assess nutritional status is the Mini Nutritional Assessment
(MNA). It includes the assessment of four basic parameters: anthropometric (weight, height,
calf circumference, and arm circumference), food and fluid intake, general assessment
(place of residence, physical activity, stressful situations or illness, medications taken,
skin condition, neuropsychiatric disorders), and subjective assessment (self-assessment
of health and nutritional status). During the assessment, points are awarded and then
summed up: normal nutritional status is 24-30 points, a state at risk of malnutrition
is 17-23.5 points, and malnutrition is a result below 17 points [46]. For the conducted
research, all patients hospitalized both for a comprehensive geriatric assessment in a
scheduled and urgent manner were assessed in terms of their nutritional status using the
above-mentioned screening tool at the end of hospitalization, when their general condition
allowed for assessment without a significant risk of the presence of factors interfering with
the assessment, such as active, high inflammation. Depending on the number of points
obtained according to the MNA, the study participants were divided into three groups:

e  Group 0 (control) with normal nutritional level based on the MNA score.
e  Group 1 at risk of malnutrition.
e  Group 2 malnourished patients.

4.4. Taking into Account Comorbidities

The list of internal diseases that require hospitalization is long and varied. Patients
who were able to give informed and voluntary consent to participate in the project were
recruited for the study, with the following diseases: exacerbation of heart failure, com-
plicated urinary tract infection, severe hyponatremia, severe anemia, pneumonia, acute
kidney injury, decompensated diabetes, pulmonary embolism, and COVID-19. Since the
number of diseases is large and they are often characterized by a different clinical course,
further analyses took into account primarily the level of inflammation parameters and the
use of any antibiotic therapy, bearing in mind that the analysis for specific disease entities
individually may be irrelevant statistically with a limited number of research participants.

4.5. Evaluated Parameters

Uric acid is an example of a substance also involved in inflammatory reactions [47].
Its concentration was calculated at the beginning of patients” hospitalization in the Clinic,
as part of routine laboratory parameter determinations. Uric acid concentration was
determined in patients’ serum using ELISA test. In analyses with other parameters, uric
acid was included to demonstrate whether its concentration changes depending on changes
in inflammatory parameters, such as WBC or CRP, or depending on the concentration of
adiponectin, an example of an adipose tissue hormone.

Adiponectin was used as an adipokine that is relatively well known and can be com-
monly measured in medical care facilities. Serum APN concentration was also determined
using ELISA test. Taking into account the fact that the studies involved patients with both
increased inflammatory parameters and inflammation within the normal range, the level of
adiponectin was determined once at the beginning of hospitalization, when discrepancies
in inflammation parameters between individual patients were the largest.

In order to assess whether adiponectin concentrations change depending on the preva-
lence of acute inflammation, it was compared with other parameters of inflammation
routinely assessed in hospitalized patients such as White Blood Cells (WBC), C-reactive
protein, (CRP) and procalcitonin (PCT). These parameters are routinely measured in pa-
tients hospitalized at the Clinic upon admission and at the end of hospital treatment. The
concentrations were determined in serum using ELISA test.
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4.6. Consideration of Inflammation during Hospitalization

For further analyses, patients were also divided into two groups: patients with diag-
nosed infections who were treated with intravenous antibiotic therapy during hospital-
ization, and patients who did not require antibiotic therapy. The first group was always
characterized by elevated inflammatory parameters that were subsequently decreased,
while the second group could have chronically elevated inflammatory parameters (from
comorbidities such as autoimmune diseases or cancer) or no inflammation.

4.7. Statistical Analysis

The Python programming language 3.8.10 (The Python Software Foundation, Freder-
icksburg, VA, USA) with the libraries pandas (1.4.3), matplotlib (3.1.3) and scipy (1.10.1)
were used to perform the analyses. All analyses were performed assuming in advance a
significance level of 0.05. After collecting the data described above, an attempt was made
to demonstrate the correlation between the concentration of adiponectin, uric acid, WBC,
and CRP on admission and at the end of hospitalization, and the nutritional status and the
presence of acute inflammation, defined as inflammation caused by an infection requiring
antibiotic therapy. Additionally, it was planned to demonstrate whether the mentioned
parameters differed depending on gender. Verification was planned using the Chi-square
test of equivalence and p < 0.001 to meet the assumption of equality of groups necessary
for parametric analysis of variance (ANOVA). If verification is not possible, Kruskal-Wallis
tests were planned to be performed. The Kruskal-Wallis test is used to compare two or
more groups for a continuous or discrete variable. It is a non-parametric test assuming no
particular distribution of the data and is analogous to the one-way analysis of variance
(ANOVA) [48].

5. Conclusions

The present cross-sectional study revealed some statistically significant differences
in inflammatory parameters and adipokine levels between groups of senile inpatients
established based on nutritional status or antibiotic use. According to the results obtained,
higher serum adiponectin levels are related to deterioration of nutritional status as signifi-
cant differences in adiponectin concentration between the group of patients with normal
nutritional levels and the group of malnourished patients were found. Despite bacterial
infections being associated with oxidative stress rise, no statistically significant differences
were found in the levels of APN in hospitalized patients diagnosed with acute infections
who required antibiotic therapy compared to senile inpatients without diagnosed inflam-
mation. Therefore, adiponectin may be a better biomarker of malnutrition in older adults
than a parameter for monitoring the initial stage of acute inflammation. It should be noted
that adiponectin was only measured once during hospital admission and commonly used
markers of inflammation were tested throughout the hospitalization. Therefore, this study
is preliminary and further research is needed. However, given the relationship between
aging, infections, oxidative stress, and adipokines, it is possible that APN could be useful
for monitoring later stages of the inflammatory response. As malnutrition is a serious and
often underdiagnosed problem in the senile population, measuring adiponectin levels on
hospital admission in the future may facilitate the identification of malnourished seniors.
Nevertheless, further efforts should be made to search and validate potential biomarkers
based on adipokines to translate them into clinical practice.

Author Contributions: Conceptualization J.H. and M.K.; methodology J.H. and M.G; software ].H.,
J.W. and M.K,; validation ]J.H., M.G., KM.-G. and ].W,; formal analysis ].H., D.S., M.P., M.G. and
J.W,; investigation J.H.; resources ].H. and K.K.-K; data curation J.H. and M.K,; writing—original
draft preparation J.H., M.P. and D.S.; writing—review and editing J.H., D.S., M.P,, JN. and M.G_;
visualization J.H., JW,, ].N. and M.G.; supervision M.K., A.W. and K. K.-K.; project administration J.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

101



Int. J. Mol. Sci. 2024, 25,2016

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Bioethics Committee of Collegium Medicum im. Ludwik Rydygier
in Bydgoszcz. Nicolaus Copernicus University in Torun (No. KB 675/2021; 14 December 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available on request due to privacy/ethical restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory Responses and Inflammation-
Associated Diseases in Organs. Oncotarget 2018, 9, 7204-7218. [CrossRef]

2. Teissier, T.; Boulanger, E.; Cox, L.S. Interconnections between Inflammageing and Immunosenescence during Ageing. Cells 2022,
11, 359. [CrossRef]

3.  Rizo-Téllez, S.A.; Sekheri, M.; Filep, J.G. C-Reactive Protein: A Target for Therapy to Reduce Inflammation. Front. Immunol. 2023,
14,1237729. [CrossRef]

4. Kobayashi, H.; Amrein, K.; Lasky-Su, J.A.; Christopher, K.B. Procalcitonin Metabolomics in the Critically ill Reveal Relationships
between Inflammation Intensity and Energy Utilization Pathways. Sci. Rep. 2021, 11, 23194. [CrossRef]

5. Matur, E.; Ozcan, M; Ergtil Ekiz, E.; Ergen, E.; Erek, M.; Or, E.; Dokuzeyliil, B.; Erhan, S.; Bilgic, B. Use of Serum Procalcitonin
(PCT) Level and PCT MRNA Expression as a Potential Clinical Biomarker in Cats with Bacterial and Viral Infections. ]. Feline
Med. Surg. 2022, 24, €595-e602. [CrossRef]

6. Margraf, A.; Lowell, C.A.; Zarbock, A. Neutrophils in Acute Inflammation: Current Concepts and Translational Implications.
Blood 2022, 139, 2130-2144. [CrossRef]

7. Ruggiero, C.; Cherubini, A.; Ble, A ; Bos, A.].G.; Maggio, M.; Dixit, V.D.; Lauretani, F,; Bandinelli, S.; Senin, U.; Ferrucci, L. Uric
Acid and Inflammatory Markers. Eur. Heart ]. 2006, 27, 1174-1181. [CrossRef]

8. Cannizzo, E.S.; Clement, C.C.; Sahu, R.; Follo, C.; Santambrogio, L. Oxidative Stress, Inflamm-Aging and Immunosenescence.
J. Proteomics 2011, 74, 2313-2323. [CrossRef]

9.  Choi, HM.; Doss, HM.; Kim, K.S. Multifaceted Physiological Roles of Adiponectin in Inflammation and Diseases. Int. ]. Mol. Sci.
2020, 21, 1219. [CrossRef]

10. Khoramipour, K.; Chamari, K.; Hekmatikar, A.A.; Ziyaiyan, A.; Taherkhani, S.; Elguindy, N.M.; Bragazzi, N.L. Adiponectin:
Structure, Physiological Functions, Role in Diseases, and Effects of Nutrition. Nutrients 2021, 13, 1180. [CrossRef]

11. Matsuda, M.; Shimomura, I. Roles of Adiponectin and Oxidative Stress in Obesity-Associated Metabolic and Cardiovascular
Diseases. Rev. Endocr. Metab. Disord. 2014, 15, 1-10. [CrossRef] [PubMed]

12.  van Dijk-Huisman, H.C.; Welters, M.H.P.; Bijnens, W.; van Kuijk, S.M.].; Magdelijns, EJ.H.; de Bie, R.A.; Lenssen, A.F. Devel-
opment and Internal Validation of a Prediction Model to Identify Older Adults at Risk of Low Physical Activity Levels during
Hospitalisation: A Prospective Cohort Study. BMC Geriatr. 2022, 22, 479. [CrossRef] [PubMed]

13. Falcone, M.; Bauer, M.; Ferrer, R.; Gavazzi, G.; Gonzalez del Castillo, J.; Pilotto, A.; Schuetz, P. Biomarkers for Risk Stratification
and Antibiotic Stewardship in Elderly Patients. Aging Clin. Exp. Res. 2023, 35, 925-935. [CrossRef]

14.  Flamant, L.; Giordano Orsini, G.; Ramont, L.; Gornet, M.; De Ruffi, S.; Leroux, P.; Kanagaratnam, L.; Gennai, S. Association
between Admission Biomarkers and Clinical Outcome in Older Adults Diagnosed with an Infection in the Emergency Department.
Acta Clin. Belg. 2023, 78, 285-290. [CrossRef] [PubMed]

15. Gbinigie, O.A.; Onakpoya, L].; Richards, G.C.; Spencer, E.A.; Koshiaris, C.; Bobrovitz, N.; Heneghan, C.J. Biomarkers for
Diagnosing Serious Bacterial Infections in Older Outpatients: A Systematic Review. BMC Geriatr. 2019, 19, 190. [CrossRef]

16. GraBmann, S.; Wirsching, J.; Eichelmann, E; Aleksandrova, K. Association Between Peripheral Adipokines and Inflammation
Markers: A Systematic Review and Meta-Analysis. Obesity 2017, 25, 1776-1785. [CrossRef]

17.  Szydelko, J.; Trojanowska, P.; Dabrowska, I.; Szydelko-Gorzkowicz, M.; Litwiiczuk, M. Adiponectin as Novel Biomarker
of Endothelial Dysfunction in Insulin Resistance and Obesity—A Narrative Review. |. Educ. Health Sport 2020, 10, 591-606.
[CrossRef]

18. Song, S.H.; Oh, T.R.; Choi, H.S.; Kim, C.S.; Ma, S.K.; Oh, K.H.; Ahn, C,; Kim, SW.; Bae, E.H. High Serum Adiponectin as a
Biomarker of Renal Dysfunction: Results from the KNOW-CKD Study. Sci. Rep. 2020, 10, 5598. [CrossRef]

19. Galazka, ] K,; Polak, A.; Matyjaszek-Matuszek, B. Adiponectin as a Novel Predictive Biomarker of Multiple Sclerosis Course.
Curr. Issues Pharm. Med. Sci. 2023, 36, 99-102. [CrossRef]

20. Wattanapol, P; Vichinsartvichai, P.; Sakoonwatanyoo, P. Serum Adiponectin Is a Potential Biomarker for Metabolic Syndrome in
Peri-and Postmenopausal Women. Gynecol. Endocrinol. 2020, 36, 620—-625. [CrossRef]

21. Lubkowska, A.; Radecka, A.; Mieszkowski, ]. Adiponectin as Biomarker of Osteoporosis; Springer: Berlin/Heidelberg, Germany,
2015; pp. 1-34.

22. Stochmal, A.; Waskiel-Burnat, A.; Chrostowska, S.; Zaremba, M.; Rakowska, A.; Czuwara, J.; Rudnicka, L. Adiponectin as a

Novel Biomarker of Disease Severity in Alopecia Areata. Sci. Rep. 2021, 11, 13809. [CrossRef]

102



Int. J. Mol. Sci. 2024, 25,2016

23.

24.

25.
26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Palmer, C.; Hampartzoumian, T.; Lloyd, A.; Zekry, A. A Novel Role for Adiponectin in Regulating the Immune Responses in
Chronic Hepatitis C Virus Infection. Hepatology 2008, 48, 374-384. [CrossRef]

Keller, P; Moller, K.; Krabbe, K.S.; Pedersen, B.K. Circulating Adiponectin Levels during Human Endotoxaemia. Clin. Exp.
Immunol. 2003, 134, 107-110. [CrossRef]

Lim, J.Y.; Templeton, S.P. Regulation of Lung Inflammation by Adiponectin. Front. Immunol. 2023, 14, 1244586. [CrossRef]
Singh, N.; Baby, D.; Rajguru, J.; Patil, P; Thakkannavar, S.; Pujari, V. Inflammation and Cancer. Ann. Afr. Med. 2019, 18, 121.
[CrossRef]

Soraci, L.; Cherubini, A.; Paoletti, L.; Filippelli, G.; Luciani, F.; Lagana, P.; Gambuzza, M.E.; Filicetti, E.; Corsonello, A.; Lattanzio,
F. Safety and Tolerability of Antimicrobial Agents in the Older Patient. Drugs Aging 2023, 40, 499-526. [CrossRef]

Gorni, D.; Finco, A. Oxidative Stress in Elderly Population: A Prevention Screening Study. Aging Med. 2020, 3, 205-213. [CrossRef]
Gradinaru, D.; Margina, D.; Borsa, C.; Ionescu, C.; Ilie, M.; Costache, M.; Dinischiotu, A.; Prada, G.-I1. Adiponectin: Possible Link
between Metabolic Stress and Oxidative Stress in the Elderly. Aging Clin. Exp. Res. 2017, 29, 621-629. [CrossRef]

Ivanov, A.V,; Bartosch, B.; Isaguliants, M.G. Oxidative Stress in Infection and Consequent Disease. Oxid. Med. Cell. Longev. 2017,
2017,10-12. [CrossRef]

Ouchi, N.; Walsh, K. Adiponectin as an Anti-Inflammatory Factor. Clin. Chim. Acta 2007, 380, 24-30. [CrossRef]

Yang, L.; Li, B.; Zhao, Y.; Zhang, Z. Prognostic Value of Adiponectin Level in Patients with Coronary Artery Disease: A Systematic
Review and Meta-Analysis. Lipids Health Dis. 2019, 18, 227. [CrossRef]

Guven, H.E; Dogan, L.; Gulgelik, M.A.; Gulcelik, N.E. Adiponectin: A Predictor for Breast Cancer Survival? Eur. |. Breast Health
2019, 15, 13-17. [CrossRef]

Frithbeck, G.; Catalan, V.; Rodriguez, A.; Ramirez, B.; Becerril, S.; Salvador, ].; Portincasa, P.; Colina, I.; Gomez-Ambrosi, J.
Involvement of the Leptin-Adiponectin Axis in Inflammation and Oxidative Stress in the Metabolic Syndrome. Sci. Rep. 2017,
7,6619. [CrossRef]

Chen, S.J.; Yen, C.H.; Huang, Y.C.; Lee, B.J.; Hsia, S.; Lin, P.T. Relationships between inflammation, adiponectin, and oxidative
stress in metabolic syndrome. PLoS ONE 2012, 7, e45693. [CrossRef] [PubMed]

Ma, L,; Xu, Y,; Zhang, Y.; Ji, T,; Li, Y. Lower Levels of Circulating Adiponectin in Elderly Patients with Metabolic Inflammatory
Syndrome: A Cross-Sectional Study. Diabetes Metab. Syndr. Obes. Targets Ther. 2020, 13, 591-596. [CrossRef]

Behnes, M.; Brueckmann, M.; Lang, S.; Putensen, C.; Saur, J.; Borggrefe, M.; Hoffmann, U. Alterations of Adiponectin in the
Course of Inflammation and Severe Sepsis. Shock 2012, 38, 243-248. [CrossRef]

Ekstrom, M.; Soderberg, S.; Tornvall, P. Acute Systemic Inflammation Is Unlikely to Affect Adiponectin and Leptin Synthesis in
Humans. Front. Cardiovasc. Med. 2015, 2, 7. [CrossRef] [PubMed]

Takao, N.; Kurose, S.; Miyauchi, T.; Onishi, K.; Tamanoi, A.; Tsuyuguchi, R.; Fujii, A.; Yoshiuchi, S.; Takahashi, K.; Tsutsumi, H.;
et al. The Relationship between Changes in Serum Myostatin and Adiponectin Levels in Patients with Obesity Undergoing a
Weight Loss Program. BMC Endocr. Disord. 2021, 21, 147. [CrossRef]

Walowski, C.O.; Herpich, C.; Enderle, J.; Braun, W.; Both, M.; Hasler, M.; Miiller, M.].; Norman, K.; Bosy-Westphal, A. Analysis of
the Adiponectin Paradox in Healthy Older People. |. Cachexia. Sarcopenia Muscle 2023, 14, 270-278. [CrossRef] [PubMed]
Madra-Gackowska, K.; Szewczyk-Golec, K.; Gackowski, M.; Wozniak, A.; Kedziora-Kornatowska, K. Evaluation of Selected
Parameters of Oxidative Stress and Adipokine Levels in Hospitalized Older Patients with Diverse Nutritional Status. Antioxidants
2023, 12, 569. [CrossRef]

Janiszewska, J.; Ostrowska, J.; Szostak-Wegierek, D. The Influence of Nutrition on Adiponectin—A Narrative Review. Nutrients
2021, 13, 1394. [CrossRef] [PubMed]

Febriza, A.; Ridwan, R.; As’ad, S.; Kasim, V.N.; Idrus, H.H. Adiponectin and Its Role in Inflammatory Process of Obesity. Mol.
Cell. Biomed. Sci. 2019, 3, 60. [CrossRef]

Welsh, T.J.; Gordon, A.L.; Gladman, J.R. Comprehensive Geriatric Assessment—A Guide for the Non-specialist. Int. J. Clin. Pract.
2014, 68, 290-293. [CrossRef] [PubMed]

Norman, K.; Ha8, U.; Pirlich, M. Malnutrition in Older Adults—Recent Advances and Remaining Challenges. Nutrients 2021,
13,2764. [CrossRef]

Vellas, B.; Guigoz, Y.; Garry, PJ.; Nourhashemi, F.,; Bennahum, D.; Lauque, S.; Albarede, J.-L. The Mini Nutritional Assessment
(MNA) and Its Use in Grading the Nutritional State of Elderly Patients. Nutrition 1999, 15, 116-122. [CrossRef]

Shi, Y. Caught Red-Handed: Uric Acid Is an Agent of Inflammation. J. Clin. Investig. 2010, 120, 1809-1811. [CrossRef]
Ostertagova, E.; Ostertag, O.; Kovac, ]. Methodology and Application of the Kruskal-Wallis Test. Appl. Mech. Mater. 2014, 611,
115-120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

103



&

International Journal of

Molecular Sciences

Review

Inhibition of Thioredoxin-Reductase by Auranofin as a
Pro-Oxidant Anticancer Strategy for Glioblastoma: In Vitro and
In Vivo Studies

Nelly Chmelyuk 2, Maria Kordyukova 3, Maria Sorokina 3, Semyon Sinyavskiy !, Valeriya Meshcheryakova !,

Vsevolod Belousov

1,3 1,%

and Tatiana Abakumova

Department of Synthetic Neurotechnologies, Pirogov Russian National Research Medical University,
117997 Moscow, Russia

Laboratory of Biomedical nanomaterials, National Research Technological University “MISIS”, Leninskiy
Prospekt 4, 119049 Moscow, Russia

Neurotechnology Laboratory, Federal Center of Brain Research and Neurotechnologies, Federal Medical
Biological Agency, 117513 Moscow, Russia

Correspondence: sandalovato@gmail.com

Abstract: Reactive oxygen species (ROS) play a key role in cancer progression and antitu-
mor therapy. Glioblastoma is a highly heterogeneous tumor with different cell populations
exhibiting various redox statuses. Elevated ROS levels in cancer cells promote tumor
growth and simultaneously make them more sensitive to anticancer drugs, but further
elevation leads to cell death and apoptosis. Meanwhile, various subsets of tumor cells,
such a glioblastoma stem cells (GSC) or the cells in tumor microenvironment (TME),
demonstrate adaptive mechanisms to excessive ROS production by developing effective
antioxidant systems such as glutathione- and thioredoxin-dependent. GS5Cs demonstrate
higher chemoresistance and lower ROS levels than other glioma cells, while TME cells
create a pro-oxidative environment and have immunosuppressive effects. Both subpopula-
tions have become an attractive target for developing therapies. Increased expression of
thioredoxin reductase (TrxR) is often associated with tumor progression and poor patient
survival. Various TrxR inhibitors have been investigated as potential anticancer thera-
pies, including nitrosoureas, flavonoids and metallic complexes. Gold derivatives are
irreversible inhibitors of TrxR. Among them, auranofin (AF), a selective TrxR inhibitor, has
proven its effectiveness as a drug for the treatment of rheumatoid arthritis and its efficacy
as an anticancer agent has been demonstrated in preclinical studies in vitro and in vivo.
However, further clinical application of AF could be challenging due to the low solubility
and insufficient delivery to glioblastoma. Different delivery strategies for hydrophobic
drugs could be used to increase the concentration of AF in the brain. Combining different
therapeutic approaches that affect the redox status of various glioma cell populations could
become a new strategy for treating brain tumor diseases.

Keywords: auranofin; glioblastoma; thioredoxin reductase; redox system; glioma stem cells

1. Redox Balance in Glioblastoma and the Role of ROS in Glioma Stem
Cells and Tumor Microenvironment

Glioma is the most common primary malignant brain tumor in adults. This condition
generally has a poor prognosis, especially for the most aggressive form of glioma, glioblas-
toma (GBM), where the median survival time after diagnosis is approximately 14 months
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despite standard modern treatments, including surgical tumor removal followed by radia-
tion and chemotherapy [1]. Therefore, the development of new therapeutic strategies to
treat this disease is urgently needed.

One of the key reasons for chemoresistance in GBM cells is their insusceptibility to
oxidative stress caused by elevation of cellular ROS level. ROS participate in mediating the
cytotoxic effects of various treatments [2]. For example, the main chemotherapeutic agent
for GBM, temozolomide (TMZ), has been shown to induce ROS production in addition to
its alkylating action [3-5]. Furthermore, rapid and repeated increases in ROS caused by
TMZ can activate autophagy [5], apoptosis, and cell death [6].

The primary ROS in cells include superoxide radicals, hydrogen peroxide, and hy-
droxyl radicals. Cellular antioxidant enzymes such as superoxide dismutase, catalase,
thioredoxin reductase, glutathione reductase, peroxiredoxins, and glutathione peroxidases,
as well as cofactors such as nicotinamide adenine dinucleotide (NADH) and nicotinamide
adenine dinucleotide phosphate (NADPH), regulate physiological ROS concentrations [7].
Notably, many cellular antioxidant systems are functionally interconnected and often com-
pensate for one another. The balance between antioxidant system activity and intracellular
ROS concentrations is referred to as the redox status of the cell [8].

Cancer cells contain higher levels of ROS than normal cells. Sources of increased ROS
production in tumor cells have been attributed to oncogene- and damage-stimulated pro-
duction of O, by mitochondria, associated with altered assembly of the electron transport
chain, hypoxia; O, by NADPH oxidases (NOX); H,O, by 5-lipoxygenase; and H,O, within
the endoplasmic reticulum [9]. A mild increase in ROS stimulates the proliferation of cancer
cells by inhibition of PTEN [10] and MAPK phosphatases [11]. To avoid cell death due
to such an increased ROS level, cancer cells activate antioxidant defense systems. Since
the toxic threshold of ROS levels in cancer cells is higher than in normal cells, a further
increase in ROS and/or a decrease in antioxidant proteins may be potential strategies for
glioblastoma treatment [12].

One of the most critical antioxidant systems in cells is the thioredoxin system [7], which
includes thioredoxin (Trx) and thioredoxin reductase (TrxR). Trx is a peptide containing
three SH groups that are sensitive to oxidation. Mammalian TrxR, a selenium-containing
enzyme, catalyzes the reduction of oxidized Trx. TrxR exists in three isoforms: TrxR1 in
the cytoplasm and extracellular space, TrxR2 in mitochondria, and TrxR3 in the testes [13].
While this enzyme participates in numerous cellular processes, including cell growth and
differentiation [7], its primary function is to protect cells from oxidative stress. Furthermore,
TrxR is highly expressed in mammalian brain cells [14].

Another important antioxidant system is the glutathione system, which consists of
more components than the thioredoxin system does. Glutathione reductase (GR), the
functional analog of TrxR, catalyzes the reduction of oxidized glutathione. Glutathione
(GSH) is a water-soluble tripeptide composed of glutamine, cysteine, and glycine. The
thiol group of cysteine can act as a reducing agent in redox reactions, making GSH the
most abundant intracellular thiol, with concentrations reaching several millimoles in some
tissues. GSH is synthesized de novo in cells through the sequential actions of two enzymes:
v-glutamylcysteine synthetase and glutathione synthetase [7]. Another component of the
glutathione system is glutaredoxin. Unlike Trx, which is reduced by TrxR, glutaredoxin
is nonenzymatically reduced via glutathione oxidation, with glutathione subsequently
regenerated by GR [8].

Both antioxidant systems use electrons provided by NADPH, transferring them to
glutaredoxins and terminal peroxidases, such as peroxiredoxins and glutathione peroxi-
dases, which reduce ROS to nontoxic compounds [7,15]. Numerous studies have investi-
gated the characteristics of these antioxidant systems in tumor cells, documenting the roles
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of both the glutathione [16-18] and thioredoxin systems [19-21] in conferring chemother-
apy resistance. It was shown that increased activity of GSH related enzymes protects cancer
cells and helps them to adjust to chemotherapy. In particular, it has been demonstrated that
high intracellular GSH concentration in glioma cells is associated with chemoresistance and
its depletion substantially enhances the cytotoxicity of cisplatin and TMZ [22,23]. Thiore-
doxin system is also important for supporting chemoresistance in gliomas. For patients
with high-grade gliomas, both high cytoplasmic TrxR and Trx expression are associated
with poor overall survival [24]. TrxR inhibition has been shown to sensitize glioma cells
to chemotherapy leading to the development of novel treatments. Recent studies have
demonstrated that TrxR inhibition by novel small molecules inhibitors can enhance the
effectiveness of chemotherapy [25,26].

Affecting both antioxidant systems involves the transcription factor nuclear factor
erythroid 2-related 2 (NRF2) pathway which is well known as the master regulator of
antioxidant response, maintaining redox homeostasis in the cells [27,28]. NRF2 controls the
expression of components of glutathione and thioredoxin systems [29]. NRF2 expression
has a robust negative correlation with glioblastoma patient survival rates [30]. It limits the
extent of autophagy induced by TMZ and protects tumor cells from the death induced by
the drug [31]. The NRF2 induces GSH synthesis as a protective mechanism during TMZ
treatment, silencing NRF2 potentiated TMZ-induced cell death [32]. Genome-Wide CRISPR
screen has revealed that the NRF2 pathway contributes to TMZ resistance [30]. NRF2 has
also been reported to be important for maintaining the stemness of glioblastoma stem cells
(GSCs), which are one of the factors that contribute to GBM resistance to therapy [33].

The main challenge of GBM treatment is the heterogeneity of cell populations within
this tumor type, which requires a multidrug approach. Recent studies in new drug develop-
ment have mainly focused on targeting GSCs or cells in the tumor microenvironment, such
as tumor-associated macrophages (TAM), T cells, or cancer-associated fibroblasts (CAF).

GSCs is a is a unique cell population within the tumor that were first identified as
a subset of cells capable of initiating tumor growth in vivo [34,35]. These cells exhibit
high transcriptional plasticity, proliferation capacity, and self-renewal potential [36,37].
Moreover, compared with more differentiated tumor cells, GSCs are characterized by an
enhanced ability to invade surrounding tissues and have greater resistance to radiation
and chemotherapy [38,39]. Numerous mechanisms underlying the increased resistance of
GSCs to therapy have been described, including their altered energy profile, which allows
them to survive increased intracellular ROS concentrations [40]. GSCs, however, are better
capable of maintaining lower levels of ROS than are more differentiated tumor cells, which
helps preserve genome integrity and supports their self-renewal [41,42]. Consequently,
standard doses of TMZ may fail to induce cytotoxic effects in GSCs, necessitating additional
strategies targeting the antioxidant systems that regulate ROS levels in these cells. Moreover,
GSCs exhibit greater transcriptional plasticity than other tumor cells, making them better
equipped to adapt to oxidative stress. These properties make GSCs highly resistant to
therapy and the primary drivers of tumor recurrence. Elevated activity of antioxidant
systems has been shown in cancer stem cells. It has been demonstrated that TrxR inhibitor
could effectively eradicate cancer stem cells and particularly GSC by increasing ROS [43].
So, to overcome the therapeutic resistance of GSC inhibition of key cellular antioxidant
systems particularly thioredoxin system could be a promising strategy.

Another important factor in glioma chemo- and radioresistance and a potential target
for developing effective therapeutic strategies is a tumor microenvironment (TME). TME
plays a vital role in the survival of cancer cells and their response to therapy. TME niche is
comprised of many cell types, including endothelial cells, neural cells, CAFs [44], and resi-
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dent and circulating immune cells and forms an environment that promotes and supports
tumorigenesis [45].

ROS have a major impact on the functioning of TME. Elevated ROS level in particular
CAFs, TAMs and T cells [9], have profound effects on tumor biology and demonstrated sig-
nificant immunosuppressive effects [46]. First, CAFs and TAMs themselves can contribute
to the formation of a pro-oxidant environment. It has been shown that CAFs express the
enzyme NOX4 and generate intracellular ROS which are also necessary for maintaining
their phenotype. CAFs suppress immune response by specifically excluding CD8+ T-cells
from tumors and NOX4 is necessary for this activity [47]. Also, CAFs can recruit monocytes
to TME and promote their differentiation into immunosuppressive TAMs. TAM gener-
ates ROS through activation of NOX-2 and also suppress CD8+ T-cell proliferation [48].
Also, macrophages contribute to drug resistance and relapse after chemotherapy treat-
ment by promoting tumor revascularization and activating anti-apoptotic programs in
cancer cells [49]. TAM are divided into tumor-suppressive M1-like (classic activation of
macrophages) and tumor-supportive M2-like (alternatively activated macrophages) polar-
ized cells [50]. The data on the role of ROS in induction of M1-M2 macrophage phenotypes
are controversial. There are some data that ROS can stimulate both activation statuses in
tumor-associated macrophages [51]. Increased ROS level may participate in inducing the
polarization of macrophages from the phenotype M1 to M2 except for its involvement in
tumorigenesis, thus causing suppressive tumor immune microenvironment [52,53]. It has
been shown that in glioblastoma elevated oxidative stress and SOD3 are associated with
increased M2-like pro-tumoral macrophages [54].

Despite the differences in the functioning of the TME during oxidative stress, certain
adaptive mechanisms of the TME cell populations are required to avoid excessive ROS
production and cell death. It was shown that thioredoxin system can support and protect
the NK and T cells from elevated ROS levels [55]. Additionally, GSH depletion has been
successfully used to overcome the immunosuppressive function of regulatory T cells
(T regs) [56]. Wang et al. also demonstrated that the survival benefit of TME cells is
accompanied by elevated expression of Trx [57]. So, the modulation of the ROS level by
inhibiting the antioxidant system in cancer could be beneficial for glioblastoma therapy:.
This approach could have an impact not only on the tumor cells, but also on GSCs and the
TME cells. However, there are dose-dependent effects of ROS on tumor biology. While a
primary increase in ROS levels can lead to cancer cell death, it can also stimulate tumor
progression in GSC or immunosuppressive mechanisms in the TME cells. All aspects of
the redox status of different glioma cell populations should be considered when designing
a multidrug treatment approach.

2. Inhibition of TrxR in Cancer

The thioredoxin-dependent system, in particular Trx, is considered a potential target
for the development of effective anticancer drugs. Many TrxR inhibitors have been discov-
ered and developed thus far, some of which have shown pronounced antitumor effects.
Because of its high reactivity, TrxR can be inhibited by many electrophilic compounds,
such as nitrosoureas, flavonoids, and metal-containing compounds, which are used in
clinical practice. According to previous studies, TrxR inhibitors have high potential for
improving the treatment of oncological diseases. They can potentiate the action of other
cytostatic agents and overcome drug resistance in tumors, making them highly effective in
combination therapy.

Alkylating agents—nitrosoureas—are irreversible inhibitors of TrxR. The nitrosoureas
carmustine, lomustine and fotemustine covalently deactivate thioredoxin reductase, glu-
tathione reductase and ribonucleotide reductase by alkylating their thiolate active sites [58,
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59]. Nitrogen mustards (chlorambucil and melphalan), cyclophosphamide [60,61] and alkyl
sulfonates (busulfan) efficiently inhibit TrxR but do not inhibit glutathione reductase [59].

Arsenic trioxide is another irreversible inhibitor of TrxR with a mechanism involving
both the C-terminal and N-terminal redox active sites of the enzyme [62]. Arsenic trioxide is
a first-line treatment for acute promyelocytic leukemia and is also effective for other types of
leukemia [63]. Arsenic trioxide has been shown to have anticancer activity in gliomas [64],
breast cancer [65], hepatocellular carcinoma [66], lung cancer [67] and pancreatic cancer [68].
Phase I and pharmacodynamic study of arsenic trioxide showed promising results for
patients with newly diagnosed GBM. The median overall survival for all patients in this
trial was 17.7 months vs. 12 months for patients without the use of concurrent and adjuvant
temozolomide [69].

Motexafin gadolinium (MGd) is a member of a class of rationally designed porphyrin-
like molecules called texaphyrins. MGd preferentially spreads to cancer cells in animal
models and in human clinical trials [70,71]. MGd acts as a substrate of cytosolic TrxR, and
MGd and NADPH react in the presence of TrxR, producing ROS, which generate oxidative
stress in cells [72]. In phase III clinical trials, MGd significantly prolonged the interval
to neurologic progression in non-small-cell lung cancer patients with brain metastases
receiving prompt whole-brain radiation therapy [73].

The natural compounds that exhibit inhibitory activity toward TrxR1 can be grouped
as follows: phenylpropanoids, polyphenols, quinones, terpenoids, and chromones [74].
Curcumine—one of the most studied natural TrxR inhibitors causes alkylation of both
residues in the catalytically active site (Cys(496)/Sec(497)) of TrxR [75]. It induces ROS
production and elevates oxidative stress in cells [76]. These compound have an antitumor
effect on xenografts in vivo [77].

Piperlongumine is a compound derived from long pepper plants. Piperlongumine
inhibits cell growth and induces ROS accumulation in hepatocellular carcinoma cells. It
induces a lethal endoplasmic reticulum stress response in HCC cells by targeting TrxR1
and increasing intracellular ROS levels [78].

Platinum compounds are potent TrxR inhibitors. They induce covalently stable in-
tracellular TrxR1-Trx1 and TrxR1-TRP14 complexes [79]. TrxR, but not GR, is efficiently
inhibited by cisplatin, carboplatin and oxaliplatin [59,80]. However, platinum-based com-
pounds are only effective in a limited number of cancer types and have severe adverse
effects [81]. Therefore, other metallodrugs, such as gold, mercury, copper and silver have
been extensively studied.

Mercury (Hg) compounds such as thimerosal are rather quite effective because of their
high affinity for binding to thiols and selenols. TrxR is highly sensitive to Hg inhibition
because of the reactivity and position of the Sec residue in the open C-terminus of the TrxR
active site [82,83].

Numerous gold (I) derivatives have been considered TrxR inhibitors including
Au(l) complexes with phosphines (auranofin, triphenyl phosphine gold chloride,
among others [84-86]), phospholes [87], thiomalate [84], thiosulfate [84], N-heterocyclic
carbenes [88-90], azolates and phosphanes [91,92].

Gold (I) complexes sometimes also inhibit glutathione reductase [87] and show non-
specific reactions with thiols [93,94], which leads to cytotoxicity to normal cells.

Au(I) N-heterocyclic carbene (NHC) complexes are more cytotoxic to cancer cells
than to normal cells and do not inhibit glutathione reductase [95]. A series of caffeine-
based gold(I) NHC complexes have been synthesized and tested for their antiproliferative
activities in different cancerous and nontumorigenic cell lines in vitro. The bis-carbene
complex [Au(caffein-2-ylidene)2][BF4] appeared to be selective for human ovarian cancer
cell lines and poorly toxic in healthy organs [88].

108



Int. J. Mol. Sci. 2025, 26, 2084

A bis-chelated tetrahedral gold(I) phosphine complex [Au(d2pype)2]Cl (where d2pype
is 1,2-bis(di-2-pyridylphosphino)ethane) was designed to improve the gold(I) compound
selectivity toward selenol- and thiol-containing proteins, such as TrxR. This compound is
stable in the presence of serum proteins, thiols, or disulfides and exhibits high stability
in solution [96]. The related bis-chelated Au(l) bidentate phosphine complex, 1,3-bis(di-2-
pyridylphosphino)propane (d2pypp), also has unusually low thiol reactivity. It is selectively
toxic to breast cancer cells but not normal breast cells, resulting in apoptotic programmed
cell death [Au(d2pypp)2]Cl inhibits Trx and TrxR activity more in cancer cells than in
normal cells. This difference appears to be in part a consequence of the increased uptake of
the complex into cancer cells, particularly into their mitochondria [85]. It has been shown
to exhibit anticancer effects against lymphoma [97], multiple myeloma [98] and chronic
myeloid leukemia [99].

A series of water-soluble gold(I) compounds have been developed. Gold (I) complexes
bearing water-soluble phosphine ligands, including 1,3,5-triaza-7-phosphaadamantane
(PTA), 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1Jnonane (DAPTA), and sodium triph-
enylphosphine trisulfonate (TPPTS), efficiently inhibited TrxRs at concentrations that did
not affect glutathione reductase. These compounds are cytotoxic against cancer cell lines,
particularly the cisplatin-resistant cell line [100]. Azolate gold (I) phosphane compounds
have deactivating groups on the azole rings, which increases the solubility of these com-
plexes in aqueous solutions. This gold (I) compound also has high cytotoxic activity for
several human cancer cell lines in the low micromolar range and has significant selectivity
for TrxR inhibition over GR inhibition [91]. Among other anti-TrxR inhibitors, AF plays a
pivotal role in anticancer studies. It selectively inhibits Trx and TrxR and disrupts redox
homeostasis leading to apoptosis in cancer cells.

3. The Anticancer Activity of AF

Numerous studies have demonstrated the anti-inflammatory, immunomodulatory,
and antibacterial effects of AF. However, several studies have also highlighted the antitumor
effects of AF in various models, both as monotherapy and in combination with other
known antitumor agents. A few examples are presented in Table 1. Research papers have
explored AF for the treatment of several types of blood cancer cells, including multiple
myeloma [101], chronic lymphocytic leukemia [102], and chronic myeloid leukemia [103].
There is a constant search for new approaches to treating breast cancer (BC) due to its
prevalence and rapid development of tumor resistance, which is characteristic of triple-
negative BC (in which there is an absence of estrogen receptor, progesterone receptor,
and receptor tyrosine-protein kinase gene expression). These tumors are not amenable to
hormonal therapy, making it essential to suppress the development of drug resistance by
identifying novel therapeutic strategies. One promising approach involves the use of a
combination of antitumor drugs or mechanisms of action. For example, the combination
of AF with antibodies targeting programmed death-ligand 1 (PD-L1) has been shown
to significantly slow tumor growth [104]. For colon cancer therapy, AF (0.5 pM) was
combined with 5Z-7-oxozeaenol (5 uM), a molecule capable of inhibiting transforming
growth factor -activated kinase 1 (TAK1). This combination led to cell death in colon
carcinoma cells both in vitro and in vivo [105]. The activity of AF has also been reported in
other cancer types, both in combination with known drugs and as monotherapy [106]. Of
course, the most impressive results are from in vivo studies. Evaluating a series of data on
the results of therapy in various tumor models, the following trends can be noted: the most
effective therapy is therapy at doses ranging from 5 to 15 mg/kg with daily administration
for 2 weeks. These methods make it possible to significantly reduce tumor growth and
increase the survival of animals.
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No more than 30% of the papers are devoted to GBM therapy by AF in Table 1.
However, AF remains a promising drug for glioma therapy, which is confirmed by a
significant number of in vitro studies on a variety of cell lines. For example, Ferraz et al.
examined in detail the effect of gold and platinum complexes, where AF demonstrated
one of the best abilities to inhibit TrxR and has a high cytotoxicity effect on the cells (U87,
T-98, MRC-5) [127]. In another work, it was shown that the pro-oxidant Trx and /or GSH
systems in U87MG and T98G cells were inhibited by AF, which caused increasing ROS,
activating p53 and cell death [128]. The same results were demonstrated by Szeliga et al.
on the US7MG, LN229, US’MG, LUB17, and LUB20 cells [129] and by Martinez-Jaramillo
on the US7MG [130].

Notably, AF is being studied separately as an antitumor therapeutic agent and is
currently in clinical trials. There are a number of clinical trials where AF was used as
a potential drug for ovarian cancer (NCT03456700, NCT01747798), chronic lymphocytic
leukemia (NCT01419691), non-small cell lung cancer (NCT02126527, NCT01737502), but
the results of the clinical trials have not been posted. Furthermore, AF is being tested
in combination with TMZ for the treatment of recurrent glioblastoma. This treatment
protocol is called CUSP9v3, and in addition to AF, it includes eight other repurposed
drugs in combination with TMZ. According to the CUSP9v3 protocol, after enrollment, the
participant goes into the induction cycle, which lasts 35 days. The induction cycle consists
of a drug-by-drug addition and up-dosing process. Hereafter, the subject will enter the
treatment cycles (up to 12). During the induction cycle and the first 2 treatment cycles,
regimen adjustments (dropping of certain drugs, dose modification of certain drugs) may
be executed to accommodate to the patients’ individual toxicity reactions that may occur
during this period. At present, the detailed results of the clinical trial (NCT02770378) of the
CUSP9v3 protocol have not been posted. Although it is not the highest anti-cancer efficacy
of AF, it has been shown to be a safe drug. In addition, AF can inhibit the Trx system in
GBM cells, which makes AF a promising drug for GBM therapy in the near future.

4. AF Inhibits Thioredoxin Reductase Followed by the Activation of
Other Pathways

AF (Figure 1), which first demonstrated clinical efficacy in 1976 [131], belongs to the
group of gold-containing disease-modifying antirheumatic drugs.

Figure 1. Chemical structure of auranofin.

The direct inhibition of TrxR by AF was first demonstrated by Stefan Gromer (Hei-
delberg University, Germany) and coauthors in 1998, and this mechanism is now widely
accepted [132]. TrxR reduces Trx, a 12-kDa protein with a disulfide bond as its core func-
tional group. The reduced form of Trx [Trx-(SH)2] restores oxidized protein substrates,
which typically contain disulfide groups. The oxidized Trx form (Trx-[SS]) is regenerated
by TrxR in an NADPH-dependent manner [133,134].
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The thioredoxin reductase system, which includes Trx and TrxR plays a role in numer-
ous biological processes, including redox homeostasis, antioxidant defense, transcription
factor regulation, and cellular proliferation and division [135]. The inhibition of TrxR1,
which leads to increased ROS levels, is currently recognized as the primary mechanism of
AF cytotoxicity [106]. In vitro studies have also shown that AF inhibits other thioredoxin
reductases, such as TrxR2 and TrxR3 [136,137].

Researchers have discovered that TrxR provides protective effects against various
cellular stresses, including growth inhibition and cell death induced by hydrogen peroxide,
tumor necrosis factor-a, and chemotherapeutic agents [138-140]. The literature indicates
that not all cancer tumors exhibit the same level of TrxR expression, affecting their sensitivity
to AF. For example, cisplatin-resistant human bladder cancer cells and PC-3 prostate cancer
cells are characterized by elevated TrxR expression levels [138,141,142].

Conversely, tumor cells with high ROS levels may be more vulnerable to cell death
when antioxidant systems are inhibited [143]. Therefore, a potential cancer treatment strat-
egy involves selectively disrupting the redox balance of pathological cells by suppressing
their antioxidant systems while sparing healthy cells [144].

Research, including bioinformatics approaches, is ongoing to identify alternative
mechanisms of action of AF. For example, researchers from Peking University have shown
in vitro and in vivo that AF inhibits the catalytic activity of TET1 (ten-eleven translo-
cation 1). TET1 is a key epigenetic regulator of DNA that catalyzes the conversion of
5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) to modulate gene expression.
Analysis of public datasets (GSE5820) revealed that TET1 expression is elevated in patients
with T-cell acute lymphoblastic leukemia (T-ALL) and serves as a biomarker for decreased
survival. The competitive binding of AF to the substrate pocket of TET1 reduces 5hmC
levels, leading to epigenetic reprogramming of the oncogene c-Myc. Thus, AF was shown
to inhibit TET1 in T-ALL models via the TET1/5hmC/c-Myc signaling pathway [145].

Using a large transcriptomic dataset (9 cell lines: A375, A549, HCC515, HEPG2,
HT29, MCF7, PC3, HA1E, and VCAP before and after AF exposure) and Clue software
(clue.io/cmap, [146]), 978 key genes were identified that characterize the inhibitory effects
on TrxR. Gene expression changes were compared to all available gene signatures in the
database (over 1 million profiles), generating a “tau ball” that predicted the effect.

NEF-«B inhibition showed the greatest predictive power. In 2000, Jeon et al. demon-
strated that NF-«B is inhibited by 5-10 uM AF over 4 h in macrophages stimulated with
lipopolysaccharide, blocking IkB kinase activity [147]. Nakaya et al. reported that 0.05 pM
AF inhibits NF-kB DNA binding and reduces nuclear NF-«B levels in U266 multiple
myeloma cells [101]. AF is thought to bind to the Cys179 residue of 1B kinase, blocking its
activity. IkB kinase phosphorylates IkB, which binds to NF-«B, causing dissociation of the
IkB + NF-«B complex. Once dissociated, phosphorylated IkB detaches from NF-«B, which
migrates to the nucleus to activate transcription [148].

Interestingly, IkB is not the only substrate of IkB kinase. Hu et al. reported that it also
phosphorylates the tumor suppressor FOXO3, which becomes inactive upon phosphory-
lation and translocates to the cytosol [149]. Thus, AF-induced I«B kinase inhibition may
produce various responses, with cytotoxicity potentially dependent on specific cell types
and tumor microenvironments in vivo.

Another proposed mechanism based on bioinformatics analysis involves the inhibition
of deubiquitinating enzymes (DUBs), which remove ubiquitin degradation tags from
proteins, preventing their proteasomal degradation. AF inhibits DUBs (UCHL5 and USP14)
in the 16S proteasome regulatory subunit at 0.5 uM over 3 h, as demonstrated in HEPG2
and MCF7 cells [150]. These findings were later confirmed in prostate cancer models
in vitro and in vivo [151]. However, recent proteomic research suggests that AF-dependent
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DUB and proteasome inhibition occur only at high doses (>2.5 pM) and may represent
off-target effects [152].

In 2013, Wang et al. proposed a direct interaction between AF and protein kinase C-
iota (PKCiota), as AF analogs (aurothiomalate and aurothioglucose) inhibit this enzyme by
binding critical cysteine residues [153,154]. PKCiota mRNA levels are elevated in various
cancers, but the inhibitory effect of AF on this kinase requires further study [155].

Hou et al. demonstrated that AF inhibits hexokinase at 4-6 uM, reducing glucose
uptake, lactate production, and ATP synthesis in vivo [112]. Since hexokinase is a key
glycolytic enzyme that is overexpressed in many cancers, its inhibition could decrease ATP
production and impair the ABCG2 pump, which contributes to multidrug resistance in
chemotherapy [156]. The targeting of hexokinase is considered a promising anticancer
strategy, but further data on the role of AF in this process are needed.

In conclusion, on the basis of research conducted in various cancer models, several
mechanisms, including dose-dependent effects, have been proposed to explain the an-
titumor activity of AF. The main direct and indirect targets of AF are summarized in
Figure 2 [106].

)

Auranofin

X

IkB kinase NFkB Hexokinase TrxR Deubiquitinases PKC-iota

| L, e, P e, " | L, .
) Glycolysis Redox EPR stress Growth, Invasion
Inflammation :
blockade homeostasis Apoptosis Survival
P g R ~—_ L S S

—— Main conventional target

Additional target

Figure 2. Summary of the main molecular targets affected by auranofin. Abbreviations: NFkB—
Nuclear factor kappa-light-chain-enhancer of activated B cells; PKC-iota—Protein kinase C iota;
TrxR—thioredoxin reductase; EPR—endoplasmic reticulum. Solid line stands for the conventional
mechanism, dotted for additional.

5. Formulation and Effective Delivery of TrxR Inhibitors (AF) for Brain
Tumors

The development of new drug forms for glioma treatment remains a complex chal-
lenge. There are three main issues associated with new drugs: stability, solubility and
delivery.

An AF an inhibitor of TrxR, is soluble in organic solvents such as ethanol and DMSO
but insoluble in aqueous solutions, which can hinder its bioavailability in vivo and lead to
complex formulation protocols [100]. The formulation of AFs is critical for treating brain
pathologies, as it has another drawback: it reacts nonspecifically with protein thiols [93,94],
which can make it toxic to normal cells. To address this issue, several approaches can be
employed, such as increasing solubility by solubilizing agents or encapsulating the active
pharmaceutical ingredient (API) in nanoparticles. Encapsulating AF into nanoparticles
or combining it with other pharmaceutical excipients can minimize its potential adverse
effects, preserve its interaction with serum proteins, and result in greater stability. This
approach reduces the amount of free drug circulating in the body, thereby preventing
unwanted tissue delivery and improving therapeutic efficacy [157].
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The first approach (using solubilizing agents) involves the use of different expedi-
ents to improve the stability and solubility of AF. Typical excipients for improving the
solubility of poorly soluble drugs for oral and intravenous administration include the
following classes of compounds [158]: (1) water-soluble organic solvents (PEG 300 or
400, ethanol, propylene glycol, glycerol, N-methyl-2-pyrrolidone, dimethylacetamide and
DMSO); (2) nonionic surfactants (Cremophor EL or RH 40 or RH 60, polysorbate 20 or
80, poloxamer 407 and mono- and differential acid esters of PEG); (3) water-insoluble
lipids (castor oil, corn oil, olive oil, etc.); (4) organic liquids/semicolids (beeswax, d-o-
tocopherol, oleic acid, medium-chain mono- and diglycerides), and (5) various cyclodex-
trins (3-cyclodextrin, a-cyclodextrin, hydroxypropyl--cyclodextrin). However, at present,
few studies have described drug forms based on AF via the abovementioned substances
for i.v. injection.

Nanoparticles are another form of excipients that should protect the API from degra-
dation, ensure controlled release, enhance solubility, and reduce overall toxicity. Over the
past 20 years, various drug delivery methods, including gels, micelles, polymer particles,
PLGA particles, and inorganic particles (e.g., transition metal oxides or noble metals), have
been proposed. These approaches enable the delivery of small molecules such as cytostatic
or larger entities such as proteins, antibodies, RNA, or viruses. Owing to their relatively
simple synthesis and availability of clinical trial data, liposomes and polymer nanoparticles
are the most common carriers. Other promising delivery systems include gold, magnetic,
and mesoporous silica nanoparticles. Magnetic and gold nanoparticles rely on coatings for
controlled drug release, whereas mesoporous silica nanoparticles utilize their nanopores for
controlled release. The addition of vector molecules and surface chemistry modifications
further enhances penetration and therapeutic outcomes, as demonstrated in studies using
magnetic nanoparticles loaded with TMZ [159]. However, the most popular method for
brain delivery is the encapsulation of API into cationic liposomes [160].

There are several examples of formulations of AF using nanoparticles. One interest-
ing example of nanoparticle use involves chitosan-PEG copolymers. Maame Abena O.
Afrifa et al. demonstrated improved solubility and greater efficacy at lower doses of AF
(3 mg/kg vs. 5 mg/kg) for the treatment of triple-negative breast cancer [161]. Another
study by Marta Pérez-Lloret showed that silk fibroin nanoparticles loaded with AF im-
proved its bioavailability, cellular absorption, and resistance to degradation, successfully
inhibiting the growth of 3D colorectal carcinoma cultures [162]. AF also exhibit antimi-
crobial activity. Encapsulating it in PLGA nanoparticles enhanced its bactericidal effects,
virtually sterilizing multiresistant pneumococcal strains (e.g., Streptococcus pneumoniae and
Streptococcus pyogenes) after six hours of treatment at 0.25 uM. This potent effect was also
observed in biofilms, where AF-NPs reduced bacterial populations by approximately four
logarithms more than free AF did [163]. Interestingly, PLGA nanoparticles loaded with AF
have also been used as neuroprotective agents for Alzheimer’s disease treatment. These
nanoparticles significantly reversed cognitive deficits, biochemical changes, neuroinflam-
matory markers, and neurotransmitter imbalances in a streptozotocin-induced model [164].
Notably, similar particles loaded with other drugs have already been delivered to the
brain, which points to the possibility of delivering AF to the brain tumors in the form
of a nanoparticle formulation. However, several approaches can improve the delivery
of nanoparticles.

Although AF and AF-loaded nanoparticles have shown significant efficacy in preclini-
cal studies on non-brain tumors, there are still limited data regarding their effectiveness
in GBM studies. AF has already been shown to be effective as a treatment for rheuma-
toid arthritis, but the anticancer activity of AF requires higher doses. A major challenge
in developing new drugs for GBM is achieving sufficient therapeutic concentrations in
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the brain, which is often hindered by the low solubility of the drugs and the limited
BBB permeability. To achieve the maximum concentration, several approaches could be
used: (1) the addition of lipid-like molecules through modification of the hydrophilic
groups on the drug structure [165]; (2) the addition of hydrophobic groups to the drug
molecule [166]; (3) active targeting; (4) opening of the BBB (FUS, osmotic opening); and
(5) intraarterial /intrathecal administration.

In the first case, drug permeability across the BBB is favored by their lipophilicity,
low molecular weight, and lack of ionization at physiological pH. Lipid-soluble molecules
with a molecular weight of <500 Da may cross the BBB through the small pores that
form transiently within the lipid bilayer [165]. An example of this type of modification is
the addition of methyl groups to various drugs in the barbiturate class, which results in
increased lipophilicity and brain penetration in animals [166]. A more recent approach
is to enclose already known API in liposomes (mostly cationic). For example, improved
drug delivery has been demonstrated for encapsulated doxorubicin in the treatment of
experimental brain tumors [167].

The use of targeting moieties such as transferrin, insulin, apolipoproteins, and
antibodies attached to polymeric nanoparticles for maximum accumulation has been
demonstrated [168]. For example, transferrin strongly influences the binding of magnetic
PLGA particles to glioma cells, and the results of in vivo experiments revealed that parti-
cles with transferrin loaded with doxorubicin and paclitaxel significantly suppress tumor
growth [169]. Increased permeability and improved therapeutic efficacy due to the presence
of transferrin on the nanoparticles have also been reported in other studies. Thus, the
efficacy of zoledronic acid in the treatment of GBM was increased by encapsulating it in
self-assembling nanoparticles with transferrin, which allowed the drug to have improved
solubility and imparted the ability to penetrate the BBB [170].

While active targeting could enhance the accumulation of drugs in brain pathology,
it also presents some challenges (difficulties in manufacturing and scaling). Other meth-
ods to increase the therapeutic concentration of a drug in brain tissue include temporary
BBB opening via clinically approved focused ultrasound (FUS) [171] or osmotic opening
(mannitol) [172]. Temporal BBB opening after exposure to ultrasound is possible after the
injection of gas-filled microbubbles (e.g., sulfur hexafluoride). The use of microbubbles
safely opens the BBB [173] and the absence or minimal damage to nervous tissue [174]. To
date, more than 10 microbubbles have been registered for clinical practice, and several clin-
ical trials have focused on the efficacy of drug therapy via focused ultrasound to improve
the penetration of drugs (TMZ, doxorubicin, carboplatin, etc.) into brain tumors [175].
Additionally, this approach has been shown to be effective for the delivery of nanoparticles
in preclinical trials. Thus, exposure to ultrasound leads to a 6-40-fold increase in the
accumulation of particles with cisplatin (60-nm particles) [176], a 1.4-6.9-fold increase in
the accumulation of particles with paclitaxel (170-nm particles) [177], and a 2-fold increase
in the accumulation of nanoparticles with carmustine (10-20-nm particles).

In conclusion, there are various approaches thar could improve the efficacy of AF
in clinical application. There are numerous methods for enhancing the delivery of AF
across the BBB for the treatment of GBM. These methods can be categorized into two types:
first, improving the formulation of the substance itself, either by adding specific functional
groups or encapsulating it in various novel drug forms; second, temporarily increasing
the permeability of the BBB through artificial means. Also, the antitumor efficacy of AF
could be improved by modulation of dynamic thiol exchange of gold ions, which leads
to a fast formation of covalent albumin-gold adducts. Researchers from Sun Yat-Sen
University report that AF supplemented with its own thiol ligand, TGTA (1-thio-3-D-
glucose tetraacetate) significantly restored anticancer activity in cells and patient-derived
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xenograft models [178]. Screening a library of ligand fragments and conducting machine
learning analysis afterward may be a promising strategy for enhancing the effectiveness
of AF even at a reduced dosage. In addition, using AF to sensitize cancer cells to other
approved drugs or in combination with other anti-cancer therapies could be a promising
approach. Combination therapy with AF demonstrated good results in therapy, including
GBM [109,110]. Taken together, these approaches provide hope for the potential success of
GBM treatment via AF, as AF has excellent potential to inhibit TrxR.

6. Conclusions

GBM is a challenging disease that has various cell populations with different redox
statuses. GSCs and TME cells have become attractive targets for developing anticancer
therapies while playing a key role in tumor relapse. These cell populations benefit from
elevated ROS production and develop adaptive mechanisms to survive through high
ROS level, such as strong antioxidant systems. One approach to targeting cancer cells
is by suppressing their antioxidant system in the cell by inhibiting TrxR. AF has shown
promising results as a selective inhibitor of TrxR, demonstrating anticancer activity against
various tumor types, including GBM. However, there are some challenges in further clinical
application for GBM that should be overcome, such as the low solubility of AF and poor
delivery. While its solubility in water is limited, studies have explored the development of
new formulations of AF suitable for intravenous administration. These formulations could
potentially allow AF to cross the blood-brain barrier and be used in the treatment of GBM
in the future.
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Abstract: The structural and functional integrity of the retinal pigment epithelium (RPE)
plays a key role in the normal functioning of the visual system. RPE cells are characterized
by an efficient system of photoreceptor outer segment phagocytosis, high metabolic activ-
ity, and risk of oxidative damage. RPE dysfunction is a common pathological feature in
various retinal diseases. Dysregulation of RPE cell proteostasis and redox homeostasis is
accompanied by increased reactive oxygen species generation during the impairment of
phagocytosis, lysosomal and mitochondrial failure, and an accumulation of waste lipidic
and protein aggregates. They are the inducers of RPE dysfunction and can trigger specific
pathways of cell death. Autophagy serves as important mechanism in the endogenous
defense system, controlling RPE homeostasis and survival under normal conditions and
cellular responses under stress conditions through the degradation of intracellular compo-
nents. Impairment of the autophagy process itself can result in cell death. In this review,
we summarize the classical types of oxidative stress-induced autophagy in the RPE with
an emphasis on autophagy mediated by molecular chaperones. Heat shock proteins, which
represent hubs connecting the life supporting pathways of RPE cells, play a special role
in these mechanisms. Regulation of oxidative stress-counteracting autophagy is an essen-
tial strategy for protecting the RPE against pathological damage when preventing retinal
degenerative disease progression.

Keywords: retinal pigment epithelium; phagocytosis; oxidative stress; proteostasis system;
mitochondrial dysfunction; ubiquitin-proteasome system; autophagy; heat shock proteins;
chaperone mediated autophagy; lysosomes; programmed cell death

1. Introduction

The state of retinal pigment epithelium (RPE) cells plays a central role in the viability
and homeostasis of the neural retina. The RPE provides functional support for the retinal
neurons and the choroid, thanks to the coordinated components in the endogenous defense
system [1-3]. Interactions between the RPE and neighboring tissues such as the choroid
and photoreceptors maintain the local RPE and vision functions [4,5].

RPE cells and photoreceptors are characterized by high metabolic activity, due to
their involvement in the mechanisms of the visual cycle. During the visual cycle and
metabolism of rhodopsin, the isomerization of 11-cis-retinal to trans-retinal leads to chain
of biochemical reactions and as a result to the production of a large amount of reactive
oxygen species (ROS), causing lipid peroxidation (LPO) [6,7]. The high metabolism rate in
the RPE and retina induces oxidative stress (OS) in these tissues. The key physiological
function of the RPE is associated with protecting photoreceptors from excess light and ROS
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by means of endogenous defense systems [7-9]. The endogenous defense systems of the
RPE provide antioxidant protection and redox homeostasis and promote the remodeling of
damaged proteins and their repair and /or degradation through autophagy or the ubiquitin—
proteasome system [10,11].

Structural, metabolic, and genetic disorders of RPE cells and neighboring tissue
structures (the choroid, Bruch’s membrane, and photoreceptors) lead to the accumulation
of toxic components, which creates a risk of redox disbalance and OS development [12,13].
RPE cell defects and dysfunction are associated with disorders in the key components of
the endogenous defense system in the RPE and contribute to the development of retinal
diseases, such as age-related macular degeneration (AMD) and proliferative vitreoretinopathy
(PVR) [14-16].

Maintaining the structural and functional integrity and homeostatic balance in RPE
cells constitutes an urgent problem in biomedicine and ophthalmology. The regulatory
network of the endogenous defense system defines the physiological functions of the RPE
cell layer, ensuring retinal neuron viability and homeostasis and enabling adaptation in
response to cellular stress [17].

A number of therapeutic approaches are aimed at maintaining the stability of in-
tercellular contacts and the functionality of RPE cells. Thus, the use of factors such as
nicotinamide or lysophosphatidic acid contributes to the formation of the tight junctions
in the RPE [18,19]. Several proposed therapeutic strategies targeting RPE cells are aimed
at activating the antioxidant defense and alleviating both OS and mitochondrial and
lysosomal dysfunction, which are the main mechanisms of RPE dysfunction resulting in
AMD. Photobiomodulation agents can also remove drusen in AMD by activating RPE
phagocytosis [15,20-22].

Regulation of RPE cell dysfunction aimed at preventing RPE-related neurodegenera-
tive pathologies is a priority for modern research. Potential therapeutic strategies involve
targeting autophagy as an important biological process to maintain homeostasis in RPE
cells [23-25].

In this review, we have performed an analysis of the current state of the research
focusing on the endogenous antioxidant defense system in the RPE with a focus on au-
tophagy and molecular chaperones, highlighting them as potential targets as therapies for
RPE-related cell death and retinal degenerative pathologies. The molecular changes and
signaling pathways involving heat shock proteins (HSPs) that control the RPE response to
injury remain largely undefined. Given the important roles of HSPs in the RPE in retinal
disease and health, we reviewed recent data on their roles in the molecular protection of
RPE cells obtained using modern molecular genetic methods. It would be of interest to
fully characterize their roles in the molecular defense responses of RPE cells to injury as a
result of trauma or disease affecting the RPE and the retina. Autophagy is a key example of
such molecular defense responses.

2. RPE Functions for Maintaining the Viability of Photoreceptors

RPE cells form a monolayer of polygonal pigmented cells. RPE cells are located be-
tween the choroidal vasculature of the retina and the outer segments of retinal photorecep-
tors. RPE cells play various roles in the retina and the choroid, maintaining the homeostasis
of these tissues [17]. On the basal side, RPE cells interact with Bruch’s membrane, which
is closely associated with the choroid. On the apical side, RPE cells interdigitate with
photoreceptor outer segments (POS), forming tight intercellular contacts [17,26,27].

Numerous vital RPE functions include (1) the utilization of shed POS discs (by phago-
cytosis); (2) maintaining the visual cycle in retina (by degrading or recycling components
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of the visual cascade such as visual chromophore 11-cis-retinal); (3) the absorption of
light energy (by melanosome bleaching); (4) the maintenance of redox homeostasis (by free
radicals and ROS scavenging as well as the activities of antioxidant enzymes and chaperone
systems); (5) the blood-retinal barrier (through the formation of Bruch’s membrane and
tight junctions); and (6) the transport of nutrients and metabolites to the photoreceptors
and choroid (through secretion, pinocytosis, endocytosis, and exocytosis) [17,20,28-32].

RPE cells constantly renew the “exhausted” photoreceptor discs by phagocytosis of
the used POS, which are subjected to autophagic and lysosomal degradation. POS discs
are enriched in ROS and lipofuscin (LF), which is the main product of LPO [9]. Superoxide
radicals generated by LF under the action of visible light have a destructive effect on RPE
melanosomes, which perform screening and antioxidant functions [33].

A high metabolism rate of RPE cells, high oxygen consumption and intensity of energy
metabolism processes, a constant renewal of POS membrane discs using phagocytosis, high
levels of polyunsaturated fatty acids and exposure to light are the main RPE characteristics
needed to maintain a normal physiological state of the photoreceptors and the retinal
function [1]. On the apical side of RPE cells, abundant melanosomes, which absorb stray
light during the visual function, are distinguished from the nucleus and melano-LF granules
on the basal side [34-36].

Intense mitochondrial metabolism, the phagocytosis of POS discs, the phototoxic
activity of LF, and the photosensitization of hemoglobin precursors are the main sources
of ROS, both in the RPE and photoreceptors [12]. In differentiated RPE cells, redox home-
ostasis largely depends on autophagic clearance and the intensity of the accumulation of
cellular debris, including LE. With age, the intracellular redox balance shifts toward the
intensification of oxidative reactions, which enhances the production of ROS [37].

3. Major Intercellular and Molecular Events That Contribute to
Oxidative Damage in RPE Cells

In retinal cells, ROS are produced by lysosomes (phagosomes), peroxisomes,
melanosomes, and intracellular membrane-bound NADPH oxidases [38,39].

Disruption of RPE polarity as a result of a disrupted interactions with the photore-
ceptors is accompanied by a decrease in intercellular adhesion, reduced barrier function,
increased ROS production, migration of RPE cells, and retinal detachment, leading to
several RPE-related diseases, such as PVR and AMD [40-42] (Figure 1).

The destructive influence of ROS manifests itself in the oxidation of proteins and mem-
brane lipids and can result in DNA damage [43]. Excessive intracellular ROS production
leads to the loss of the inherent structure of some proteins and to their aggregation. This
can contribute to endoplasmic reticulum (ER) stress and cause a response to unstructured
proteins. The accumulation of aggregated proteins increases OS, leading to lysosome
damage and inflammation [44,45].

The structural disorders and dysfunction of RPE cells impair photoreceptor metabolism
and are caused by an excessive accumulation of LF, releasing lysosomal-degrading en-
zymes into the cytosol, which can lead to cell death [46,47]. The process of LF formation is
accompanied by an inhibition of proteasome activity in the RPE [48]. In turn, a decrease in
proteasome activity is accompanied by the accumulation of LF in the RPE and a decrease
in the intensity of autophagy [10,49].

ROS overproduction in the mitochondria contributes to ROS production and can
result in mitochondrial DNA damage [50]. Under OS, the mitochondria may aggravate the
production of ROS, which can lead to cell apoptosis [37].
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RPE cells have abundant mitochondria to provide for the energy needs of the outer
retina cells [51]. Damaged respiration due to mitochondrial dysfunction in RPE cells is
one of the main links to AMD pathogenesis [22,52]. ROS levels can increase as a result of
interactions between the mitochondria and cytochrome C oxidase [12,53].

Intracellular sources of ROS in RPE cells: - o
Mitochondria, lysosomes, peroxisomes, NOX- _);;{_?_:-;:::ﬁ;}_:;y

oxidases, cyclooxigenases, lipoxygenases, " ROS:*OH, Q,, *0,, H,0,; NO
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Figure 1. The main endogenous defense system that maintains RPE cell homeostasis. Given that the
RPE is vital for key photoreceptor function, RPE dysfunction may lead to photoreceptor degeneration
and severe visual impairment. RPE cells are characterized by a high metabolic activity and a
predisposition for oxidative damage. The balance of RPE cell homeostasis is achieved through
the coordinated work of endogenous regulatory systems, where the proteolysis and antioxidant
protection systems play an important role. Disruption of redox homeostasis by endogenous and
exogenous sources of ROS can lead to autophagy clearance activation, enhancement of the antioxidant
system, chaperone-mediated autophagy activation, and, as a result, to an adaptive cell response. If
these systems fail, oxidative stress can lead to the development of pathological processes and to the
death of the RPE and photoreceptors. Abbreviations: T]—tight junctions; BM—Bruch’s membrane;
Ch—choroid; PR—photoreceptors; R—rod; C—cone; ER—endoplasmic reticulum; Mt—mitochondria;
L—Ilysosomes; POS—photoreceptor outer segments; ROS—reactive oxygen species.

Exposure of LF from melano-LF granules to light manifests itself in the production of
ROS, which destroys the melanin component. With age and the development of degener-
ative diseases of the RPE and photoreceptors, a large number of melano-LF granules are
formed. Excessive accumulation of melano-LF granules leads to a decrease in and even
disappearance of melanin in pigmented RPE cells, thereby reducing the protection of the
cells from ROS [34].

It has been shown that impaired lysosomal degradation owing to the accumulation of
LF is closely related to autophagy disorders in AMD. Activation of lysosomal proteases
from the cathepsin class in the RPE promotes the destruction of POS, as well as the forma-
tion of end products of LPO and oxidized low-density lipoproteins [54]. Their accumulation
leads to the excessive accumulation of LE. In turn, excessive intracellular deposition of
LF enhances OS and the formation of autolysosomes and drusen in the RPE [55]. The
impaired lysosomal degradation due to the accumulation of LF is closely related to au-
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tophagy disorders and apoptosis, as shown during AMD. Inflammasome priming during
inflammation development in retinal pigment epithelial cells increases their susceptibility
to LF phototoxicity, thereby switching from the cell death mechanism via apoptosis to the
pyroptosis pathway [54,56].

4. Endogenous Defense System in RPE Activated in Response to OS

In response to OS conditions, the intensity of phagocytosis in RPE cells increases. This
also manifests itself in the increased phagocytosis of the apoptotic fragments of dying cells
and the utilization of Bruch’s membrane metabolic products [9].

The endogenous defense systems of RPE cells include the antioxidant system, different
kinds of autophagy, and a multilevel system of chaperones. Antioxidant enzymes (superox-
ide dismutase [SOD], catalase, and cytochrome P450 monooxygenase) and non-enzymatic
molecules (thioredoxin, glutathione ascorbate, and (3-carotene) [57] take part in maintaining
redox homeostasis. Among them, SOD2 is a primary enzyme activated in response to
OS and protects the cells from damage by removing ROS and maintains the function of
mitochondria [53]. Under normal conditions, these systems maintain cellular homeostasis,
but they can activate any kind of programmed cell death under stress conditions (Figure 2).

BM Fas-receptor activation
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Figure 2. Schematic presentation of the intersection between degradative pathways in RPE cells. HSP
involvement in phagocytosis, different types of autophagy, and cell death. RPE cells are constantly
subjected to phagocytosis of photoreceptor outer segment discs and exposed to oxidative stress.
Degradative pathways in RPE cells and associated processes are indicated by arrows with the
corresponding colors: types of phagocytosis (green), types of autophagy (blue), and forms of cell
death (red). Photoreceptor outer segment discs are phagocytosed by the RPE (heterophagy) and
are degraded in the lysosomes in the process of LAP. LAP bridges the phagocytic and canonical
autophagic pathways. Abbreviations: RPE—retinal pigment epithelium; ROS—reactive oxygen
species; ER—endoplasmic reticulum; LMP—Ilysosome membrane permeabilization; LAP—LC3-
associated phagocytosis; HSPs—heat shock proteins.

RPE pigments absorb light, protecting the retina against oxidative damage, continuous
exposure to light, and the photo-oxidation of LF [58]. Melanin is a key component of the
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antioxidant system. The density of melanin is relatively high in the RPE cells adjacent to the
central zone of the retina, while the highest density is found in the fovea [59]. A significant
age-related decrease in the amount of melanin, as well as in the number of melanosomes
that act as screening light filters and antioxidants in RPE cells, may lead to an increase
in the risk of oxidative and photo-OS in the structures of the eye [34]. Melanin decreases
the photo-oxidation of LF by shielding from the harmful bright light in the RPE [60] and
removes ROS, thus contributing to protection from OS [35].

Autophagy is the key biological process necessary for maintaining cellular homeostasis
by lysosomal degradation of unused and damaged cellular components [61]. In RPE cells,
autophagy is closely related to the regulation of proteostasis and redox homeostasis [62].

5. Chaperone Defense System of Heat Shock Proteins in the RPE

Chaperone proteins play a critical role in all taxonomic groups and are involved in
ensuring both the folding of newly synthesized peptides into their mature conformation,
the refolding of misfolded proteins, and the movement of proteins to subcellular compart-
ments [63]. They function under normal conditions and can be activated in response to
internal and external stressors.

The most common and studied group of chaperones are HSPs. They can be categorized
into several families based on their molecular size, structure, and function: small HSPs
(HSPB), HSP40 (DNAJ), HSP60/HSP10 (HSPD/E), HSP70 (HSPA), HSP90 (HSPC), and
HSP100/110 (HSPH) [64,65]. To date, up to 83 HSP genes have been identified in the
human genome: 4 for HSP110, 4 for H5P90, 13 for HSP70, 1 for HSP60, 50 for HSP40, and
11 for small HSPs [65].

RPE cells are exposed to chronic OS from three sources: high levels of oxygen consump-
tion, LPO from phagocytized POS, and light stimuli. Cells constitutively express many
types of HSPs but increase their expression to stabilize and restore cellular homeostasis
under stress (OS, hypoxia, high glucose, and others).

HSPs have been demonstrated to play a key role in cellular responses to stress, serving
as an adaptive response center and stabilizing cellular structures [66]. Many HSPs are
upregulated during cellular stress and are expressed with high tissue specificity. There
is a strong connection between the stress regulation systems in cells and the mechanisms
that control their growth and differentiation. HSPs not only act as molecular chaperones,
but also participate in cell homeostasis and cell viability, as well as cell differentiation
processes. The ability of HSPs to protect cells is a key aspect of their functioning to support
cell viability [67,68].

aA-crystallin contributes to the activation of phosphorylation reactions in the
PI3K/Akt signaling pathway, which ensures the resistance of RPE cells to the action
of OS [69]. In the RPE, aB-crystallin protects proteins against aggregation and unfolding
and stimulates the production of vascular endothelial growth factor (VEGF) in response to
inflammation, which contributes to neovascularization in AMD [70].

In the RPE, OS induces the activation of redox-dependent antioxidants, DJ-1 chaper-
ones and alpha-1 microglobulin. The latter can directly bind and neutralize ROS [71,72].

Almost all the proteins of the HSP family, with the exception of sHSPs, need ATP
(adenosine 5'-triphosphate) hydrolysis for their activity. The interactions of Hsp60 with
the co-chaperone Hsp10 control the substrate-binding and ATPase activities of Hsp60 [73].
Despite the fact that the Hsp60 protein is localized mainly in mitochondria, it can, like
other stress proteins, change its intracellular localization in response to OS and is expressed
on the cell membrane [74].
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Each member of the HSP70 family can respond specifically in cells and tissues, depend-
ing on the type of stress [67]. For example, the human Hsp70B protein is strictly expressed
in response to heat shock. This distinguishes Hsp70B from Hsp70, which is characterized
by a basal level of expression and activation under different stress conditions [75].

HSP110 is involved in the proteolysis of a-synuclein and/or the prevention of as-
sociated neurodegeneration in mammals. The Hsp110 protein has a high structural and
functional similarity to Hsp70 and performs cytoprotective functions against the negative
effects of OS. It is assumed that this function of HSP110 as a co-chaperone is associated
with the regulation of HSP70 expression [76].

Hsp90 proteins control the quality of proteins, ensuring their transport to the pro-
teasomes for destruction in cases of protein defects that prevent them from performing
their functions. Normally, Hsp90 protein expression is insignificant in the total content
of all proteins in the cells, but its amount increases during stress [77]. During heat shock,
HSP90 activity is necessary to restore the functions of misfolded and denatured proteins.
The synthesis of Hsp90 also increases under the influence of other stress factors such as
inflammation, which cause OS [77].

Neurodegenerative pathologies are associated with dysfunction of sHSPs [78]. Dis-
orders in the expression of HSPs are also associated with inflammatory reactions, as well
as with the death of pigment epithelial cells and retinal neurons in various eye patholo-
gies [79,80]. A decrease in the amount of HSP proteins (HSP60, HSP70, and «A-crystallin)
occurs against the background of increased OS in the human retina in AMD [81]. Intracel-
lular aggregates formed by incorrectly folded proteins can form (-amyloid structures as a
result of dysfunction of sHSPs. These structures are characterized by their high stability
to proteolytic cleavage, leading to their excessive accumulation, which causes cell death.
sHSPs are actively involved in the formation of elaborate protein complexes that can affect
the activity of cytoskeletal proteins. It is noted that in Parkinson’s disease, Lewy bodies
consisting of sHSPs and neurofilaments are found in a complex of protein aggregates in
the neurons, but the mechanisms of the accumulation of these complexes have not been
clarified [82]. HSP27 also plays an important role in the organization of microfilaments.
It interacts with actin filaments, is involved in programmed cell death (apoptosis), and is
important for cell survival under stress conditions [83,84].

In general, HSPs (HSP70, HSP90 and others) primarily act as molecular chaperones,
preventing cell damage from proteins with disrupted conformation caused by OS. HSPs
also participate in the mechanisms of redox balance regulation in cells. In a recent study, a
polymorphic variant of HSP70 was discovered, namely, HSP70-2, which is a sensor of the
redox balance of cells and changes in OS. The activity of HSP70-2 is associated with the
concentration of ROS in the cell, which plays a role in various functional disorders [85].

6. Proteolytic and Autophagy Defense Systems

As a result of LPO, which is rich in POS, and the metabolism of trans-retinol, RPE
cells produce excess amounts of ROS, which initiate OS. An additional source of ROS is
constituted by the products of photo-oxidation of LF [6,36]. RPE cells have numerous
antioxidant systems that ensure the removal of excess ROS and the restoration of redox
homeostasis [20,59]. One of the most universal systems for maintaining and restoring
proteostasis is the chaperone system. The most studied chaperones are HSPs that provide
a unique system to regulate the traffic of newly synthetized proteins between cellular
compartments, to promote the refolding of misfolded proteins, and to inhibit the formation
of toxic protein aggregates [86,87]. Among the defense mechanisms responsible for main-
taining cellular homeostasis, HSPs provide the only way of restoring the configuration of
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unfolded or misfolded proteins [88]. Once the capacity of HSPs is exceeded, misfolded,
aggregated, and damaged proteins, as well as damaged organelles, undergo degradation
using proteolytic systems. Four different well-coordinated systems are responsible for
protein degradation in eukaryotic cells: (1) the proteasome-based UPS, which degrades
most long- and short-lived normal and abnormal intracellular proteins; (2) mitochondrial
proteases, which degrade mitochondrial proteins; (3) calcium-activated calpains, which
degrade membrane and cytoskeletal proteins and several membrane-associated enzymes;
and (4) lysosome-based autophagy, which degrades cellular organelles, membrane pro-
teins, and endocytosed proteins [89,90]. Both autophagy and proteasomal clearance are
especially crucial for cell types with no proliferation, such as RPE cells. These systems
regulate cellular homeostasis, control the quality of mitochondria and the production of
ROS under conditions of normal functioning, and provide antioxidant protection to RPE
cells under OS conditions [91,92].

Proteasomes are efficient in the degradation of small and short-lived proteins, whereas
larger and longer-lived substrates (including lipids) are degraded by autophagy [93].
Despite the unique role of proteasomes in the regulation of cellular homeostasis, they
are functionally related and can act together, which is especially pronounced under OS
conditions. Proteasome inhibition may be compensated by increased autophagy [94].

In both systems, molecular chaperones play important roles in the recognition and
selection of the proteins or organelles to be degraded [64,95,96].

6.1. Ubiguitin—Proteasome System (UPS)

UPS-mediated protein degradation is a multistep process involving various proteins.
In particular, a protein to be degraded is first labeled with ubiquitin and then recognized
and degraded by a proteasome [97]. Proteasomes are multi-protein complexes responsible
for the selective degradation of misfolded and high-turnover proteins in the cytoplasm.
These proteins have many proteolytically active sites that break down proteins into peptides.
The 265 proteasome is highly conserved throughout eukaryotes, where it is found in both
the nucleus and cytoplasm [98]. The proteasome is composed of 33 subunits assembled
in two sub-complexes, as well as the 20S core particle, which bears the actual protease
active sites and is flanked at one or both ends by the 195 regulatory particle to form the
26S proteasome [99]. Proteasome assembly requires the assistance of proteasome assembly
chaperones. In mammals, four evolutionarily conserved 19S regulatory particle assembly
chaperones (PACs), including p27, p28, S5b, and Rpn14/PAAF1, are needed for regulatory
particle assembly [98,100]. Formation of the proteasomal 20S core complex relies on the
function of the other five chaperones PAC1-PAC4 (proteasome assembly chaperones 1-4) and
POMP (proteasome maturation protein) [101,102].

Involvement of «B-crystallin in protein degradation pathways has also been discov-
ered. aB-Crystallin interaction with C8/a7, one of the 14 subunits of the 20S proteasome,
has been reported both in vitro and in vivo. This interaction is highly specific since C8/a7
does not bind to ocA-crystallin or HSP27 [103]. A mutation in aB-crystallin decreased Atg7
expression, which is a mediator of autophagosomal biogenesis [104]. «B-crystallin can also
promote the degradation of certain misfolded proteins that cannot be converted to their na-
tive state after repeated cycling through the chaperone systems by the proteasome [105,106].
The opposite role is played by HSP90, which interacts with and protects the transcription
factor SP1 from degradation in the ubiquitin-proteasome pathway [107].

Degradation of a protein by the UPS is typically mediated by ubiquitination of the
target protein, which involves the energy-dependent covalent attachment of the small
protein ubiquitin (Ub) to one or more lysines within the protein via the concerted action
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of three substrate-specific E1-E3 Ub-protein ligases [98]. Normally, the cell maintains
a balance between the formation of ROS and their neutralization [108]. Disruption of
redox homeostasis can lead to OS and the formation of oxidation products of proteins,
lipids, and other macromolecules [109]. Proteasomal degradation of oxidized proteins
mainly occurs in the cytosol, which is zone of greatest production of oxidized proteins. On
the other hand, the nucleus is well protected against the formation of oxidized proteins
and their accumulation, as a result the high proteasome content [110]. Among these
proteins, only slightly oxidized forms of proteins re suitable substrates for the proteasome.
Highly oxidized proteins are likely to exist in stable aggregates due to covalent cross-links,
disulfide bonds, or hydrophobic interactions. Such proteins aggregate, together with
oxidized lipids, thereby forming LF granules. They are no longer suitable as a substrate
for proteasomes and are degraded by lysosomes [111]. Human AMD donor RPE in which
OS is activated exhibited a significantly higher content of the proteasome as well as HSP27
and HSP90 [112].

6.2. Phagocytosis

POS discs are constantly shed and subsequently phagocytosed by the RPE before new
outer segments are constructed at the cilium. RPE cells are the most active phagocytic
cells in the human body, and defects in the phagocytic process lead to impaired retinal
function [113].

The process of POS phagocytosis is triggered by ligand secretion by the RPE, which
provides specific binding of the POS discs to the RPE apical membrane. One of these ligands,
milk fat globule-EGF8 (MFGES), binds to exposed phosphatidylserines on POS fragments,
bridging them to aVb5 integrin receptors on the apical surface of the RPE [114]. This
binding initiates two downstream signaling cascades. On the one hand, it stimulates Mer
receptor tyrosine kinase (MERTK) via aVb5 integrin-associated focal adhesion kinase [115].
On the other hand, it activates RAC1-GTPase [116], which leads to F-actin recruitment to
the phagocytic cup.

The rearrangement of cytoskeletal filamentous actin RPE (F-actin) is required for
POS internalization [117]. The phagocytic cup, formed by the ordered aggregation of
F-actin in combination with POS, is the key to the initiation of phagocytosis [118]. Cyclic
TCP-1 complex, also known as chaperonin-containing TCP-1 (CCT), consists of eight
parallel subunits (CCT1-8) [119]. A recent study showed that CCT is required for efficient
assembly of actin myofilaments [120], and CCT5-specific ATP binding is required for
efficient actin folding [121]. In addition, CCT5 controls lysosome biogenesis through the
actin cytoskeleton [122]. The association of HSP90 with F-actin, but not with «-tubulin, is
important for phagosome formation. Silencing of HSP90 (siHSPP90) reduced expression
of cytoskeletal proteins and the phagosome marker (Rab5) and successfully diminished
phagocytosis in U937-derived macrophages [123].

Mesoderm development candidate 2 (Mesd or Mesdc2) has been identified as facilitat-
ing phagocytosis in the RPE. Mesd is an ER-located chaperone that facilitates the folding
of the low-density lipoprotein receptor-related protein (LRP) family [124]. Mesd is pre-
dominantly expressed in POS fragments, which are an ER-free cellular compartment [125].
It has been demonstrated that Mesd can be released from shedding POS fragments and
stimulates their phagocytosis by RPE cells binding to phagosomes [126].

It is known that most lysosomal RPE enzymes function within a narrow pH range in
the acidic environment of the lysosomal lumen [127]. The acidic luminal environment is
primarily created by the vacuolar-type H+-ATPase (V-ATPase), which pumps protons into
the lumen [128]. In RPE cells, CRYBA1/[3A3/Al-crystallin is found in lysosomes, where it
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functions as a regulator of endolysosomal acidification by modulating V-ATPase, to control
of both phagocytosis and autophagy. CRYBA/BA3/Al-crystallin 1 directly influences
lysosomal V-ATPase activity. Crosstalk between V-ATPase and mTORC1 is required for
the regulation of autophagy, and CRYBA1 regulates the activity of the mTORC1 signaling
pathway [129].

6.3. LC3-Associated Phagocytosis

A new type of phagocytosis has been described in the RPE, where the maturing
phagosome acquires microtubule-associated protein 1 light chain 3B (LC3B) classically asso-
ciated with macroautophagy. This hybrid autophagy—phagocytosis degradation pathway
is termed LC3-associated phagocytosis (LAP) [130-132]. Microtubule-associated protein 1
light chain 3B (LC3B) mediates the physical interactions between microtubules and com-
ponents of the cytoskeleton. LAP and macroautophagy both rely on the lipidation of LC3
to LC3II, which ensures its membrane link with double-membrane autophagosomes in
autophagy or single-membrane phagosomes in LAP. Lipidation of LC3 involves a complex
of Atg5-12 and Atgl6L; these factors act in cooperation as an E3-like enzyme to transfer
phosphatidylethanolamine (PE) to LC3 [133]. The lipidated form of the autophagy protein
LC3 binds to the phagosome in a manner dependent on Atg5 and Beclinl, but indepen-
dent of the autophagy preinitiation complex including the Ulk1/Atg13/Fip200 [134]. The
composition of the PI3K complex consisting of subunits involved in LAP also differs from
that of autophagy. The LAP complex contains the RUN domain protein Rubicon, while the
autophagy complex includes Atg14 [131]. Phagosomes require Atg5 to move through the
RPE and enter the lysosomal compartment for degradation. In addition to the degradation
of shed POS discs, this noncanonical form of autophagy supports optimal visual function
by supplying a portion of the retinoids required for chromophore synthesis [132].

LAP coexists in the RPE with canonical phagocytosis [132]. New adapter proteins
have been found that bind LC3, targeting specific organelles to lysosomes. One of them
is melanoregulin, which is specific for phagosomes [130]. Notably, only part of the POS-
phagosome is degraded by LAP. A significant portion of POS phagosomes are ubiquitinated
and, as a result, can be included in phagosomes that have LC3B, melanoregulin, or SQSTM1
as receptors.

In RPE cells, phagocytosis starts with the capture and ensheathment of POS by the
apical processes of the RPE. Ensheathment is stimulated by MERTK ligands, GAS6 and
PROS1, but not by V5 integrin receptor ligands, MFG-ES8 and vitronectin. Remarkably, the
ensheathment participates in POS fragmentation before their internalization. It is suggested
that MERTK activation is required for ensheathment-mediated POS fragmentation before
internalization [135].

In the RPE, LAP plays a necessary role in cell homeostasis through the optimal
clearance of phagocytosed POS fragments. LAP supports (1) the visual cycle by recycling
retinoids, (2) retinal metabolism (e.g., by metabolizing lipids to generate ketones), (3) lipid
homeostasis, and (4) the synthesis of anti-inflammatory lipids [132,136,137].

RPE cells use Rubicon (RUN domain and cysteine-rich domain containing Beclin
l-interacting protein) similarly to macrophages to stimulate LAP and efficiently degrade
phagocytosed cargo. It was found that Rubicon expression is highest in the morning during
the time of maximal POS degradation. The phagocytosis of outer segments activates EGFR
(epidermal growth factor receptor), suppressing autophagy. When exposed to starvation
stress, RPE cells activate autophagy, which impairs phagocytic degradation. Thus, RPE cells
maintain a balance between phagocytosis and autophagy, ensuring their long-term func-
tions and retinal homeostasis [138]. ARPE-19 cells are efficient at phagocytizing rod POS
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under both normal and high-glucose conditions. However, under high-glucose conditions,
ARPE-19 cells treated with oxidized rod POS fragments accumulated malondialdehyde
and LF and displayed altered LC3, GRP78, and caspase-8 expression compared with un-
treated and unoxidized rod POS-treated cells [139]. Thus, phagocytizing cells grown in
high glucose appear more prone to suffer a permanent oxidative insult than those grown
under normal conditions.

6.4. Autophagy

Autophagy is the catabolism of intracellular material in specialized cellular structures,
namely, lysosomes. Autophagy is involved in maintaining cellular homeostasis, adaptation
to stress, immune responses, and regulation of inflammatory processes.

In mammals, three main autophagic pathways target substrates for lysosomal degra-
dation. Macroautophagy involves the formation of autophagosomes, double-membrane
vesicles, to transport substrates to lysosomes for degradation. In chaperone-mediated au-
tophagy, lysosomal degradation is regulated by the interaction between lysosomal receptor
LAMP2 (lysosome-associated membrane protein 2) and chaperone Hsc70, facilitating the
selective access of substrates with the target motif to the lysosome. In microautophagy,
lysosomal degradation is the simplest, involving the direct invagination and sequestration
of substrates into the lysosome [140].

6.4.1. Macroautophagy

Protein aggregates, cellular organelles, and protein complexes in signaling cascades
are typically degraded through selective autophagy. Selective autophagy uses autophagy
receptors that bind to specific structural elements of the protein or organelle that must be
eliminated [141]. Ubiquitin modification is also part of the signal that marks cellular compo-
nents for destruction. Autophagy receptors, such as SQSTM1/p62, NBR1, and optineurin,
contain domains that recognize ubiquitin and unfolded protein structural elements in
cargo [142-144]. After receptor binding, the cargo is chaperoned to the autophagosome
where it is degraded. The autophagosome is decorated by ATGS8 (autophagy-associated pro-
tein 8)/LC3 (microtubule-associated protein 1A /1B-light chain 3), which are recognized by
the LIR (LC3-interacting regions) motif that is present on all autophagy receptors [30]. The
RPE phagocytizes and degrades the POS in autophagosomes. The process of autophago-
some formation includes initiation and elongation phases, during which an insulating
membrane is formed. This membrane grows during the nucleation phase to form the
mature autophagosome. Fusion of the autophagosome with lysosomes will allow the
engulfed material to be degraded during the degradation phase [145]. All stages of the
process from induction to autophagosome formation and its fusion with the lysosome are
regulated by members of the ATG family of proteins. More than 35 ATG genes have been
identified that control the autophagy process [146].

The RPE maintains basal autophagy for cellular homeostasis, with autophagic varia-
tions common in aging and diseased cells [55,62,147]. Hypoxia, OS, the unfolded protein
response, and inflammation are typical inducers of autophagy [11,147-149]. These condi-
tions are also associated with RPE aging and AMD. In the RPE, p62 promotes autophagy
and simultaneously enhances an Nrf2-mediated antioxidant response to protect against
acute OS [150]. Members of the Bcl-2-associated anthanogen (BAGs) may be also cytopro-
tective by inducing autophagy [151].
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6.4.2. Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) degrades the proteins that have a specific tag
related to pentapeptide KFERQ [152]. These proteins first bind to cytosolic chaperone hsc70
and its co-chaperones to unfold, then bind to lysosomal membrane protein LAMP-2A, and
are directly translocated across the lysosomal membrane, without requiring the formation
of intermediate vesicles or membrane deformation [153,154].

Molecular chaperones (Hsp70, Hsp40, and Hsp90) can form a complex with their
transcription factor HSF1 in the cytosol. Upon binding misfolded proteins Hsp70, Hsp40,
and Hsp90 dissociate from HSF1, which is activated via phosphorylation, and are trafficked
to the nucleus to increase chaperone expression. The substrate proteins in the cytosol are
selectively bound by the KFERQ-motif with chaperone proteins and transported to the lyso-
somal lumen via CMA. In the lysosome, the substrate proteins are digested and degraded
by lysosomal enzymes. The KFERQ-motif is a conserved peptide sequence in the target
proteins recognized by cytosolic Hsc70 and chaperoned into the lysosome via the LAMP-2A
channel. LAMP-2A is the key component of chaperone-mediated autophagy. LAMP-2A
organizes into specific protein complexes at the lysosomal membrane. HSP90 regulates the
stability of lysosome-associated membrane protein-2a (Lamp-2a) in the process of CMA.
The central regulator of this degradation pathway is constitutively expressed heat shock
protein 70 (HSC70). It recognizes the KFERQ motif in protein sequences and stimulates
protein translocation across membranes [155]. There is a group of chaperone proteins that
interact with HSC70 and regulate its activity or may themselves act as chaperones. They
include heat shock protein 40 (HSP40), which stimulates the ATPase activity of HSC70;
HSC70-interacting protein (HIP), which stimulates complex assembly; heat shock protein
90 (HSP90), which can refold unfolded proteins and/or prevents the degradation of un-
folded proteins from aggregating; and organizing protein HSC70-HSP90 (HOP), which
binds the HSC70-HSP90 chaperones [156,157]. The chaperone complex is associated with
the target protein and LAMP-2A on the cytosolic surface of the lysosomal membrane. The
main function of chaperones is unfolding the target protein before its transport through the
lysosomal membrane [158]. Lys-hsc70 induces disassembly of LAMP-2A from the 700 kDa
complex once the substrate has crossed the membrane, and lys-hsp90 stabilizes LAMP-2A
during its transition from monomeric to multimeric forms [159].

The main integral transmembrane protein of lysosomes, LAMP-2, is represented by
three isoforms. All of them have a short C-terminal cytoplasmic domain (11 amino acids),
one transmembrane domain, and a large, highly glycosylated luminal domain. LAMP-
2A, B, and C, share an identical lumenal region, but differ in their trans-membrane and
cytosolic domain [160,161]. Only the cytosolic domain of LAMP-2A is recognized by the
CMA substrates [162]. Organization of LAMP-2A into multimeric complexes, required for
CMA activation, only occurs outside the cholesterol-rich microdomains of the lysosomal
membrane, whereas the LAMP-2A located within these regions is susceptible to proteolytic
cleavage and degradation [163].

CMA is activated under OS, prolonged nutrient deprivation, or exposure to toxic
compounds that induce protein damage [164,165]. The first CMA regulation point is
constituted by the target proteins that become more accessible after oxidation [166]. This
is at least partly due to the fact that oxidized proteins are more easily unfolded, which is
necessary for their translocation across the lysosomal membrane [167]. Post-translation
modifications on substrate proteins not only generate a KFERQ-like motif, but also change
the state of exposure of the KFERQ-like motif so that Hsc70 can recognize or de-identify
the substrate proteins [168]. Another CMA regulation point is LAMP2A. Oxidation makes
lysosomes more active in CMA due to increased LAMP-2A in the lysosomal membrane and
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HSC70 in the lysosomal lumen [166]. It is LAMP-2A that regulates CMA activity [165,169].
A portion of full-sized LAMP-2A resides within the lysosomal lumen, perhaps complexed
with lipids. These molecules are able to reinsert into the lysosomal membrane when CMA
is activated [170]. In addition, the degradation rate of LAMP-2A can be regulated through
the activity of lysosomal cathepsin A [169]. Lys-Hsp90 plays a role in maintaining LAMP2A
stability, while Lys-Hsc70 induces LAMP2A to disassemble for a new cycle [159]. In
rainbow trout, activation of CMA upon high-glucose exposure was mediated by generation
of mitochondrial ROS and involved the antioxidant transcription factor Nrf2 [171]. It was
demonstrated that the signaling mediated by P2X7, a member of the purinergic family of
receptors, can increase Hsc70 and LAMP2A mRNA levels, allowing LAMP2A association
with the lysosomal membrane under inflammation conditions [172]. In humans and mice,
NREF2 performs a positive regulatory function for CMA through binding to the regulatory
elements in the LAMP2 gene and enhancing its transcription [173]. However, signaling
mediated by the RAR (retinoic acid receptor-«) has been shown to negatively regulate the
transcription of CMA components, including LAMP2A [174].

In addition, the lysosome-associated form of GFAP (glial fibrillary acidic protein) has
been shown to stabilize the multimeric translocation complex in response to starvation
or OS. In this case, GTP mediates the release of EFlx from the lysosomal membrane,
promoting the self-association of GFAP and disassembly of the CMA translocation complex,
thereby reducing CMA [175].

Moreover, lysosomal Akt and kinase TORC2 (target of rapamycin complex 2) regulate
the activity of CMA by controlling the dynamics of assembly and disassembly of the CMA
translocation complex on the lysosomal membrane [176].

6.4.3. Microautophagy

Microautophagy is a catabolic process, in which the dysfunctional or superfluous pro-
teins and organelles are delivered directly to the endosomal or lysosomal lumen [177,178].
Microautophagy is classified as non-selective bulk degradation, which occurs under con-
ditions of starvation and provides essential nutrients for cell survival [141]. This process
largely depends on the endosomal sorting complexes required for transport (ESCRT) I and
III systems and the protein chaperone, hsc70 [179].

Only microER-phagy has been identified in mammalian systems [180]. Mammalian
microautophagy pathways all direct their cargo to late endosomes/multivesicular bodies
(LEs/MVBs) [181]. The degradation of cytosolic proteins in LEs/MVBs is referred to endo-
somal microautophagy. As in the case of CMA, endosomal microautophagy may require
recognition of a KFERQ-like motif by HSC70 [182]. HSC70 binds to phosphatidylserine in
LE/MVB membranes, triggering substrate internalization into the lumen via membrane
invaginations that form in an ESCRT-dependent manner. Cargo protein degradation can
occur in the LE/MVB compartment itself, although the bulk of degradation occurs after
LE/MVB-lysosome fusion [183].

7. Programmed Cell Death and Chaperones

The regulation of cell death and survival is under strict control in eukaryotic devel-
opment and tissue homeostasis. It is distinguished between accidental and programmed
cell death (PCD). PCD is mediated genetically and is tightly controlled [184,185]. Cell
death can be induced by the genetically programmed suicide mechanisms of apoptosis,
necroptosis, and pyroptosis, or it can be a consequence of dysregulated metabolism, as in
ferroptosis [186,187].
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The death of RPE and other eye tissues occurs through apoptosis, necrosis, pyroptosis,

and ferroptosis pathways (Table 1) under stress conditions, with aging, or as a result of
pathological processes [188-191].

Table 1. Main features of major types of programmed cell death (modified from [184,192-195]).

Characteristics Apoptosis Necroptosis Ferroptosis Pyroptosis
Cell Shrinkage Swelling Rounding up Bubbling
Plasmatic . . Lack of rupture
membrane Blebbing Pore formation and blebbing Rupture
Morphology Subcellular Pseudopod Necrotizing R;;%?;ﬁ;;f(;ﬁfr Pyroptotic
structures retraction bodies bodies
membrane
. . Modera’Fe Lack of Chromatin
Nuclei Fragmentation chromatin . .
. condensation condensation
condensation
Caspase3/7 RIPK1,3 i‘;ﬁ;ﬁ;ﬁgﬁ ngg 3
Activated /increased markers Cytochrome C MLKL .. 1
release PS exposure Lipid peroxidation Pro-caspase-1
MAP kinases Gasdermin D
Engulf cells by
phagocytes Cell lysis . Cell lysis
Outcome without Inflammation Inflammation Inflammation
inflammation

Abbreviations: ASC—apoptosis-associated speck-like protein containing a CARD; MLKL—pseudokinase mixed
lineage kinase-like; NLRP3—inflammasome; PS—phosphatidylserine; RIPK—receptor-interacting kinase.

7.1. Apoptosis

The development of apoptosis is associated with an inhibition of growth and divi-
sion, leading to controlled death without a leakage of its contents into the environment.
Apoptosis is initiated by the activation of a chain of caspases, which belong to the class of
cysteine-aspartic proteases [196].

Cell damage activates initiator caspases (caspases 8 and 9), which trigger the activation
of effector caspases (caspases 3, 6, and 7). Apoptosis leads to DNA and nuclear fragmenta-
tion, cytoskeletal destruction, and the formation of apoptotic bodies. This process can be
triggered through intrinsic and extrinsic signaling pathways. The intrinsic pathway, which
is OS dependent, is associated with mitochondrial dysfunction and depends on factors
secreted by mitochondria [196]. The extrinsic apoptosis pathway is activated after binding
of the TNF1 to Fas-associated death receptors. The chain of reactions then activates caspase-
8, which induces caspase-3-based apoptosis [197]. Bax translocation to mitochondria is
mediated by signals from c-Jun N-terminal kinases and p38 mitogen-activated protein
kinase in OS [198,199].

RPE cells constitutively express members of the sHSP family xA- and aB-crystallin,
which can function as anti-apoptotic proteins induced during OS [200,201]. Under OS
conditions, the antioxidant activity of chaperone proteins «A and oB crystallins increases,
which prevents OS-mediated apoptotic cell death of RPE cells. In the RPE cells of mice
with the aA-crystallin or aB-crystallin gene knocked out, the accumulation of ROS was
followed by the degeneration of retinal photoreceptors under conditions of experimentally
simulated OS [202,203].

It is proposed that aB-crystallin may inhibit apoptosis through interaction with p53,
preventing its translocation to mitochondria and blocking the apoptotic signaling [204]. p53
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is involved in the initiation of the calcium-activated RAF/MEK/ERK signaling pathway of
apoptosis, which can be suppressed by aB-crystallin via inhibition of RAS activation [201].
aB-Crystallin interacts directly with the pro-apoptotic members Bax and Bcl-XS and P53
polypeptides in vitro and in vivo, with sequestration of these proteins preventing the
translocation to mitochondria and hence suppressing apoptosis [205,206]. Exogenously
added recombinant human «B-crystallin was taken up by stressed cells and protected these
cells from apoptosis by inhibiting caspase-3 and through poly (ADP-ribose) polymerase ac-
tivation [207]. A 20-mer functional chaperone peptide («B-crystallin peptide) derived from
the amino acid residues 73-92 (DRFSVNLDVKHFSPEELKVK) of aB-crystallin protects
RPE cells from OS-induced cell death by inhibiting caspase-3 activation [70,208].

The functions of ATP-independent chaperone HspB1 in RPE cells consist of blocking
signaling pathways that trigger caspase-dependent apoptosis [209]. HspB1 is among
the first chaperones to be activated in RPE cells under OS conditions, which decreases
the level of ATP. These events are accompanied by the blocking of the external receptor-
dependent pathway of cell death mediated by tumor necrosis factor receptors (TNFRs)
and the internal mitochondrial signaling pathway. Then, after partial RPE cell recovery,
ATP-dependent chaperone HSP70 is activated [209]. Hsp70 inhibits the formation of a
functional apoptosome by interactions with Apaf-1. Hsp70 protects against the forced
destructive action of caspase-3 and prevents the translocation of Bax from the cytoplasm to
the mitochondria [210,211].

Hsp90 can prevent the formation of the apoptosome complex by inhibiting the
oligomerization of Apaf-1 [210]. HSP90 regulates Akt activated by vascular endothe-
lial growth factor (VEGF) and neuroprotectin D1 (NPD1) in the RPE in response to OS by
inhibiting the signal cascade of dephosphorylation [212,213]. Akt is involved in the I3K-
AktmTOR pathway, and its activation mainly occurs in the Nrf2-related response to OS and
blocks autophagy. Proteasome inhibitors can enhance the autophagy process by inhibition
of the PI3K-Akt-mTOR pathway, which makes it possible for them to be considered as
therapeutic agents for enhancing anti-oxidative defense in human RPE cells [214-216].

The Hsp27 low-molecular-weight chaperone protein can maintain mitochondrial
stability and redox homeostasis in cells and interacts with the apoptotic signaling pathways
at many stages. Its activation leads to the blocking of Ca?*-induced apoptosis, which is a
result of the suppression of caspase-3 functions and the prevention of cytochrome C release
from Bcl-xS in the cytoplasm. HSP27 is also involved in the stabilization of Akt [217,218].

In addition to HSPs, other chaperones with anti-apoptotic functions are also known,
for example, members of the Bcl-2-associated anthanogen (BAG) and clusterin (Clu) fam-
ilies [219,220]. Some of these proteins, such as BAGs likely serve to inhibit apoptosis by
acting as co-chaperones for other proteins like HSPs, although there is recent evidence that
BAGs may be cytoprotective by inducing autophagy [151,221].

7.2. Necroptosis (Regulated Necrosis)

Necrosis is activated by the production of proinflammatory factors, which leads to the
destruction of the cell membrane. The necrotic pathway is initiated by the binding of TNF
(tumor necrosis factor) to death receptors on the cell membrane, which is mainly controlled
by RIP (receptor-interacting protein kinases) in the absence of caspase-8. Autophospho-
rylation of RIPK1 and RIPK3 leads to the formation of necrosomes, which are associated
with mitochondrial dysfunction, leading to cell death [190,222,223]. In the RPE, the main
characteristics of necrosis are ATP depletion and RIPK3 protein aggregation, cell swelling,
and loss of cell membrane integrity under OS conditions [222,223].
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Necroptosis is considered as regulated necrosis dependent on RIPK3 and MLKL
(mixed lineage kinase domain) proteins. Caspase-8 activity can suppress this type of
cell death by cleaving RIPK1 and RIPK3 [224]. The elimination of caspase-8 and FADD
leads to autonomous activation of RIPK3 and MLKL that initiates the process of necrop-
tosis [186,225]. It is interesting that RIP-mediated necroptosis becomes the predominant
form of cell death after caspase inhibition. Therefore, necroptosis may serve as a backup
mechanism along with apoptosis in various retinal diseases [226]. RPE cells respond
to necrosis by enhanced producing of inflammatory cytokines that cause increased cell
permeability. Necrosis-induced production of inflammatory cytokines in RPE cells have
been demonstrated partially mimicked by recombinant HSP90 [227]. Inhibition of HSP90
by CDDO (synthetic triterpenoid, 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid) blocked
necroptosis by inhibiting the activation of RIPK1 kinase [228].

7.3. Pyroptosis

Pyroptosis is an inflammatory form of cell death executed by gasdermins (GSDMs), a
family of transmembrane pore-forming proteins activated via inflammasome-dependent or
inflammasome-independent pathways [229].

Inflammasome activation is related to lysosomal destabilization. Inflammasomes
contain the NOD-like receptor family pyrin domains, which are involved in initiating
immune cell death by activating apoptotic or pyroptotic pathways in RPE cells [230-232].
Inflammasome priming by IL-1c, C5a, or medium conditioned by pyroptotic cells increased
the susceptibility of RPE cells to photooxidative damage-mediated cell death and switched
the mechanism of induced cell death from apoptosis to pyroptosis [56]. Two types of cell
death, including pyroptosis and apoptosis, were activated in RPE cells after prolonged
inflammasome activation induced by the drusen component of amyloid-beta (A(3) [231].
All-trans retinal-derived A2E (bis-retinoid N-retinyl-N-retinylidene ethanolamine) of LF
granules activates NLRP3 inflammasome to trigger pyroptosis or apoptosis of ARPE-19
cells [233].

Inflammasomes in the caspase-1-dependent pathway play an important role in trigger-
ing pyroptosis. The process is initiated by binding to proteins of the NLPR1, NLPR3, and
NLPR4 (NOD receptor family) by inflammasomes, which activates caspase-1 with ASC as
an adaptor protein. Caspase-1 promotes the cleavage of propyroptotic factor gasdermin
D, producing an N-terminal fragment that induces cell death. Pyroptosis can be also acti-
vated independently of caspase-1. In this case, human caspase-4/5 and mouse caspase-11
promote the cleavage of gasdermin D to activate pyroptosis [191]. The NLRP3 inflamma-
some is a central regulator of inflammation and its activation has been associated with
several age-related diseases, such as AMD, diabetic retinopathy, uveitis, and others [234].
4-Hydroxynonenalis is one of the primary end products during LPO, which accumulates in
RPE cells in AMD [235]. 4-HNE induces IL-6, IL-13, and TNF-« production by promoting
the extracellular efflux of HSP70 [236]. HSP70 affects inflammation by functioning as a
negative regulator of the NLRP3 inflammasome [237].

HSP90 is a crucial chaperone protecting NLRP3 from destruction, keeping it intact
but ready to be activated [238]. The inhibition of Hsp90 by TAS-116 (4-(1H-pyrazolo[3,4-
b]pyridine-1-yl)benzamide) could prevent NLRP3 activation-dependent IL-1 release from
RPE cells [239]. It is speculated that Hsp90 can assist in NLRP3 activation by stabilizing
the P2X7 receptor [240]. Previously, it has been shown that Hsp90 inhibition can reduce
NLRP3 inflammasome activation in RPE cells and that this effect relies on the activation of
autophagy [241].
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7.4. Ferroptosis

Ferroptosis is a cell death mode associated with LPO of polyunsaturated fatty acids
leading to plasma membrane rupture. This form of death is characteristic of RPE cells
due to their participation in the phagocytosis of POS, which constitute a major source
of intracellular ROS and polyunsaturated fatty acids. The core metabolic mechanisms of
ferroptosis are LPO and an imbalance of iron homeostasis [242]. Autophagy regulates fer-
roptosis by regulating cellular iron homeostasis and cell ROS production [243]. Ferroptosis
is a major pathological process in OS-mediated RPE degeneration in cases of AMD, diabetic
retinopathy, and others [244-246].

Recently, the involvement of chaperones in the induction and regulation of ferroptosis
has been extensively reviewed [247]. The HSP90 family may act on GPX4 (glutathione
peroxidase 4) and inhibit its antioxidant capacity [248]. The HSP90 family then participates
in the regulation of ferroptosis through GSH/GPX4 pathway and inhibits LPO, therefore
influencing ferroptosis [249]. HSP90 has also been identified as an important molecular
chaperone that mediates the degradation of Gpx4 during ferroptosis, while suppressing
ferroptosis in mouse neuronal HT-22 cells (mouse hippocampal neuronal cell line) [228]. A
recent study has also demonstrated that overexpression of HSPA5 can negatively regulate
ferroptosis by limiting Gpx4 degradation and LPO [250]. The upregulation of HSPA5
increases the expression and activity of GPX4, while GPX4 protects glioma cells from
ferroptosis by neutralizing DHA-induced LPO [251]. The IP3R-HSPA9 (also known as
GRP75)-voltage dependent anion channel 1 (VDAC1) complex bridges the gap in the
mitochondria-associated membranes and establishes a platform for the transmission of
ferroptosis signals from the ER to the mitochondria [252]. These findings establish a direct
connection between the ER and the mitochondria mediated by calcium signals, with the
ER acting as the initiator and the mitochondria as the effector of ferroptosis.

Overexpression of DNAJB6 (HSP40 family member) enhances the degradation of GSH,
downregulates GPX4, enhances LPO, and promotes ferroptosis in esophageal squamous
adenocarcinoma [247,253].

HO-1(HSP32), member of the sHSP family, has an anti-ferroptosis effect in human renal
tubular epithelial cells, protecting AKI from ferroptosis by promoting GSH depletion [254].
Another member of this family HSPB1 also plays an integral role in ferroptosis. HSPB1
is considered to be a negative regulator of iron accumulation and uptake in fibroblasts or
cardiac cells [227,255].

Under conditions of ferroptotic stress, there is an augmentation in the interaction
between sigma non-opioid intracellular receptor 1 (SIGMARI, also known as 01R), a
molecular chaperone situated in the mitochondria-associated membranes, and inositol
1,4,5-trisphosphate receptor (ITPR). This enhancement prompts an exchange of calcium ions
between the ER and the mitochondria, thereby intensifying sensitivity to ferroptosis [252].

8. Extracellular Vesicles and Chaperones

RPE is a polarized epithelium that performs a barrier function, being located between
the neural retina and the choroid. Extracellular vesicles (EVs) play an important role in
the RPE interaction with adjacent tissues. They represent heterogeneous group of the
extracellular particles that are delimited by a lipid bilayer and cannot replicate on their
own. There are a number of EV subtypes (in particular, exosomes, which are a kind of small
EV). EVs carry RNA, lipids, and proteins, such as heat shock proteins [256]. Exosomes
released from the apical surface of the RPE cells contain aB-crystallin which may provide
neuroprotection to neighboring photoreceptor cells [203]. Another function of aB-crystallin
is inhibition of b-amyloid fibril formation. Minipeptides derived from «B-crystallin have
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been identified as anti-apoptotic agents in addition to their chaperone function [79]. «B-
Crystallin is also a modulator of angiogenesis and vascular endothelial growth factor [79]. It
is supposed that aB-crystallin controls the fusion of multivesicular bodies with the plasma
membrane and the release of the exosomes [257].

In AMD, the secretion of RPE-derived EVs is enhanced to mediate OS, inflammation,
angiogenesis, amyloid fibril formation, and drusen accumulation [258]. Extracellular
microparticles enhanced senescence and interrupted phagocytic activity of RPE to lead
to its degeneration [192]. In addition, stressed RPE cells released exosomes with a higher
expression of VEGFR in the membrane and enclosed extra cargo of VEGFR mRNA. These
exosomes may stimulate angiogenesis in choroids and during the healing of diabetic
wounds [259]. Exosomes can also transport anti-inflammatory drugs to microglia, inhibit
neuroinflammatory responses, and play a neuroprotective role in photoreceptor cells [260].
The cumulative evidence presented in recent review underscores the pivotal role of EVs in
the onset and progression of retinal degenerative diseases (AMD, DR) [261].

9. Conclusions

The universal function of the RPE is the constant phagocytosis of the photoreceptor
outer segment (POS) discs, which has led to the emergence of a unique form of phagocytosis
without the formation of autophagosomes. The homeostatic balance of RPE cells is ensured
by close interaction of endogenous defense systems indispensable to the health of the neural
retina. Fine regulation of proteostasis and autophagy processes is primary to guarantee RPE
homeostasis, protecting it from oxidative damage and protein accumulation. The redox
balance in the RPE is largely dependent on autophagic clearance, which is a pleiotropic
process by which cells deliver cytoplasmic components to the lysosome for degradation.
Impaired autophagy significantly contributes into the development of RPE dysfunctions
and photoreceptors degeneration in neural retina.

It is obvious that autophagy involves multiple mechanisms that use different path-
ways to maintaining cellular homeostasis, adaptation to stress, and regulation of immune
responses and inflammatory processes. Analysis of scientific data demonstrates the multi-
faceted role of autophagy and much more specific endogenous selectivity of this process for
the intracellular degradation and removal of destroyed and harmful components such as
mitochondria (mitophagy), endoplasmic reticulum (ERphagy), peroxisomes (pexophagy),
liposomes (lipophagy), and aggregated proteins (aggregophagy). Autophagy balance can
act as an important switch between programmed and unprogrammed cell death.

Most of the chaperones are components of the molecular network of HSPs and their
accessory proteins. HSPs promote cell survival through protection against changes in the
cellular redox homeostasis, are implicated in junctional biogenesis, and can be responsible
for the selective assembly of different junctional complexes. Recent studies have shown
that various chaperones and co-chaperones are involved in the organization of the actin
cytoskeleton, which is important for maintaining the stability of cell differentiation. HSPs
can trigger or modulate multiple signals. HSP signaling pathways largely depend on the
intensity of OS and on the state of RPE cells and demonstrates the possible use of alternative
signal pathways.

The most of the molecular targets and signaling pathways of HSPs remain largely
obscure. The extensive cross-talk between HSP signaling pathways and OS producers
and mediators that control cellular response is problematic. This is due to the fact that
HSPs integrate various mechanisms of endogenous defense systems into an overlapping
molecular and genetic regulatory network and can perform oppositely directed functions.
These proteins are involved in the regulation of proteostasis and maintenance of RPE cell
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viability, as well as in cell death signaling pathways. This makes it difficult to target the
signaling to modulate autophagy processes and largely explains the controversial questions
regarding insufficient selectivity and side effects of the HSPs activators or blockers for neu-
roprotection. Targeting HSPs may negatively affect other cell life support mechanisms and
should be aimed at dissecting downstream signaling pathways. The multifaceted functions
of molecular chaperones, HSPs, and their isoforms, co-chaperones, and HSP coinducers, as
well as the spectrum of specific client proteins, at each step of proteostasis are still poorly
understood. Understanding how HSPs in the RPE are regulated by both transcriptional
and post-transcriptional mechanisms will promote the details of pathogenetic pathways
of different forms of autophagy in RPE proteostasis in retinal disorders and shed light
on potential strategies to treat visual impairments. The impact on molecular targets for
autophagy by blocking the production of ROS or activating an endogenic defense requires
knowledge on how to fine tune their participation in the regulation of the vital functions of
RPE cells.

Inflammation and oxidative stress are thought to play major causative roles in the
pathogenesis of many retinal degenerative diseases, such as age-related macular degen-
eration (AMD), diabetic retinopathy (DR), retinal vein occlusion, and retinitis pigmen-
tosa [262,263]. This is evidenced by the abundance of clinical and experimental data. The
current arsenal of strategies for neuroprotection uses antioxidant and anti-inflammatory
therapies that are aimed at reducing oxidative stress and its consequences in RPE cells,
which is usually accompanied by inflammatory processes, to prevent tissue damage.

Despite the common links in the pathogenesis of these diseases, they have their own
specific development of inflammatory processes, which is largely associated with the
intensity and duration of oxidative stress.

Alterations in autophagy processes are involved in the development of these oc-
ular pathologies. In most ocular diseases (AMD, glaucoma, and cataract), proteolytic
and autophagic capacity is attenuated, but excessive autophagic activity may accelerate
the development of DR. Therefore, treatments focused on the modulation of autophagy
processes in ocular RPE-related diseases could constitute a perspective therapeutic inter-
vention [264,265]. It is important to emphasize that the effectiveness of autophagy-targeting
drugs may have low specificity [266] since the targets are involved in multiple signaling
pathways. In addition, the cross-talk between these pathways is not fully understood.
Future studies using metabolomic approaches could identify and explore specific novel
molecular targets that could pave the way to the prevention and targeted treatment of
RPE-dependent retinal pathologies of specific diseases that lead to irreversible vision loss
and blindness.
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Abstract: Oxidative stress and its relationship to fertility and reproduction is a topic of interest in
medicine, especially in the context of the effects of trace elements and micronutrients. Oxidative stress
occurs when there is an excess of free radicals in the body, which can lead to cell and tissue damage.
Free radicals are reactive oxygen species (ROS) that can be formed as a result of normal metabolic
processes, as well as under the influence of external factors such as environmental pollution, UV
radiation, and diet. Oxidative stress has a significant impact on fertility. In men, it can lead to
DNA damage in sperm, which can result in reduced semen quality, reduced sperm motility and
increased numbers of defective sperm, and free radical damage to sperm cell membranes causing
a reduction in the number of available sperm. In women, oxidative stress can affect the quality
of female reproductive cells, which can lead to problems with their maturation and with embryo
implantation in the uterus and can also affect ovarian function and disrupt hormonal regulation
of the menstrual cycle. A proper balance of trace elements and micronutrients is key to protecting
against oxidative stress and maintaining reproductive health. Supplementation with appropriate
elements such as zinc, selenium, copper, manganese, chromium, and iron can help reduce oxidative
stress and improve fertility. This work discusses the effects of selected elements on oxidative stress
parameters specifically in terms of fertility and reproduction.

Keywords: fertility; oxidative stress; reproduction; trace elements

1. Introduction

Oxidative stress (OS) occurs when the production of free radicals surpasses the body’s
antioxidant defenses. Reactive oxygen species (ROS) such as hydroxyl radicals (*OH),
superoxide anion radicals (O,°"), and hydrogen peroxide (H,O,) are highly reactive
molecules that damage cellular components to balance their electron shortage [1,2]. The
excessive production of ROS can coincide with an increased formation of reactive nitrogen
species (RNS), resulting in oxidative/nitrosative stress, a condition commonly observed
in a range of human diseases [3]. To counteract surplus ROS, cells have developed a
comprehensive antioxidant defense system comprising both enzymatic antioxidants, such
as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidases (GPx), and
non-enzymatic antioxidants [3]. Antioxidants can also be categorized by their origin,
including those synthesized endogenously, such as enzymes and small molecules, and
those acquired from the diet, such as phenolic compounds, flavonoids, phenolic acids,
carotenoids, vitamins, and trace elements (TE) [4]. TE, such as selenium (Se), manganese
(Mn), and chromium (Cr), and micro-minerals, such as zinc (Zn), iron (Fe), and copper
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(Cu), exhibit significant effects on reproductive health. Additionally, selenium, zinc, iron,
copper, and manganese can be integral to the function of antioxidant enzymes, playing a
vital role in sustaining enzymatic activity, and are also cofactors of many enzymes involved
in redox reactions [5-8]. Infertility has become a growing global health concern over the
last twenty years. Supplementing with specific trace elements can help mitigate oxidative
damage and improve the chances of successful conception and a healthy pregnancy [9]. A
healthy antioxidant system is essential for neutralizing ROS, protecting reproductive cells
and tissues, and supporting normal fertility. Despite the known link between oxidative
stress and unexplained infertility, effective treatments remain elusive. In this review, we
briefly discuss the links between oxidative stress, trace elements, and infertility.

2. Methods

We conducted an extensive literature search using the ISI Web of Science/PubMed /Science
Direct/Google Scholar databases containing information on the impact of trace elements
on oxidative stress in the aspect of reproduction and fertility. The following keywords were

7 77 7

used in the data search: (“fertility” and “trace elements”, “selenium”, “zinc”, “copper”,

o "o

“iron”, “manganese”, “chromium”); (“oxidative stress” and “reproduction” and “selenium”,

i VAT a7

“zinc”, “copper”, “iron”, “manganese”, “chromium”); (“oxidative stress” and “selenium”,
“zinc”, “copper”, “iron”, “manganese”, “chromium”); (“reactive oxygen species” and “fer-
tility” or “reproduction”).There were no restrictions in collecting the data. No language
restrictions were applied during the analysis. Rather, we tried to select articles from the last
20 years. After searching, we further examined the full texts of the literature to determine
eligibility for inclusion in this review. Editorials, conference abstracts, and studies with

incomplete or unavailable data were excluded.

3. Reactive Oxygen Species in Reproductive Health

The balance between oxidants and antioxidants is crucial for women’s reproductive
health. Elevated levels of ROS are crucial in several stages of the ovulation process, such
as cumulus expansion, progesterone synthesis, gene expression before ovulation, and
the initiation of ovulatory signals [10,11]. A balanced ROS level in follicular fluid not
only reflects healthy follicular metabolism but may also serve as a predictive marker for
the success of in vitro fertilization—embryo transfer [10]. Additionally, nitric oxide (*INO)
plays a vital role in maintaining various reproductive functions, including pregnancy,
at normal physiological levels [11]. However, excessive ROS levels can damage cellular
structures, impacting the environment of follicular, hydrosalpingeal, and peritoneal fluids,
thus affecting egg quality, fertilization, implantation, and early embryo development,
leading to oxidative stress-induced infertility [10-12]. Fertility declines with age, linked to
a decrease in ovarian function, to mitochondrial issues, and to ROS accumulation [12,13].
Furthermore, endometriosis and polycystic ovary syndrome are among the most common
diseases associated with infertility, and it has been suggested that they are linked to
increased levels of oxidative stress [11,14].

A substantial proportion of infertile men, ranging from 30% to 80%, exhibit elevated
levels of seminal ROS, highlighting the significance of assessing seminal oxidative stress in
male reproductive health evaluations [7,8]. It is crucial to note that molecules such as O,°~,
H,0O,, and nitric oxide (*NO) play pivotal roles at the onset of capacitation, serving as key
regulators to promote processes such as cholesterol efflux, cAMP production, and protein
tyrosine phosphorylation [15]. ROS contribute to increased membrane fluidity of spermato-
zoa and enhance the rates of sperm-oocyte fusion, which are critical during the capacitation
and acrosome reaction stages [8]. The impact of ROS on capacitation is dose-dependent [15].
While moderate levels are beneficial, excessive ROS activity in sperm may lead to infertility
by hindering the sperm’s ability to fuse with oocytes [8]. High levels of ROS can result in
sperm dysfunction due to DNA damage, lipid peroxidation, loss of membrane integrity,
cell death, diminished antioxidant levels, and ultimately, compromised sperm quality [1].
Sperm cells are particularly susceptible to oxidative stress because of their high polyunsat-
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urated fatty acids content in the membrane and their scarcity of cytoplasmic antioxidant
enzymes [1,7]. Mitochondria are a primary source of ROS in cells, with O,°~ being the
principal mitochondrial ROS produced in sperm [16]. The generation of mitochondrial
ROS is largely governed by the redox state of the respiratory chain complexes, including
proton pumps regulated by the mitochondrial membrane potential (MMP). Maintaining a
high MMP is essential for preserving chromatin structure, ensuring normal sperm mor-
phology, promoting high motility, and inducing the acrosome reaction [16]. Excessive ROS
production is linked to an increase in sperm subpopulations with low MMP among infertile
men, leading to DNA fragmentation, reduced sperm viability, and impaired mitochondrial
function, which decreases motility [1,15-17]. Another issue affecting male fertility is semen
hyperviscosity (SHV). SHV affects male fertility through various mechanisms, including
impaired sperm movement, inflammatory responses, oxidative damage, and alteration in
levels of trace elements, and poses challenges in assisted reproductive techniques [1]. RNS,
a subset of ROS, includes molecules such as peroxynitrite anions and *NO [16]. At normal
levels, RNS regulate various sperm functions such as capacitation, acrosomal reaction, and
binding to the zona pellucida. Elevated RNS levels can induce nitrosative stress, affecting
mitochondrial and sperm function by inhibiting electron transport chain components, alter-
ing protein functions through tyrosine nitration and S-glutathionylation, and disrupting
energy production, which may lead to apoptosis and necrosis [9,11,16].

4. Impact of Trace Elements on Oxidative Stress

Selenium plays a critical role in the body’s antioxidant defense system. In its inorganic
form, selenium primarily occurs as Se* and Se®* [18].Within living organisms, selenium is
encountered as selenoproteins (SePs) and possesses antioxidant capabilities. It is integral to
the structure of two essential amino acids, selenomethionine and selenocysteine. Selenocys-
teine is notably present in the catalytic centers of enzymes that exhibit antioxidant functions,
such as GPx and thioredoxin reductases [19-22]. GPx protects cells from oxidative damage
by reducing peroxides, harmful by-products of cellular metabolism that can damage cell
components such as lipids, proteins, and DNA [23]. A selenium-deficient diet results in
reduced GPx activity [24]. Thioredoxin reductase, a significant selenoenzyme, operates
alongside NADPH and thioredoxin within the thioredoxin system, offering antioxidant
benefits. The thioredoxin system plays a crucial role in mitigating oxidative stress by aiding
in the reduction of peroxiredoxin proteins, which eliminate hydrogen peroxide and are
oxidized in the process [25]. Selenoprotein P (SePP) functions as a redox protein and affects
the redox balance utilizing its thioredoxin domain to distribute selenium necessary for the
production of intracellular GPx [26].

Zinc is an essential micronutrient that plays a crucial role in the functioning of approx-
imately 300 metalloenzymes, including oxidoreductases, hydrolases, and ligases [27]. It
acts as a cofactor for these enzymes, and a deficiency in zinc can lead to reduced activity of
enzymes that depend on it [28]. Zinc also has antioxidant capabilities, effectively blocking
the formation of harmful radicals such as hydroxyl radicals (*OH) and superoxide radicals
(02°7) by competing with pro-oxidative metals such as iron (Fe?") and copper (Cu?*) [29].
Zinc is also a key component of superoxide dismutase, an essential enzyme that trans-
forms singlet oxygen radicals into hydrogen peroxide [30]. Moreover, it inhibits NADPH
oxidases, which are responsible for generating singlet oxygen radicals from oxygen using
NADPH [30,31]. Zinc stimulates the production of metallothionein, which neutralizes ROS,
and possesses potent anti-inflammatory and antioxidant properties, including inhibition of
tumor necrosis factor-alpha (TNF-«)-induced nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activation [30,32].

Iron that is not attached to proteins poses a significant risk to cells by promoting
oxidative stress [33]. Iron is an abundant transition metal in food, and in a healthy state,
the vast majority of iron within the body is safely incorporated into proteins such as
hemoglobin, myoglobin, transferrin, ferritin, and hemosiderin [6,34]. Iron is fundamentally
important in hematopoiesis, primarily for its role in hemoglobin synthesis [6]. In biological
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systems, Fe?* ions and H,O, participate in the Fenton reaction, resulting in the formation
of highly reactive hydroxyl radicals (*OH) and ferric ions (Fe**) [25,35]. Free iron acts as
a source of ROS, contrasting with Fe bound to proteins which has antioxidant properties.
The heme group, containing Fe®*, is the catalytic center of all four polypeptide chains of
CAT [36]. CAT is an enzyme belonging to the oxidoreductases class that facilitates the
conversion of hydrogen peroxide into water and oxygen [37].

Copper, existing in both Cu™ and Cu?* forms, serves as a vital cofactor for numerous
enzymes that play a role in electron transfer processes within metabolic pathways [38]. It is
known for both its pro-oxidant and antioxidant characteristics [39,40]. Copper participates
in a Fenton-like redox reaction that leads to the generation of ROS [6,41]. Exposure to
elevated levels of copper significantly decreases glutathione level which is an important
cellular antioxidant acting against this trace element toxicity [6]. Copper, alongside zinc, is
integral to the functioning of antioxidant enzymes such as SOD-1 and SOD-3 [42,43]. A
significant portion of copper found in blood plasma is incorporated into ceruloplasmin,
a protein known for its antioxidant capabilities [44]. Classified as an oxidoreductase,
ceruloplasmin’s activity is dependent on copper ions [45]. This protein plays a crucial role
in maintaining iron balance within the body by catalyzing the oxidation of Fe?* to Fe>* and
reduces the generation of *OH [46].

Manganese, particularly as Mn?* ions, is a crucial component of the active sites in
numerous enzymes [47]. It acts as a cofactor for various enzymes, such as manganese
superoxide dismutase (MnSOD), arginase, glutamine synthetase, phosphoenolpyruvate
decarboxylase, and pyruvate carboxylase [48]. MnSOD is found in mitochondria, where
it forms the primary defense against oxidative stress produced by mitochondrial respira-
tion [43,49]. This enzyme transforms superoxide anion radicals into hydrogen peroxide and
oxygen within the mitochondria. Moreover, manganese can indirectly affect the redox state
of iron, copper, and other transition metals, enhancing the production of mitochondrial
peroxide (H,O,) even at physiological levels [48].

Chromium exists mainly in trivalent (Cr**) and hexavalent (Cr®*) forms, with trivalent
chromium being significantly less toxic than its hexavalent counterpart. However, at high
concentrations or depending on its chemical ligands, Cr3* can still be toxic [50]. Inside cells,
chromium (VI) reduces to the more stable chromium (III), generating genotoxic intermedi-
ates responsible for its mutagenic and carcinogenic effects [8]. The reduction of Cr(VI) also
produces various reactive oxygen species, such as hydroxyl radicals, singlet oxygen, and
superoxide anions, leading to different types of DNA damage and oxidative stress, which
can result in lipid peroxidation, altered cellular redox states, and apoptosis [6,51]. Table 1
summarizes the mechanism of action of selected elements on oxidative stress parameters.

Table 1. Effects of selected elements on oxidative stress parameters.

Element I mp.act on Mechanism of Action Examples of Parameters/ Reference
Oxidative Stress Stressors
. Decreases I.t is part O.f the enzyme gh.ltéthlone . Decreased MDA levels,
Selenium . peroxidase, which neutralizes lipid peroxides . [19-26,52]
oxidative stress . increased GSH levels
and hydrogen peroxide
Zine Decreases Supports the function of antioxidant enzymes Reduced DNA damage, [27-32]
oxidative stress such as superoxide dismutase (SOD) reduced levels of ROS
Copper Decreases It is a cofactor of superoxide dismutase (SOD), Increased SOD activity, [39-44]
PP oxidative stress which neutralizes superoxide anions decreased in ROS levels
Maneanese Decreases Manganese-dependent superoxide dismutase Decreased MDA levels, [47-49]
& oxidative stress (MnSOD) cofactor increased MnSOD activity
Iron Increases Participates in the Fenton reaction, which Increased MDA levels, [25,33-36]
oxidative stress generates hydroxyl radicals DNA and protein damage !
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Table 1. Cont.

Element I mp.act on Mechanism of Action Examples of Parameters/ Reference
Oxidative Stress Stressors
Trivalent chromium (Cr(III)) is an essential
Decreases micronutrient that supports glucose and lipid Reduced ROS levels,
oxidative stress metabolism, which can indirectly reduce improved GSH levels
oxidative stress
Chromium ; dlevels of ROS [8,50,51,53]
Hexavalent chromium (Cr(VI)) is toxic and nereased feve's of BLS,
Increases . damage to DNA, lipids,
R can generate ROS through redox reactions, L
oxidative stress leading to cellular damage and proteins, increased
8 & levels of MDA

Abbreviations: GSH: glutathione; MDA: malondialdehyde; MnSOD: manganese-dependent superoxide dismutase;
ROS: reactive oxygen species.

5. Trace Elements in Reproductive Health

Selenium is a trace element that is naturally present in Brazil nuts, green vegetables,
shiitake and button mushrooms, and various seeds such as young barley seedlings. The
Recommended Dietary Allowance for selenium is established at 70 ug/day for men and
55 pg/day for women to maintain optimal health. Nonetheless, these recommended levels
are viewed as insufficient by some studies, which propose a minimum daily requirement
of 90 ug for adults. The World Health Organization sets the maximum safe intake level at
400 pg/day or 5.1 umol/day for adults 19 years and older, with intake above this threshold
potentially being harmful [54]. Selenium is essential for the activity of selenoproteins that
protect against oxidative damage [55]. This micronutrient, known for its antimutagenic
properties, helps prevent the transformation of normal cells into cancerous ones. Its
protective benefits are largely linked to its incorporation into GPx and thioredoxin reductase,
enzymes that are essential for safeguarding DNA and cellular components from oxidative
damage [12,56,57]. Functional selenium levels are crucial for thyroid hormone production
and DNA formation [57]. These processes significantly affect fertility and reproductive
outcomes. Despite limited research, evidence suggests selenium’s critical role in ovarian
follicle growth and maturity. Sodium selenite, a form of inorganic selenium, not only
enhances the growth of oocytes but also boosts the proliferation rate of theca and granulosa
cells [55]. In human studies, low levels of selenium in plasma, follicular fluid, amniotic
fluid, or tissues, as well as reduced concentrations or activity of GPx in tissues, have been
linked with unexplained infertility, miscarriage, preterm birth, and gestational diabetes [58].
Lower selenium levels in maternal blood are correlated with prolonged attempts to conceive
and a 46% higher chance of subfertility, even when accounting for various maternal and
paternal factors [57]. Only a limited number of studies have shown a link between female
fertility, selenium status, and the activity of selenium-dependent GPx. Women undergoing
in vitro fertilization (IVF) or experiencing unexplained infertility had lower selenium levels
in their serum and follicular fluid. A reduction in selenium-dependent GPx activity within
the follicular fluid has been linked to the lack of oocyte fertilization in women undergoing
IVF treatments [59]. In a study exploring the effects of sodium selenite, Abedelahi et al. [49]
found that selenium supplementation (with 5 or 10 ng/mL sodium selenite added to
the culture medium) significantly reduced ROS-induced oxidative stress and enhanced
the total antioxidant capacity (TAC) and GPx activity in derivedfromvitrified and non-
vitrified ovarian tissue. The growth rates of follicles, oocytes, and embryos were notably
higher in the selenium-supplemented groups. An interesting observation is that conditions
such as endometriosis and polycystic ovary syndrome, characterized by an excessive
production of ROS, may lead to a significant depletion of selenium due to its antioxidant
properties [55].The beneficial effects of selenium are crucial for the growth of testicles, the
production of sperm, the movement of spermatozoa, and testosterone secretion [5,54,60].
Increased dietary selenium intake has been correlated with higher sperm counts in the
semen of infertile men. Studies on selenium supplementation in infertile men have shown
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enhancements in testicular antioxidant capability, semen selenium levels, sperm count,
sperm shape and movement, and overall fertility [58]. Selenium may offer protection
against oxidative DNA damage in human sperm cells [56]. Research has shown that men
with normal sperm quality have significantly higher levels of glutathione (GSH) compared
to those with sperm defects, with a notable correlation between seminal GSH levels and
sperm motility [56]. GSH is a major intracellular antioxidant and has a protective role
against cytotoxic aldehydes from lipid peroxidation [56,60]. Additionally, the antioxidant
function of selenium may be a key factor in explaining the observed increase in lipid
peroxidation among infertile patients. Lower selenium levels in the seminal fluid of infertile
men have been associated with higher concentrations of malondialdehyde (MDA) in the
same individuals, indicating oxidative stress [56]. MDA, the final product of the oxidation
of polyunsaturated fatty acids, is a reliable and widely used biomarker for the assessment
of lipid peroxidation [2]. Chiti et al. [61] discovered that dietary selenium supplementation
led to a 3.7-fold increase in seminal total antioxidant capacity (TAC) levels and a 2.4-fold
reduction in sperm with non-progressive motility. The study also noted that selenium, zinc,
iron, copper, manganese, and chromium significantly affected the level of MDA in semen.
Yin et al. [62] studied the associations between oxidative stress indicators (MDA, SOD, and
GSH) in seminal plasma and the risk of idiopathic oligoasthenoteratozoospermia (OAT)
among 148 participants, including 75 cases of idiopathic OAT and 73 controls. They also
examined how these associations might be influenced by levels of essential trace elements
such as selenium, copper, and iron. There was a negative association between GSH levels
and the risk of idiopathic OAT in the high Se group, with no significant association in the
low Se group. Subgroup analyses showed a positive association between MDA level and
the risk of idiopathic OAT in the high Cu group, with no significant association in the low
Cu group. The researchers concluded that there is an association between these markers
of OS and OAT risk that may be influenced by Cu and Se levels in seminal plasma. The
available literature also includes studies in which no correlation was found between Se
content, semen parameters, and oxidative status [60].

Diet is a factor determining the level of zinc in the body, and the main sources of this
element are legumes, cereals, and meat products. The recommended daily requirement for
zinc is 2-3 mg in adults [63]. Recently, zinc has been identified as a crucial element neces-
sary for the completion of meiosis and egg activation in vitro, as well as for follicle rupture
and the completion of meiosis in vivo [64]. Zinc plays an antioxidant role in yak oocytes
by reducing levels of ROS. Nonetheless, a substantial decrease in ROS levels, resulting
from treatment with high concentrations of Zn, could negatively impact the development
of bovine embryos and the viability of human cultured cells. In a laboratory setting, ex-
cessively high concentrations of zinc that are not physiological can negatively impact the
development of embryos before implantation [64]. Zinc is involved in neutralizing free
peroxide radicals as part of superoxide dismutase (Zn-SOD), preventing the oxidation
of unsaturated fatty acids, regulating plasma vitamin A levels, and counteracting the
effects of harmful metals such as cadmium and lead in the ovaries [12]. Zn-SOD is present
in oocytes and pre-implantation embryos throughout their passage in the oviduct [64].
Anchordoquy et al. [65] discovered that the activity of SOD significantly increased fol-
lowing zinc supplementation, a change that was associated with improved embryonic
development. According to their in vitro research, zinc supplementation during oocyte
maturation enhanced SOD activity in cumulus cells, reducing DNA damage and apop-
tosis in these cells. As a result, the increased SOD activity helped protect the embryo
from oxidative stress through to the blastocyst stage. Xiong et al. [64] investigated the
impact of zinc supplementation on the maturation and developmental potential of yak
(Bos grunniens) oocytes during in vitro maturation. The researchers concluded that zinc
supplementation during the in vitro maturation process enhanced the maturation and
subsequent development of yak oocytes by increasing GSH and SOD levels and reducing
ROS levels in the oocytes, demonstrating a beneficial effect of zinc on oocyte quality and
developmental capacity. Polycystic ovary syndrome (PCOS) is a prevalent condition that
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impedes fertility. Women with PCOS are prone to various metabolic issues, including hor-
monal imbalances and elevated indicators of inflammation and oxidative stress. Research
indicates that taking magnesium and zinc supplements for 12 weeks, as compared to a
placebo, can positively impact serum high-sensitivity C-reactive protein (hs-CRP), plasma
MDA, TAC, and gene expression of interleukin-1 (IL-1) and TNF-o in women with PCOS.
However, this supplementation does not affect *°NO, GSH, MDA levels, or expression of
interleukin-8 (IL-8), transforming growth factor-beta (TGF-f3), and vascular endothelial
growth factor (VEGF) [66]. Zinc is involved in production of luteinizing, follicular, and
testicular hormones, with Zn levels significantly differing between fertile and infertile
men [7,60]. Chiti et al. [61] showed that zinc and iron intake positively impacted sperm
viability. Zinc is also known for its antioxidant properties and its role in stabilizing sperm
DNA and membranes. An elevated zinc level, in the absence of a specific seminal vesicle
zinc-binding agent, may hinder the process of sperm chromatin decondensation, potentially
leading to chromatin instability. Poor chromatin packaging or integrity is linked to sperm
DNA damage, elevating the risk of infertility and adverse pregnancy outcomes [1]. The
role of zinc in supporting antioxidant defense suggests that its reduction could make sperm
more susceptible to oxidative damage [60]. Nenkova et al. [60] detected lower levels of zinc
in men exhibiting poor sperm quality than in controls (men with normozoospermia). Fur-
thermore, these groups showed higher levels of MDA and lower levels of GSH, indicating
the presence of oxidative stress. Atgi et al. [56] conducted a study to analyze the antioxidant
content in the seminal plasma of men with varying fertility potential, focusing on GSH,
zinc, and MDA. The study included semen samples from fertile men (normozoospermics)
and infertile patients divided into three groups based on their infertility issues (astheno-
zoospermics, oligozoospermics, and teratozoospermics). The concentrations of Zn were
higher in normozoospermics compared to the infertile groups. Zn was positively correlated
with sperm motility and count. Total GSH (GSHt), reduced GSH (GSHr), and GSSG levels
were significantly elevated in normozoospermics compared to the infertile groups, with
significant correlations between GSH levels and sperm motility and count. MDA levels
were markedly higher in the infertile groups, with negative correlations to sperm motility
and concentration and a positive correlation with abnormal sperm morphology. The study
concluded that lower levels of semen GSH and deficiencies in trace elements are linked
to reduced semen quality, suggesting these may serve as important indirect biomarkers
for idiopathic male infertility. The measurement of reduced and oxidized thiol levels, as
well as the enzymes associated with them, can serve as a valuable approach for assessing
the oxidative/antioxidative balance in clinical and epidemiological studies, particularly in
relation to male fertility issues such as asthenospermia. Alsalman et al. [67] explored the
impact of zinc supplementation on semen qualities and certain biochemical markers in men
with asthenospermia. The asthenospermic men received 440 mg of zinc sulfate daily for
three months. Semen analyses were conducted before and after the supplementation period,
focusing on the levels of reduced and oxidized thiols, the thiol oxidation-reduction index,
and the activity of thiol-dependent enzymes in both the sperm and seminal plasma. The
findings indicated that before treatment, men with asthenospermia exhibited significantly
higher levels of oxidized thiols and significantly lower levels of reduced thiols, sulthydryl
oxidase, and glutathione peroxidase activities compared to the fertile control group. After
zinc supplementation, the levels of oxidized and reduced thiols, along with the activities
of thiol-derived enzymes in the asthenospermic patients, normalized, suggesting an im-
provement in the oxidant/antioxidant balance. However, the specific levels of reduced and
oxidized thiols within the sperm did not show significant changes post-treatment.

Iron, another critical micronutrient, is crucial for the synthesis of nucleic acids and
proteins, electron transportation, cellular breathing, and the growth and specialization of
cells, all of which are essential for the development of sperm and their metabolic functions.
However, being a transition metal, iron can readily lose an electron during oxidation pro-
cesses, becoming a source for the production of ROS [5]. Both a deficiency and an excess
of iron can affect fertility. Establishing iron intake recommendations poses challenges
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due to issues in gauging iron consumption. The World Health Organization classifies
iron deficiency as ferritin levels below 15 nug/L. However, there is a proposition to raise
this threshold to below 30 pg/L to enhance the sensitivity of this measurement across
populations, both with and without diseases [68]. Ferritin levels below 30 ug/L are linked
to unexplained infertility and an increased likelihood of recurrent pregnancy loss [68].
Huang et al. [69] found higher levels of iron in men with asthenospermia compared to
normal controls, as well as increased levels of MDA, but showed no significant associa-
tions between this micronutrient and MDA. They suggested that MDA was not formed
in the seminal plasma itself, but it may be produced by the spermatozoa, prostate, or
other accessory organs. However, during incubation of human sperm with Fe?* it was
demonstrated that elevated iron levels had a negative impact on sperm motility linked to
lipid peroxidation [70]. Nenkova et al. [60] observed that in groups exhibiting poor sperm
quality, iron levels were found to be elevated compared to the group with normal sperm
(normozoospermia). Furthermore, these groups showed higher levels of malondialdehyde
and lower levels of glutathione, indicating the presence of oxidative stress. The high MDA
and the low tGSH (total glutathione) levels contributed to decreased sperm motility and
increased abnormal spermatozoa. In a study involving sixty-five fertile male volunteers
from the southern region of Poland, participants were categorized into two groups based
on the iron levels in their seminal plasma: low iron levels (Fe-L) and high iron levels
(Fe-H). The findings revealed that the Fe-H group had a significantly higher percentage
of non-motile sperm compared to the Fe-L group. Additionally, activities of SOD and
manganese-SOD, as well as MDA levels, were notably lower in the Fe-H group than in the
Fe-L group. Conversely, total oxidant status (TOS) and oxidative stress index (OSI) values
were significantly elevated in the Fe-H group. The research concluded that in fertile men,
high iron levels may adversely affect sperm motility and exacerbate oxidative stress, as well
as alter the levels of certain cytokines in human semen [71]. Iron overload leads to oxidative
stress, which damages fats, proteins, and DNA, negatively impacting the production of
sperm and their metabolic activities. Elevated iron levels are linked to reduced sperm
movement and higher TOS values in the seminal fluid of men with normal fertility. Iron’s
role is critical not only in situations of infertility or reduced fertility but also in the general
population of men with normal fertility [5,71].

Both severe copper deficiency and excess have been linked to increased production of
ROS and cell death stemming from mitochondrial malfunction [43]. Furthermore, minor
variations in cellular copper levels, which are not toxic, can affect cell growth or differentia-
tion by altering mitochondrial metabolism. This change can regulate the balance between
glycolysis and oxidative phosphorylation, as well as ROS production, thereby creating
an oxidative cellular environment [72]. A lack of copper markedly impacts depletion
or complete elimination of copper-reliant enzymes in the body, subsequently impeding
cellular life functions. Conversely, due to its high reactivity, free copper can initiate the
generation of an abundance of free radicals, resulting in significant damage to proteins
and DNA [60]. The total amount of copper in normal adults is 50-150 mg; this metal
concentration is tissue-dependent, varying between 3 mg (kidneys) and 46 mg (skeleton)
(average adult ~ 70 kg) [72,73]. Foods rich in copper, such as seafood (especially shellfish),
organ meats, nuts, seeds, whole grains, lemons, raisins, coconuts, papaya, apples, and
drinking water can help maintain adequate levels of this micro-mineral [72,74]. Copper
is crucial for processes such as iron metabolism and enzyme reactions in nervous system
function, as well as in hematopoietic, bone, and other systems [73]. Its role in energy
production, iron metabolism, and cardiovascular health ensures optimal functioning of
the body’s systems, creating a favorable environment for conception and a healthy preg-
nancy [43,72]. Some researchers suggest that a mother’s inability to maintain high Cu and
Mn levels may contribute, at least in part, to reproductive health problems [75]. A study
by Grieger et al. [57] involving 45 women participating in IVF found that elevated levels
of copper in urine correlated with a greater total count of oocytes collected and improved
embryo quality. Furthermore, an increase in both urinary copper and zinc levels was linked
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to the overall number of embryos produced. Current research highlights a noticeable in-
crease in serum copper levels during pregnancy, while copper deficiency is often associated
with pregnancy complications and miscarriage. An increase in copper concentration in
the blood during pregnancy may suggest an increased demand for this metal due to its
key role in embryogenesis and fetal development [75]. The existing literature does not
contain any documented associations between oxidative stress, copper, and infertility in
human females. In men, maintaining proper copper levels is linked to enhanced sperm
quality, underscoring its critical function in male reproductive health. Copper is vital for
the creation of male reproductive cells, supporting the structural robustness of sperm and
boosting their mobility. This improvement in movement facilitates the sperm’s journey
through the female reproductive tract towards egg fertilization [76]. Both an excess and
a deficiency of copper can markedly diminish male fertility, affecting a broad range of
factors from sperm abnormalities, gonadal health, and hormone production to the distri-
bution of micronutrients such as zinc and iron [76]. Enzymes reliant on copper, including
ceruloplasmin, SOD (SOD-1 and SOD-3), metallothioneins, and cytochrome c oxidase, are
active throughout all phases of gamete formation. They are also present in the somatic
cells within the testes and the somatic cells of the epididymis [76]. Abdul-Rasheed [2]
highlighted the direct relationship between copper levels in seminal fluid and SOD activity,
noting a significant reduction in copper levels in patients with azoospermia, which may
lead to reduced SOD activity. He also noticed that malondialdehyde (MDA) levels showed
a significant increase over normal control values in oligozoospermic and azoospermic
seminal plasma samples.

Typically, mammalian tissues hold between 0.3 and 3.0 ug of manganese per gram
of wet tissue weight. Dietary consumption of food and drinking water usually fulfills
the body’s manganese nutritional needs. The estimated safe and adequate daily dietary
intakes (ESADDI) of manganese necessary to preserve body manganese stores are 2 to
5 mg/day for adults and 1.5 to 2.0 mg/day for children aged 4 to 6 years [48]. Few
studies have examined the effects of Mn exposure on male reproductive health. Chiti
et al. [61] showed that higher intake of manganese was associated with a 7.8-fold increase
in sperm count, and Lapointe et al. [77] found Mn?" was a potent stimulator of sperm
motility through stimulation of adenylate cyclase activity. Bansal and Kaur [78] observed
that oxidative stress conditions in human sperm, induced by ferrous ascorbate, nicotine, or
a combination of both, led to an increase in TSH and GSSG content alongside a decrease
in GSH levels and the redox coefficient. The addition of 0.1 mM Mn?* enhanced the TSH,
GSH, and redox ratios, while also lowering GSSG levels. The researchers deduced that
Mn?* supplementation helps preserve thiol levels by mitigating oxidative stress.

Chromium exists in all animal tissues, typically ranging from a few to several tens
of pg/kg and seldom surpassing 100 micrograms pg/kg [79]. Chromium(III) is involved
in the metabolism of carbohydrates, lipids, and proteins [79]. Dietary sources of triva-
lent chromium are whole grains, fish and shellfish, dry edible beans, and potatoes [80].
Trivalent chromium enhances insulin’s action, but it requires a suitable ligand, such as
nicotinic acid, to function biologically [50]. This trace element is often included in dietary
supplements [79]. Chromium supplements such as chromium picolinate and niacin-bound
chromium(Ill) are marketed for their potential benefits on blood sugar and lipid levels,
body composition, and muscle strength [50].

In addition, Amiri Siavashani et al. [81] hypothesized that chromium supplemen-
tation might be beneficial in women with PCOS and candidates for IVF who suffer
from different metabolic abnormalities. In a randomized, placebo-controlled clinical trial,
Jamilian et al. [82] found that administration of chromium (200 pg/day) for PCOS women
for 8 weeks resulted in decreased MDA, along with a significant rise in plasma TAC con-
centrations, in comparison to the placebo. However, chromium supplementation did not
significantly impact plasma concentrations of NO and GSH. In another study, a noticeable
increase in TAC and a significant reduction in MDA levels, indicating a reduction in oxida-
tive stress, were observed after chromium (200 ug/day) supplementation for 8 weeks in
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infertile women with PCOS preparing for in vitro fertilization [83]. Trivalent chromium
influences male reproductive health by altering levels of ROS, testosterone, and sperm
characteristics such as motility and the count of abnormal sperm. The compound can
damage Leydig cells, which are crucial for male reproductive health, by blocking enzymes
essential for steroid hormone production and triggering mutagenesis and cell death [84].
However, the impact of chromium(III) on oxidative stress in male reproductive organs is
still uncertain, with mixed findings on its effects on lipid peroxidation in seminal plasma
from numerous studies. Biswas et al. [85] observed a rise in MDA levels in the seminal
plasma of male turkeys that received a diet supplemented with chromium picolinate.
This increase in MDA levels may indicate heightened lipid peroxidation in the seminal
plasma of the turkeys treated with chromium. Conversely, Shanmugan et al. [86] indicated
that chromium supplementation did not influence lipid peroxidation of seminal fluid in
Dahlem Red peripubertal roosters by measuring levels of MDA. Type 2 diabetes has a
considerable impact on male fertility, negatively influencing semen quality by reducing its
volume, sperm count, concentration, and motility [84]. In the study conducted by Iman-
parast et al. [87], 92 patients with type 2 diabetes mellitus received supplements of either
chromium picolinate or trivalent chromium along with vitamin D. The research revealed
a decrease in MDA levels in the serum after four months, indicating reduced OS. The
supplementation notably increased total thiol groups, serving as innate antioxidants, and
the combined administration of chromium picolinate and vitamin D significantly boosted
the TAC, a critical marker of antioxidant status. This finding supports the antioxidant
properties of chromium(IIl) within cellular systems. Reduced levels of testosterone are a
significant factor contributing to male infertility since this hormone plays a vital role in
numerous functions across the male reproductive system. Testosterone is synthesized by
Leydig cells in the testes through a process known as testicular steroidogenesis. Any dis-
ruption in the functioning of Leydig cells can impair steroid production and, consequently,
fertility. Endocrine-disrupting chemicals (EDCs), which interfere with hormonal signals,
are particularly concerning for their impact on steroidogenesis. Chromium is identified
as one of these EDCs [84]. Therefore, although trivalent chromium has been noted for
its potential health benefits, its safety remains a contentious issue. However, exposure to
chromium(VI) can adversely affect male fertility by causing oxidative stress in the testis,
leading to spermatogenesis disruption, structural damage to seminiferous tubules, and
decreased antioxidant defenses [8]. The selected elements discussed affect the fertility of
both men and women and thus have important implications for reproduction (Figure 1).
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Figure 1. Importance of selected elements on male and female fertility and reproduction (?—female,
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6. Conclusions

Metal ions such as zinc, copper, selenium, and iron are important in female repro-
ductive health. They are involved in various processes, including follicular development,
ovulation, and early embryonic development. The seminal plasma contains various metal
ions, including zinc, selenium, copper, iron, manganese, and chromium which play crucial
roles in maintaining sperm health and function. Abnormal levels of these metal ions
can lead to reproductive disorders, affecting fertility and pregnancy outcomes. Certainly,
further research determining the correlations between the content of various components,
including trace elements and micronutrients, is needed to get a more complete picture
of the effects on many conditions in terms of oxidative stress, including fertility and
reproductive problems.
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Abstract: Exposure to heavy metals and lifestyle factors like smoking contribute to the production
of free oxygen radicals. This fact, combined with a lowered total antioxidant status, can induce
even more damage in the development of ankylosing spondylitis (AS). Despite the fact that some
researchers are looking for more genetic factors underlying AS, most studies focus on polymorphisms
within the genes encoding the human leukocyte antigen (HLA) system. The biggest challenge is
finding the effective treatment of the disease. Genetic factors and the influence of oxidative stress,
mineral metabolism disorders, microbiota, and tobacco smoking seem to be of great importance for the
development of AS. The data contained in this review constitute valuable information and encourage
the initiation and development of research in this area, showing connections between inflammatory
disorders leading to the pathogenesis of AS and selected environmental and genetic factors.

Keywords: ankylosing spondylitis; oxidative stress; pathophysiological state; reactive oxygen species;
HLA; IL-23; IL-17

1. Introduction

Ankylosing spondylitis (AS) is a chronic disease of an unknown etiology, belonging to
the group of spondyloarthropathy together with rheumatoid arthritis (RA) and psoriatic
arthritis (PsA) [1,2]. The reasons for its occurrence are believed to be genetic and environ-
mental factors [3,4]. Due to its autoimmune nature, AS is also difficult to diagnose before
pain symptoms occur. Researchers have proven the presence of genetic links between
people affected by the described disease [4,5]. However, modern works indicate an inter-
action of genetic and environmental factors in the pathogenesis of AS [3,4]. The essence
of the disease is inflammatory changes in the synovium of the sacroiliac joints, consisting
mainly of the infiltration of lymphocytes and plasma cells. Over time, the spaces in these
joints slowly heal and ossify. As the disease progresses, it leads to similar changes in the
apophysial joints of the spine. The next stage of changes is inflammatory ossifications in
the perivertebral tissue and in the outer layer of the fibrous ring. Vertebrae that are adjacent
to each other are connected by syndesmophytes (bone bridges) [6-8].

The pathogenesis of AS is not fully explained and the mechanisms underlying it are
influenced by many factors. However, their basis is the inflammatory process resulting
from the autoimmune response. The role of the IL-23/1l-17 pathway in autoimmune
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diseases has been proven by many researchers [9,10]. IL-23 is a heterodimeric cytokine
secreted by monocytes, macrophages, and dendritic cells, often in response to information
on threats [Figure 1]. IL-23 is crucial for the differentiation of helper T cells to the Th17
phenotype, as it polarizes and stabilizes this pro-inflammatory phenotype [11]. IL-17A is a
pro-inflammatory cytokine also involved in maintaining mucosal immunity, especially in
the skin and intestines. It is produced by various cell types, including CD4 cells (TH17),
CD8+ T cells, and innate lymphoid cells [12]. The 11-23/11-17 pathway is important in AS,
as well as inflammatory bowel disease [13]. The concentration of IL-23 and IL-17 cytokines
in these diseases is significantly increased, and it has also been shown that AS can be
significantly alleviated by blocking the IL-23/IL-17 pathway, which further indicates the
involvement of the discussed pathway in the pathogenesis of AS [14]. Pathogen-associated
molecular patterns (PAMPs) activate TNF-« through the NF-«B pathway, which contributes
to the expression of IL-17 [15]. Additionally, intracellular Nod-like receptors (NLRs) are
able to recognize PAMPs. NLRs can then cause pro-inflammatory cytokines, such as IL-
18, to be activated [16]. Modern scientists are searching for evidence of NLRP3 (NLR
Family Pyrin Domain Containing 3), YAP (Yesl Associated Transcriptional Regulator),
and AMPK (AMP-activated protein kinase) pathway participation in the pathogenesis
of AS. There is evidence that NLRP3 plays a significant role in human immunity and
autoimmune disease development. Research conducted on mice proved the influence of
the AMPK/YAP/NLRP3 signaling pathway in the pathogenesis of AS [16-18].

Deréd:'litic Monocyte Macrophage
e

7
EE

Th cell Th1l7
IL-23

Figure 1. The schematic image of the IL-23/1L-17 pathway.

The hypothesis of the activation of bone morphogenetic protein signals and the re-
duction in sclerostin and Dickkopf-related protein 1 (DKK1), which are endogenous Wnt
pathway inhibitors, is somewhat supported by the available data [19-21]. According to
the modified Stoke Ankylosing Spondylitis Spine Score, radiographic damage may be
correlated over time with disease activity [22].

Angiogenesis is an important stage in the development of rheumatic diseases. Patients
with AS also have an increased atherosclerosis risk, therefore leading to an increased
mortality from cardiovascular diseases [23]. Vascular endothelial growth factor (VEGF) is a
key regulator of angiogenesis, with several isoforms and roles in different physiological
processes. Mounting data indicate a correlation between the VEGF system and rheumatic
diseases with anti-VEGF and VEGF receptor (VEGFR) [24]. Angiogenesis is a hypothesis
that explains the process of new bone creation in AS. New bone growth, sacroiliitis, and
enthesitis, which are different symptoms of AS, necessitate angiogenesis. VEGF plays a key
role in regulating this process, according to Yamamoto’s research in 2013 [25]. Fearon et al.
noted that VEGF is present in early inflammatory arthritis and has a strong connection
to angiopoietins [26]. It may play a role in regulating these processes in the development
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of early AS. VEGF can directly control the development of osteoblasts from synovial
fibroblasts, which aids in the production of new bone in AS [27]. Furthermore, according
to Kawashima'’s research in 2009, it can activate the COX2 pathway [28]. According to
Drouart, VEGF is also involved in inflammation in AS [29]. Multiple investigations have
confirmed that VEGF is associated with AS susceptibility, indicating that it is involved in
the development of AS [30].

In this review article, we are trying to find the connection between the inflammatory
processes underlying the pathogenesis of AS with selected genetic and environmental
factors such as oxidative stress, the concentrations of selected elements, lifestyle, gut
microbiota, infections, and genetic polymorphisms. Although the etiology of this disease
is not fully known, environmental and lifestyle factors, which are modifiable factors, are
implicated. Analysis of the environment in the form of pollutants and toxic substances
can provide information about changes occurring at the cellular level, helping to better
understand the pathomechanism of AS.

2. The Participation of Oxidative Stress in Pathogenesis of AS

Oxidative stress refers to an imbalance that favors oxidants over antioxidants, which
can cause molecular damage and/or the disturbance of redox signaling and control [31].
More specifically, oxidative stress is defined as a disturbance in the balance between the
production of reactive oxygen species (free radicals and non-free radicals) and antioxidant
defenses [32]. Researchers’ reports suggest that, in the chronic inflammatory process,
significant DNA damage is involved. Oxidative stress is a phenomenon harmful to DNA, as
evidenced by its numerous damages in the course of action of reactive forms of oxygen [33].
The production of inflammatory cytokines in the course of disease development will induce
the production of oxidative stress markers [34]. Therefore, despite the fact that the etiology
of AS is still not fully known, we cannot ignore the significant share of oxidative stress
underlying AS, which has been proven by researchers [35].

The stimulation of the cell membrane during phagocytosis activates NADP oxidase,
which catalyzes the formation of the superoxide anion O?>~. Thanks to the presence
of superoxide dismutase (SOD), this radical is converted into hydrogen peroxide and
singlet oxygen [36,37]. The reaction between the superoxide radical and H,O, produces a
hydroxyl radical. These three compounds are called reactive oxygen species (ROS) and play
a significant role in inflammatory processes [36]. In the context of changes in the joints, the
hydroxyl radical has the greatest share, having the ability to combine with glycoproteins,
phospholipids of cell membranes, hyaluronic acid, DNA, and collagen, leading to the
destruction of their structure [38,39]. The body has a number of defense mechanisms
aimed at neutralizing the risk of changes caused by free oxygen radicals. The body’s
natural antioxidant barrier consists of a number of chemical compounds that help to reduce
and inactivate ROS. Antioxidant defense mechanisms can be divided into enzymatic and
non-enzymatic. The first group includes enzymes that catalyze ROS scavenging reactions—
superoxide dismutase, catalase CAT, peroxidase (GPx), Glutathione S-transferase (GST),
and glutathione reductase (GR) [36,37]. The second group includes compounds obtained
from external sources, such as vitamins C, E, flavonoids, and [3-carotene, but also those
synthesized by the body, such as melatonin and glutathione [40]. Oxidative stress can
trigger a large number of proteins such as heat shock proteins and turn on transcription
factors such as AP-1 and NF-«B [41-43].

In inflammatory diseases, there is an increased production of superoxide anions at
the site of inflammation [44]. This problem is important for the pathomechanism of many
diseases, including AS discussed in this paper, RA, and PsA [37,45-48].

An important mechanism of action of oxidative stress is the disruption of redox sig-
naling, causing molecular damage that inevitably affects angiogenesis, inflammation, and
the function/activation of dendritic cells, lymphocytes, and keratinocytes [49]. This is also
important for cytochrome C, which floats in the peripheral mitochondrial membrane and
mediates the transfer of electrons in the respiratory chain [50-52]. The formation of reactive
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oxygen species induces the release of cytochrome c into the cytosol [53], where it binds to
the apoptosis protease activation factor-1 (APAf-1), forming an apoptosome from ATP or
dATP; this complex activates procaspase 9, which triggers an enzymatic cascade leading
to cell apoptosis [54-56]. In this way, oxidative stress causes uncontrolled cell apoptosis,
among others within the joint tissue, leading to its damage and inflammation [57]. Several
clinical studies on diseases characterized by cell death, either due to apoptosis or necrosis,
have reported the release of cytochrome c from the mitochondria into the extracellular
space and ultimately into the circulation. Elevated levels of cytochrome c in serum have
been found in chronic and acute diseases, including arthritis, myocardial infarction and
stroke, and liver diseases [58-60]. Its role as an inducer of skin and joint inflammation
has been proposed. In particular, an association between cytochrome c, skin inflamma-
tion, and keratinocyte proliferation during ROS production has been demonstrated [61].
The proliferation of keratinocytes is the basis of the pathomechanism of diseases such as
psoriasis and PsA [62,63]. Dysregulations in ROS and cytochrome c release have been
associated with psoriasis and been reported to cause associated skin inflammation [64].
This is one of the mechanisms that facilitates their growth and, at the joint level, the de-
struction of articular cartilage and the erosion and/or proliferation of bones [65]. Based
on the important role played by ROS in some malignancies and rheumatic diseases, it
is also possible that cells are involved in the activation of AS [66]. In patients with AS
with inflammatory bone disease located in the lower part of the spine, an increase in the
total oxidative status, as well as the advanced oxidation of protein products and lipid
peroxidation, was demonstrated [35,45,67,68].

A significant role in the development of this disease is believed to be attributed to
the disturbance of the body’s oxidative balance [45]. Over recent years, the importance of
disturbing the balance between the production of ROS and the ability to inactivate them
via the antioxidant system in disturbances of body homeostasis has been increasingly
discussed. There are studies that have confirmed the significant role of oxidative stress
in the pathogenesis of chronic inflammatory autoimmune diseases [69]. AS may reduce
the body’s condition because it disturbs the balance between the interactions of individual
antioxidant enzymes. This is related to changes in their activity compared to healthy
people in whom no pathological changes in the osteoarticular system are observed [35].
Moreover, excess free radicals may contribute to the damage of biological structures due to
the oxidation processes of the compounds present in them [70]. Free oxygen radicals cause
the oxidation of proteins, lipids, and DNA, and, thus, may contribute to tissue damage.
ROS sources can be divided into endogenous and exogenous. Endogenous sources include
numerous biochemical processes taking place in physiological conditions, and the most
efficient source is the respiratory chain. In turn, external factors include, among others,
environmental pollution, tobacco smoke, ionizing radiation, ultraviolet radiation, and
ultrasound [71]. As a result of the oxidation reaction, toxic products are formed, which,
by their action on the cell, have a cytostatic effect and lead to damage to cell membranes
and the activation of apoptosis mechanisms [72]. The body has a natural defense system
that protects cells against excessive amounts and harmful effects of ROS. The pro- and
antioxidant balance is ensured by antioxidant enzymes, including SOD, CAT, GPx, and GR
and a number of non-enzymatic substances, including glutathione, vitamin E or vitamin
C, and ceruloplasmin (CP). These are compounds that, through their action, enable the
removal of excess reactive oxygen species from the cell. Small-molecule antioxidants are
mostly compounds of exogenous origin that are supplied to the body through the diet. They
act as responses to non-specific reactions that result in the inactivation of free radicals [73].
ROS can have a significant impact on the development and progression of inflammatory
conditions in the osteoarticular system, including ankylosing spondylitis [74]. Moreover,
the increased production of ROS, which intensifies joint inflammation, may be related
to a low supply of fish in the diet of AS patients. This fact is then explained by the low
content of antioxidant vitamins and omega 3 acids, which may have a protective effect
and counteract the effects of oxidative stress. As a result of the ongoing inflammatory
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process and excess ROS, the body’s oxidative reserves are depleted, and damage caused by
ROS accumulates in the joints [75]. Stanek et al. [76] showed the reduced effectiveness of
the natural antioxidant barrier in patients with AS. Karakoc et al. [45] described the total
potential of antioxidant parameters in patients with AS compared to a group of healthy
people. Their research also showed a reduced antioxidant potential in patients with AS. In
turn, Ozgocmen et al. [67], in their study, did not show statistically significant differences in
SOD activity between groups of AS patients and healthy people. However, in the study by
Pishgahi et al. [77], oxidative stress parameters were assessed in AS patients with metabolic
syndrome compared to AS patients without comorbidities. It turned out that, in patients
with the above-mentioned syndrome, the levels of SOD and CAT were increased compared
to patients with AS without concomitant diseases. In the study by Danaii et al. [78], a
statistically significant variability was obtained regarding the parameters of oxidative
stress in people with AS. The study involved 35 people with diagnosed disease and 40
healthy people who constituted the control group. Significantly increased levels of SOD
and CAT were observed in the group of people suffering from AS. The total antioxidant
status (TAS) was proven to be lower in patients with ankylosing spondylitis compared to
healthy individuals [45,76,79].

An antioxidant that also belongs to the group of acute-phase proteins is ceruloplasmin.
The concentration of this protein increases in chronic inflammation. Also, in the research
conducted by Jayson et al. [80], significantly higher concentrations of ceruloplasmin were
found in patients with AS. Similar results were shown in the study by Aiginger et al. [81],
which found an increased level of ceruloplasmin among patients with AS compared to a
group of healthy people. Similarly, in an experiment conducted by Li et al. [82], a higher
ceruloplasmin expression was shown in AS patients compared to the control group. A
high level of free oxygen radicals, combined with a deficiency in the activity of antioxidant
enzymes, may result in damage to the body at the molecular level [72,75].

Research conducted by Salmon et al. [83] confirmed that antioxidant defense mecha-
nisms adapt to greater amounts of pollution in the urban environment, but not enough to
fully neutralize the damage caused by greater exposure to oxidative stress.

The oxidation reactions of unsaturated fatty acids proceed in stages and lead to the
formation of end products harmful to the body, including malondialdehyde (MDA) as
an indicator of lipid peroxidation and advanced oxidation protein products (AOPP) [84].
These are compounds that can inhibit the processes of replication, transcription, and DNA
strand breaks. They can also inhibit the activity of selected enzymes or change the antigenic
properties of proteins. MDA and AOPP, respectively, can function as secondary mediators
to exacerbate damage and accelerate the course of the disease by stimulating the TNF-oc and
NF-«B pathways, which are critical for the inflammatory process associated with AS [85].
In the study by Kozaci et al. [34], a higher level of MDA was found among patients with
AS compared to the control group. The results of Ozgocmen et al. [67] and Ayala et al. [86]
are similar.

The oxidative biomarkers in the serum that were higher in AS patients and the part
that oxidative stress plays in the pathophysiology of AS may be explained by the fol-
lowing theories. First off, oxidative stress can harm proteins, lipids, nucleic acids, cell
membranes, and the extracellular matrix, which raises the concentration of oxidative injury
products [87]. When leukocytes become more activated at the site of inflammation in AS,
ROS and enzymes like Myeloperoxidase (MPO) are released, which can cause hypochlor-
ous acid to form. By reacting with the components of cartilage, hypochlorous acid causes
tissue damage and protein oxidation. [68,85]. Second, by reacting with cell membranes and
triggering phospholipase A2, lipid peroxidation affects the fluidity and receptor functions
of cell membranes. Thus, it is possible to induce T cells to release more interleukins, which
will set off a vicious cycle by increasing lipid peroxidation and inflammation [88]. The
research conducted by Feng et al. showed promising results in mice by applying Punicala-
gin, which effectively decreased oxidative stress and regulated the NF-kf3 pathway [89].
Kiranatlioglu-Firat et al. proved, in their research, the participation of oxidative stress,
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oxidative DNA damage, and chromosomal DNA damage in patients with AS [33]. Ex-
ogenous ROS stimulate the induction of VEGF expression in various cell types, such as
endothelial cells, smooth muscle cells, and macrophages, where VEGF induces endothelial
cell migration and proliferation through an increase in intracellular ROS [90-93]. Thus, the
reciprocity between oxidative stress and angiogenesis is centered on the VEGF signaling
pathway. A number of studies have demonstrated this positive interrelationship between
ROS and angiogenesis. Hydrogen peroxide induces VEGF expression in vascular smooth
muscle cells, as well as endothelial cells, thereby promoting angiogenic responses [90,92].
Oxidative stress enhances metabolism toward glycolysis, possibly leading to increased
inflammatory processes and impaired angiogenesis in RA [94,95].

The overproduction of free radicals and weakening of mechanisms for their neutral-
ization are two of the causes of the development of the inflammatory process in ankylosing
spondylitis. The toxic accumulation of metabolites first leads to functional impairment and
then the destruction of the structure of the cell membrane in cells, resulting in inflammation.
As a result, a number of inflammatory mediators are secreted within the tissue. This process
leads to uncontrolled apoptosis and tissue damage. In the pathogenesis of AS, a significant
role is attributed to disorders in the pro- and antioxidant systems. Malfunctioning defense
systems do not protect the body against the accumulation of free radicals; therefore, they
are unable to protect against the development of inflammation and the destruction of
individual structures. From this point of view, it seems important, among others, to supply
exogenous antioxidants in the diet or avoid stimulants.

In recent years, the importance of disturbing the balance between the production of
ROS and the ability of the antioxidant system to neutralize them has been increasingly
discussed. The significant role of ROS in the pathogenesis of chronic autoimmune diseases
has been confirmed. An excess of ROS can lead to damage to structures at the cell level due
to the oxidation of the chemical compounds contained therein. Additionally, researchers
wonder whether the increased synthesis of free radicals is a causative factor or whether it
appears secondary to the disease. Therefore, conducting research on the involvement of
ROS in the etiopathogenesis of AS is justified. The ongoing oxidation reactions may initiate
a chronic inflammatory process and contribute to tissue destruction in the course of AS.
From this point of view, antioxidant treatment seems to be beneficial, which may have a
significant impact on the direction of AS pharmacotherapy. Moreover, the generation of
significant amounts of free oxygen radicals is caused by an excessive influx of neutrophils,
which leads to a disturbance of the pro- and antioxidant balance in cells and, consequently,
to the uncontrolled and progressive destruction of structural elements of the joints [94-96].
Therefore, eliminating the phenomenon of oxidative stress in places affected by inflamma-
tion may significantly influence the inhibition of the development of the disease, improving
the quality of life of patients. The levels of the antioxidant enzymes SOD, CAT, GPx, and GR
were found to be elevated or reduced in certain research. One possible explanation is that
the levels of antioxidant enzymes may not be reliable predictors of high or low oxidative
stress. Instead, the evaluation of oxidative stress is mostly based on the harm it causes to
important biological molecules such as proteins, lipids, and DNA. MDA serves as a marker
for this assessment, as it is one of the byproducts of lipid peroxidation. Furthermore, TAS
is an unreliable indicator of overall antioxidant status due to its use of manufactured free
radicals as one of its reagents, which are not naturally produced in human bodies. Elevated
levels of MDA and total oxidative stress (TOS) provide evidence of the influence of this
phenomenon in individuals with AS. A summary of oxidative stress indicators is shown
below (Table 1).
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Table 1. The changes in oxidative stress parameters in AS patients in comparison to healthy controls.

Parameter Result in AS Patients Reference
Increased [76,78]
SOD Decreased [76,97]
No significant change [67]
Increased [76,78]
CAT Decreased [76,97]
Increased [76]
GPx Decreased [76,97]
GST Decreased [76]
Increased [98]
GR Decreased [76]
TAS Decreased [45,76,79]
TOS Increased [45,98]
MDA Increased [34,67,97,98]
AOPP Increased [97]
CP Increased [80-82]

3. The Participation of Elements as Environmental Factors in AS Development

The importance of environmental factors in the etiopathogenesis of diseases of the
osteoarticular system has been noted. The osteoarticular system plays a special role in
assessing the risk of exposure to xenobiotics. Bone reconstruction and mineralization take
a very long time, usually the entire life of the organism, so they may be a determinant
of the long-term accumulation of bioelements and toxic metals. Unfavorable changes
in the skeletal and joint systems are most often the result of the long-term impact of
heavy metals on the body. It is suggested that elements easily absorbed by bone tissue,
e.g., cadmium, lead, aluminum, and strontium, may be involved in the development of
diseases of the osteoarticular system (osteoarthritis, rheumatoid arthritis, and osteoporosis).
The proper functioning of the osteoarticular system is determined by various factors,
depending on systemic and multi-organ changes [99-101]. Although bones or joint elements
could be a very valuable material for assessing the state of elements in humans, except
in special situations (orthopedic surgeries, e.g., arthroplasty), such material is difficult
to obtain intravitally. Hence, most studies are usually based on material derived from
serum. Metabolic diseases of the osteoarticular system are clinical syndromes developing
as a result of the interaction of many factors, some of which are the impact of the external
environment, including exposure to chemicals or elements that potentially act as triggers
of autoimmune reactions [102]. Other environmental factors that play a significant role
in the pathomechanism of AS include an abnormal element metabolism in the body and
exposure to heavy metals and other pollutants [103].

Calcium plays a role in inflammatory processes as a secondary messenger. Its abnor-
mal deposition in the extracellular matrix, occurring during dystrophic or repair processes,
is the basis for ectopic calcifications in bone and extraskeletal spaces. Ankylosing spondyli-
tis is a rheumatic disease characterized by the inflammation and final calcification of
tendon attachments, which are an important site for tendons, joint capsules, and liga-
ments [104]. Since AS is often accompanied by non-specific intestinal inflammation and
disorders in its microflora, it is believed that it is important for calcium absorption. As
a result of the above-mentioned comorbidities, the expression of Ca transporters such
as calbindin D9K is inhibited, and, therefore, the absorption of calcium in the intestine
is impaired [105]. Calcium can influence the immune response and repair mechanisms
in several ways. Intracellular calcium can form complexes with calmodulin and activate
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calcium/calmodulin-dependent kinases or calcineurin, which, respectively, phosphorylate
kB kinase inhibitor (IKK2) and dephosphorylated nuclear factor of activated T-cells (NFAT)
[Figure 2].

Calcium/calmodulin
dependent kinases

Ca?* Calmoduli e
a almodulin NEAT

Calcineurin

Figure 2. The schematic image of calcium activated immune response.

This leads to the activation and translocation of either nuclear factor kappa light chain
enhancer of activated B cells (NF-«B) or NFAT to the nucleus, where they can control the
transcription of various genes related to proliferation and inflammation [106]. Additionally,
the importance of calcium in inflammation has been revealed by the role played by calcium-
sensing receptors (CaSR) in immune cells. In fact, hypocalcemia often occurs in sepsis
or other systemic inflammatory conditions due to the inhibition of parathyroid hormone
secretion. This may depend on the abnormal expression of calcium receptors on peripheral
mononuclear cells, which use calcium to secrete cytokines and activate the inflammasome.
Therefore, cytokines such as IL-6, TNF-«, and IL-1 may indirectly influence the secretion
of parathyroid hormone (PTH) by increasing the expression and activation of calcium
receptors on immune cells [107]. Additionally, intracellular calcium has been shown to be
increased in neutrophils from AS patients, where it may contribute to lipid peroxidation,
apoptosis, and the activation of caspases 3 and 9. Of note, the anti-TNF monoclonal
antibody infliximab, used in the treatment of many rheumatic diseases, including AS, may
prevent the influx of calcium into neutrophils, suggesting that the opening of calcium
channels may be a result of the response to cytokines [108]. Similarly, a blockade of
lymphocyte potassium channels may have anti-inflammatory properties in patients with
AS and rheumatoid arthritis, preventing the differentiation of CD4+ and CD8+ T cells [109].
The calcium levels in the body can be influenced by vitamin D deficiency. In the case of this
deficiency, calcium is reabsorbed from the bones to maintain the correct serum levels [110].
Chen et al., in their metanalysis, indicated a strong correlation between elevated levels
of vitamin D in the blood and the ability to manage the disease and enhance the overall
well-being of individuals with AS. Furthermore, the overall blood 25(OH)D levels and
the inverse correlation between serum vitamin D levels and Bass Ankylosing Spondylitis
Disease Activity Index in patients with AS may be considerably impacted by differences
in continents and ethnicities. Thus, individuals diagnosed with AS are recommended to
augment their vitamin D intake through either exposure to sunlight or the use of dietary
supplements. This is enacted to reduce the severity of clinical symptoms and improve
overall quality of life [111]. A metanalysis by Diao et al. showed similar results, proving
that patients with higher levels of vitamin D had a lower C-reactive protein and erythrocyte
sedimentation rate, although there were no significant changes in the serum calcium levels
between patients with AS and healthy controls [112]. On the other hand, a two-sample
randomized Mendelian study by Jiang et al. showed no strong evidence to connect vitamin
D levels and AS. [113]. The vitamin D levels in the body are strongly connected to sun
exposure and ethnicity. Although there is no evidence of differences in the serum calcium
levels in patients with AS and healthy people, the real determinant of calcium—phosphate
metabolism disorders would be an analysis of bone composition due to the involvement of
factors such as vitamin D or parathromon. The level of vitamin D is significantly related
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to exposure to sunlight, which depends on the geographical location and ethnic origin of
the patients.

Another important element that is a component of nervous tissue proteins is mag-
nesium. The role of this element cannot be ignored due to its involvement in the bone
mineralization process and its impact on the progression of AS [114]. It is responsible
for the proper absorption of calcium in the bones, regulates the transport of this element,
activates the ossification process, stimulates bone-forming cells to incorporate calcium into
the bone structure, and also prevents pathological calcium deposition in soft tissues [115].
Moreover, by reducing the level of cytokines, i.e., factors that are crucial for pathological
changes in the joints in the course of AS, it influences the body’s immune response. This
element reduces the concentration of inflammatory factors, including TNF-«, interleukins
IL-1B, IL-6, and NF-«B [116]. Tumor necrosis factor « stimulates NF-«B to bind to TNF
receptors, leading to the activation of a kinase cascade. The above processes lead to the
activation of pathological responses triggered in the course of AS [117]. Increased phos-
phorus concentrations lead to the release of calcium from the bones, thus increasing its
content in the blood. This not only disturbs bone mineralization processes, but also leads
to the induction of inflammatory reactions resulting from hypercalcemia. Researchers have
shown reduced magnesium concentrations in the blood of people with AS [118].

Selenium, on the other hand, optimizes the action of glutathione peroxidase, one of
the main enzymatic antioxidants responsible for the transformation of glutathione and
combating reactive oxygen species. In case of its deficiency, the body’s antioxidant defense
decreases, which may result in the development of a number of abnormalities. Its action is
based on the metabolism of selenoglutathione. The two-step reaction of selenium reduction
to hydride takes place in both the liver and erythrocytes. In the case of red blood cells, this
is important because it protects hemoglobin against oxidation, which reduces its affinity for
oxygen. Selenium takes part in the control of lipid peroxidation and nucleic acid synthesis
processes. Thanks to its ability to penetrate cell membranes, it can induce the production
of antibodies [119]. Selenoproteins containing selenocysteine have antioxidant activity,
protecting the components of cell membranes and cytosol against reactive oxygen species.
Selenium reduces the expression of inflammatory genes and may reduce the ability of
matrix metalloproteinases (MMPs) to break down cartilage by inducing tissue inhibitors of
MMPs (TIMPs). Selenoprotein P scavenges peroxynitrite, a potent inflammatory factor pro-
duced in inflamed joints. Selenium can inhibit neovascularization, which is crucial for the
development and perpetuation of rheumatoid synovitis [119,120]. An incorrect concentra-
tion of selenium in the blood is an important factor for the osteoarticular system. Deficiency
may lead to autoimmune changes in the joints in the course of diseases such as AS or
RA [121]. Reduced selenium concentrations in the blood have been observed in patients
with autoimmune diseases compared to healthy people. However, the supply of selenium
in patients suffering from autoimmune diseases helps to alleviate their course [122]. The
reasons for such improvement are believed to be the antioxidant properties of this element.
In diseases such as RA, the administration of selenium helps to reduce ailments such as
joint pain and swelling [123]. A recent meta-analysis [124] showed a significant difference
in serum Se between RA patients and healthy controls. A meta-regression analysis deter-
mined that age, gender, and disease duration did not significantly affect serum selenium
concentrations. However, such an effect has been demonstrated with the administration
of steroids. Their use was positively associated with serum Se concentration. Significant
differences in the Se concentration in the serum of RA patients on different continents were
found. Hence, there is a suggestion that the relationship between RA and Se results from
an insufficient intake of this element [124,125]. Another aspect is the influence of some
factors on the bioavailability and activity of Se, such as geographical region, drugs, and
genetic polymorphisms. Although clinical trials have been conducted to analyze the effect
of Se on patients with RA, the expected results have not been obtained [126-129]. On the
other hand, preclinical studies examining the effects of new selenium nanoparticles have
yielded favorable results [130-132]. It seems necessary to conduct studies assessing both
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the concentration of Se in the diet and its concentration in the serum of this population
in order to more comprehensively determine whether there is a relationship between the
deficiency of this element and the progression of disease activity.

Zinc is one of the most important elements for the natural antioxidant barrier. It is
necessary for the formation of superoxide dismutase. Zinc, as a cofactor in over 3000 human
proteins and a signal ion, affects many pathways important for AW. It is known that this is
not only a matter of zinc status, but also of mutations in many genes encoding proteins
that maintain cellular zinc homeostasis, such as metallothioneins and zinc transporters
from the ZIP (Zrt/Irt-like protein) and ZnT families. There are also many pathways
that change the expression of these proteins [133]. Zinc also has regulatory influence on
glutathione peroxidase and metallothionein [134,135]. A deficiency of this element can lead
to a weakening of antioxidant defense and the induction of proinflammatory processes.
In the case of arthritis, reduced Zn assimilation causes an increase in inflammatory status,
immune system changes, extracellular matrix breakdown, Zn-mediated disruption of the
Th1/Th2 balance with an increase in Th17, and a loss in PMN phagocytic activity. The
mechanisms underlying this are related to an increased secretion of IL-13, IL-8, and TNF-«
and a reduced secretion of IFN-y and IL-2 [136-138].

There are studies showing no connection between the concentrations of elements and
the occurrence of AS. This study provides insufficient evidence to indicate a causal relation-
ship between calcium, zinc, copper, and selenium and AS, however, the authors suggested
that more extensive research should be conducted on this matter [139]. According to the
literature data, an assessment of the zinc content in the hair of non-smokers and smokers
with RA showed significantly reduced zinc concentrations in both groups [140]. Similarly,
the total level of zinc in the serum of people with RA was low and negatively correlated
with the levels of secreted pro-inflammatory markers [124,141]. A comprehensive review
of the pathogenesis of RA from a medical point of view did not mention Zn at all [142]. As
has been shown in many studies, zinc is involved in arthritis because it plays an essential
role in the innate and adaptive parts of the immune system, in the regulation of various
aspects of the inflammatory response, and in bone growth and regeneration [143-145]. The
assessment of the zinc content in the hair of non-smokers and smokers with RA showed
significantly reduced zinc concentrations in both groups [140]. A large meta-analysis of 16
studies showed a similar correlation for zinc and selenium and an inverse correlation for
copper (increased Cu concentration vs. control group) [124].

Cadmium disturbs the functions of zinc, and zinc deficiency causes its increased
absorption. Exposure to cadmium through inhalation is considered to be a trigger for the
activation of macrophages in a pro-inflammatory state. It is suggested that this initiates
and liberates a specific form of RA through the formation of pulmonary nodules [133,146].
Significantly increased cadmium concentrations were observed, among others, in smokers
suffering from RA [140]. There is evidence to suggest a link between the development
of moderate and severe forms of osteoarthritis and the use of tobacco and the associated
higher Cd concentration in the blood serum. Cd may trigger oxidative stress and inflam-
mation, promoting cartilage loss [147]. Research conducted by Shiue [148] suggested a
relationship between high antimony, tungsten, cadmium, uranium, and trimethylarsine
oxide concentrations in the urine and the severity of pathological changes in the cervical
spine of patients with AS. Abnormal levels of these elements and compounds can induce
oxidative stress in patients with AS. Cadmium exposure was also proven to be a factor
in induction and/or exacerbation mechanisms in the development of autoimmune joint
diseases. These mechanisms include oxidative stress, disruptions in biogenic element
metabolisms such as zinc and iron, and inflammation [149].

Vanadium also affects the NF-«B signaling pathway, leading to its activation [150].
The above studies confirm the involvement of vanadium in the potential pathogenesis
of autoimmune processes underlying diseases such as RA, psoriatic arthritis (PsA), and
AS [151].
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A summary of elements’ influence on the pathomechanisms of AS is shown in the
/\

schematic below [Figure 3].
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Figure 3. The schematic shows abnormalities in element concentration and their influence on the
pathomechanisms underlying AS.

Destabilization in bone mineralization processes in the body results in remodeling
of the extracellular matrix, inflammation, and calcification. Hence, calcium, magnesium,
and phosphorus levels play significant roles in the pathogenesis of AS. In turn, selenium
and zinc are closely related to the functioning of the antioxidant barrier, and, therefore, the
neutralization of free radicals, which accumulate in the described disease.

4. Lifestyle as an Environmental Factor in AS Development

Smoking is one of most common addictions related to pathogenesis of diseases. In
addition to contributing to the pathophysiology of a number of rheumatic diseases, smok-
ing increases the difficulty of therapy for patients when compared to non-smoking pa-
tients [152-154]. According to certain research, smoking can cause rheumatoid arthritis,
which carries a higher risk of functional disability due to elevated risk factors, more se-
vere disease activity, and considerable arthrosis damage [155,156]. Cigarette smoking
has been linked to the advancement of spinal radiography in patients with early axial
spondyloarthritis, according to Poddubnyy et al. [7]. An epidemiological study with 75
AS patients in Taiwan also revealed that smoking AS patients had significantly worse
physical mobility parameters than non-smoking AS patients, including modified Schober’s
index, cervical rotation, later lumbar flexion, chest expansion, and occiput-to-wall distances.
Smoking AS patients also had significantly higher systemic inflammation parameters, such
as ESR [157]. The study performed by Zhang et al. confirmed that smoking negatively
impacts the physical functioning and disease activity of patients with AS [158]. Zhao
et al. [159], in a large cross-sectional study, showed unequivocal evidence that both past
and current smoking are associated with incrementally worse disease across a wide range
of severity measures using a large and well-characterized national cohort of patients with
axial spondyloarthropathies. Moreover, it was found that current smoking was associated
with lower odds of acute anterior uveitis (AAU) and higher odds of psoriasis than either
ex- or never smokers. A recent study showed that smoking can influence the development
of AS, leading to particular pathological changes in the hip joints. Exposure to fewer than
10 pack-years of smoke can also increase the prevalence of hip involvement in AS [160].
The summary of smoking influence on AS patients is shown in Table 2.

183



Int. J. Mol. Sci. 2024, 25, 7814

Table 2. The influence of smoking in AS patients.

Factor Participation in AS Population References

Decreased physical mobility parameters including
modified Schober’s index, cervical rotation, later
lumbar flexion, chest expansion, and Chinese [157]
occiput-to-wall distances.
Increased systemic inflammation parameters

Exposure of no more than ten pack-years may
contribute to a higher prevalence of hip Chinese [160]
involvement in AS

Smoking

Increased risk of psoriasis, decreased risk of acute United

anterior uveitis Kingdom [159]

Smoking is associated with spinal radiographic
progression in patients in first 10 years of German [7]
the disease

The association between alcohol consumption and AS is currently underreported. A
1998 study based on national sickness insurance data in Finland established that excessive
alcohol consumption was a significant factor contributing to the excess number of accidents
and violent deaths among Finnish patients with AS. The average lifespan of patients
with AS was 6-8 years shorter than the average lifespan of the Finnish population [161].
Zhang et al. reported no statistically significant variation in the analysis of the relationship
between alcohol consumption and disease activity [158]. According to Zhao et al.’s findings,
drinking alcohol is linked to lower measurements of the severity of axSpA disease compared
to abstainers, although the author suggested a wider study on that matter due to the
limitations of their study [162]. Research conducted by Min et al. found a substantial
correlation between alcohol consumption and the advancement of spinal structural damage
in individuals with axial spondyloarthropathies (axSpA). These findings suggest that
alcohol consumption may have a deleterious impact on the development of spinal structural
damage in individuals with axSpA [163].

Du et al. conducted research regarding the influence of work exposure on ankylosing
spondylitis. The study compared the influence of three types of work: working in shifts,
heavy lifting work, and mainly standing or walking work. It showed that there is no direct
link between AS and the type of work exposure [164]. On the other hand, there are studies
showing a link between the disease and physical activity. The two-sample Mendelian
randomization proved the casual association between AS and the duration of physical
exercise, which has been shown to be protective against its risk [165].

The other important factor that may affect AS patients is the quality of their sleep.
Batmaz et al. proved that patients with AS suffer from pain, depression, and a low quality
of life, which are correlated with a poor sleep quality [166]. The research conducted by
Yiice et al. proved that poor sleep, depressive symptoms, and a poor quality of life might
have a negative impact on the diseases [167]. Therefore, sleep quality analysis may be a
good indicator to evaluate AS patients [168].

In patients with AS, worse disease outcomes have been linked to long-term exposure
to air pollution and a high-fat diet [103]. Diet as an important factor in AS was also proven
by Vergne-Salle et al. The study confirmed that an insufficient consumption of omega-
3 polyunsaturated fatty acids and fiber was linked to elevated spondyloarthritis (SpA)
activity. Additionally, a higher intake of ultra-transformed foods was found to be associated
with increased SpA activity in a more comprehensive analysis. These findings support
the idea that omega-3 polyunsaturated fatty acids and fiber play a role in decreasing
immuno-inflammatory responses and preserving the integrity of the intestinal barrier.
However, additional research is needed to fully understand the underlying mechanism of
ultra-transformed foods [169]. The researchers Kao et al. stated that exposure to ambient
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CO can be an aggravating factor, but exposure to ambient NO, can be a protective factor
regarding the use of biologics indicated for high AS activity [170].

Research shows that lifestyle has a significant impact on the development of a given
disease. For direct health behaviors, lifestyle factors include low physical activity, smoking
cigarettes, drinking large amounts of alcohol, or a diet rich in highly processed fats and
sugars. Appropriate lifestyle modification is necessary to minimize the risk occurrence of
lifestyle diseases, including AS.

5. Infection in AS

Numerous studies have explored AS-related infections, including bacterial [171-174],
viral [172,175-177], fungal [178], and microorganisms with sizes between bacteria and
viruses [173,179,180]. Infected sites include the respiratory [173,179-181], immunolog-
ical [176,177,179-182], digestive [171,173,177,179-183], and genitourinary systems [178].
However, there is no unanimity in the link between infections and the risk of AS.

Case—control and cohort investigations have proven that infections are found to in-
crease the risk of AS. These findings are consistent across the majority of investigations,
including four Asian studies [174,175,179,182], two European studies [172,183], and one
North American study [176]. However, Bartels et al. found the opposite [171], indicating
that past Helicobacter pylori (H. pylori) infection may lessen the likelihood of acquiring this
disease. Another study discovered that H. pylori infection was eradicated in more than 80%
of cases in the same cohort as Bartels et al. [184], implying that, when H. pylori is eradicated,
it leaves a protective potential for the development of AS later in life [171]. Furthermore,
the microbiota in the gastrointestinal tract change during H. pylori eradication, which
may influence AS development [185,186]. Regarding infection types, we found no evi-
dence that bacterial infections increase the incidence of AS. Only Keller et al.’s case—control
study found a relationship between AS and a prior diagnosis of chronic periodontitis,
which is defined by an oral bacterial infection [174]. This could be because rheumatic
illnesses and chronic periodontitis have similar pathogenic features, such as inflammatory
mechanism malfunction and an imbalance of proinflammatory and anti-inflammatory
cytokines [174,187-189]. In cohort studies, Bartels et al. found that H. pylori may be a
protective factor for AS [171]. Nielsen et al. found that bacterial infections are linked to the
development of AS in the general population [172]. AS caused by different forms of infec-
tion is not well understood. For example, one study proposed that exposure to Candida
albicans could induce AS via a T-cell-driven model of Th17 responses [175]. Another study
found that Mycoplasma pneumoniae had a considerable impact on immune cells and the
host’s immune system, including the polyclonal stimulation of T and B cells and the release
of associated cytokines [179], resulting in a breakdown in immunological tolerance. In
addition, subgroup analysis revealed that viruses play a significant role in the risk of AS in
cohort studies. According to one study, viruses (such as human papillomavirus) may cause
inflammatory or immune-mediated disease by activating the pathogenic IL-23/IL-17 axis,
which results in higher serum levels of Th17 cells, IL-17, and IL-23, as well as an imbalance
of IL-17A /IL-23 cytokines [178]. In a subgroup analysis of infection sites, we discovered
that immune system infections were strongly related to the incidence of AS in case—control
studies. Some immunological organs, such as the tonsils, play a role in allergen tolerance by
producing allergen-specific FOXP3+ regulatory T cells, implying that they are essential in
the establishment of immune tolerance [190]. Some investigations have hypothesized that
the modification of immunological tolerance in tonsillitis patients can lead to inflammatory
problems in autoimmune arthritis, including AS; hence, tonsillitis could be exacerbated by
spondylitis, leading to the diagnosis of AS [181,182]. Furthermore, the increased incidence
of AS among infected individuals may be explained by HIV-induced antigen-driven im-
mune responses [191], T cell imbalance [192], and molecular mimicry between HIV proteins
and self-antigens [193]. In cohort studies, infections at other sites were strongly related to
the incidence of AS, indicating that respiratory tract and genitourinary system infections
may be the cause. The pathophysiology of AS caused by genitourinary infection is complex.
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In one study, it was suggested that human papillomavirus in the genitourinary system may
cause AS by activating the IL-23/IL-17 axis [178]. Klebsiella pneumoniae in the respiratory
system may cause a decrease in the number of particular T cells, indicating an insufficient
host defense against Klebsiella, allowing AS to be impacted by bacterial antigens that reach
the joint [173].

In conclusion, this article demonstrates that infections are associated with an elevated
risk of AS, despite the substantial heterogeneity of the included studies. While the mecha-
nism of infection and the effect of bacterial and viral infections on this disease have yet to
be determined, more studies, particularly higher-quality prospective cohort studies and
case—control studies, are needed to confirm a true cause-and-effect relationship between
infections and the risk of developing AS.

The available data indicate that, the HLA system, and more specifically its subtypes
involved in the pathogenesis of this disease unit, have a large share in AS. CD8+ T lympho-
cytes are presented with arthretogenic peptides from intestinal microbes in order to induce
an immune response. Proteins with an abnormal folding structure then accumulate and
increase the production of pro-inflammatory cytokines. While the etiopathogenesis of this
unit is not fully known, it indicates a large proportion of infectious agents.

6. Microbiota in AS

Recent research has indicated that the presence and progression of AS are connected to
alterations in the variety and composition of the gut microbiome. Zhou et al. [194] discov-
ered, using metagenomic shotgun sequencing, that Bacteroides coprophilus, Parabacteroides
distasonis, Eubacterium siraeum, Acidaminococcus fermentans, and Prevotella copri were more
abundant in AS. On the other hand, Enterococcus faecium E980 and TX0133a01 were shown
to be less abundant. In their study, Liu et al. [195] conducted 165 rRNA gene sequencing
on stool samples obtained from both AS patients and healthy controls (HCs). They dis-
covered that the relative abundance of Bacteroidetes was lower in AS cases compared to
HCs. Conversely, the levels of Firmicutes and Verrucobacterium were higher in AS cases. In
addition, particular gut microorganisms were linked to the disease activity of patients with
this disease. Costello et al. [196] discovered higher levels of Lachnospiriaceae, Ruminococcus,
Rikenellaceae, Porphyromonadaceae, and Bacteroidaceae but lower levels of Veillonellaceae and
Prevotellaceae in the terminal ileum of patients with AS. These findings indicate that certain
species rich in AS may potentially initiate autoimmunity. The ratio of Firmicutes to Bac-
teroidetes (F/B ratio) is commonly linked to the maintenance of a normal intestinal balance,
and an elevated presence of certain species of Firmicutes leads to AS [195,197]. Further-
more, the researchers also noted alterations in metabolites both within and outside the
gastrointestinal tract in patients with AS. Alterations in intestinal metabolites are intricately
linked to the metabolism of intestinal microbes, whereas modifications in extra-intestinal
metabolites may also be somewhat associated with the transmission of intestinal microbial
metabolites. Several studies have also demonstrated the crucial functions of certain bacteria
in the development of AS. The prevalence of Intestinal Klebsiella was strongly associated
with disease activity in AS [198]. There is a strong correlation between Klebsiella antibodies
and intestinal inflammation in patients with axial AS [199]. The discovery by Wen et al.
showed that Actinobacteria are more abundant in patients with AS and may have a role
in regulating the ubiquitination of IkB-a. Consequently, this triggers NF-kB signaling
and facilitates the accumulation of proinflammatory cytokines in patients with AS [200].
Furthermore, the contact between fungi and bacteria, known as cross-kingdom interactions,
may have a role in the advancement of AS. SpA has shown the presence of heightened
antibodies against mannan, a component of the fungal cell wall [197].

Genetic variations that affect the functioning of genes, including CARD9 and inter-
leukin (IL)23R, have been discovered. These genes have a role in controlling the body’s
natural immunological response to fungi [201]. Multiple studies support the notion that the
gut microbiota can heighten the likelihood of AS by interacting with HLA-B27. HLA-B27
transgenic rats exhibited SpA-like disease without any external intervention. This disease is
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dependent on the gut microbiota triggering the IL-23/IL-17 pathway in the inflamed colon
and joints [202,203]. Curiously, rats that were genetically modified to have the HLA-B27
gene and grown in a sterile environment did not show any obvious signs of inflammation
in their intestines and joints [204]. Conversely, the presence of typical luminal bacteria
consistently and uniformly led to persistent inflammation in the colon, stomach, and joints
of B27 transgenic rats [205]. This indicates that the participation of bacterial flora is essential
for the development of HLA-B27-related diseases.

The IL-23/1IL-17 axis plays a crucial role in the development of AS by affecting the
immune system. IL-23 primarily induces the secretion of DCs and macrophages, which,
in turn, stabilizes the characteristics of T helper 17 (Th17) cells. It also plays a crucial role
in the differentiation of different subsets of cells that secrete IL-17 [206,207]. The Th17 cell
was formerly believed to be the main producer of IL-17. Recent research has discovered
that various types of lymphocytes, including CD8+ cytotoxic T cells, Tc17 cells, yo T cells,
MAIT cells, NK cells, and ILCs cells, are capable of producing significant amounts of
IL-17 [208-210]. IL-17 enhances the activation of T cells and induces the secretion of pro-
inflammatory cytokines and chemokines by fibroblasts, epithelial cells, endothelial cells,
and immune cells such as macrophages [211].

Intestinal inflammation in HLA-B27/ 32 microglobulin (32m) transgenic rats is accom-
panied by an elevated production of IL-23 and IL-17 in the colon tissue [212]. The interaction
between cell surface ligands and particular bacteria triggers the development of cells that
secrete IL-17 and IL-22, therefore determining their ability to cause disease [213,214]. Dys-
biosis, which is the imbalance of microbial communities, can lead to an overabundance
of Prevotella species at mucosal sites. This can have a direct or indirect impact on type
17 immune responses by changing the levels of microbial metabolites or affecting barrier
function. As a result, immune tolerance can be disrupted and there can be an increase
in pro-inflammatory cytokines like IL-23, which can trigger ankylosing spondylitis in
susceptible populations. Prevotella primarily stimulates TLR2, leading to the production of
Th17-polarizing cytokines, such as IL-1 and IL-23, by antigen-presenting cells. Prevotella
further induces the secretion of IL-6, IL-8, and CCL20 by epithelial cells, thus facilitating the
recruitment of neutrophils to the mucosal area. This mechanism results in the widespread
spread of bacteria, bacterial metabolites, and inflammatory mediators, which, in turn,
affects the outcomes of systemic diseases [215]. These findings indicate that an imbalance
of microorganisms in the body leads to alterations in the balance of the immune system
in both the intestines and joints, resulting in inflammation. This process is mediated by
the IL-23/IL-17 pathway in AS. The bacterial diversity of the gut microbiota affects the
balance between Th17 and Treg cells in the lamina propria (LP), which, in turn, can impact
gut immunity, tolerance, and susceptibility to AS. Segmented filamentous bacteria (SFB)
stimulate the synthesis of serum amyloid A (SAA) in epithelial cells, which, in turn, triggers
the production of interleukin-6 (IL-6) and interleukin-23 (IL-23) by dendritic cells (DCs).
This ultimately leads to the development of Th17 cells [216]. SFB induces aberrant T cell
differentiation in the mouse gut via TLRS5 [217]. The differentiation of Th17 cells is also
associated with the presence of Cytophaga-Flavobacterium-Bacteroides (CFB) bacteria in the
gut. This process is not influenced by Toll-like receptors (TLRs), interleukin-21 (IL-21),
or interleukin-23 (IL-23) signaling, but it does depend on the appropriate activation of
transforming growth factor beta (TGF-3). The absence of Th17 cell stimulation by bacteria
is associated with an elevation in Foxp3+ Treg in the lamina propria [218]. Tregs were
predominantly found in the colonic mucosa of mice. The guts of AS patients exhibited a
prevalence of active Treg responses characterized by the production of IL-10. Addition-
ally, there was a significant decrease in the number of Treg cells in the lamina propria of
germ-free mice. However, the lost bacteria can potentially be restored with the addition of
specific bacteria, such as Bacteroides fragilis, Clostridium consortium (particularly Cluster IV
and XIVa), and the “altered Scheidler flora” (a combination of eight recognized symbiotic
bacteria) [219-221]. Polysaccharide A (PSA), the chemical in B. fragilis which affects the
immune system, stimulates the conversion of CD4+ T cells into Foxp3 + Treg cells. These
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cells play an active role in maintaining tolerance in the mucosal lining by generating IL-10
in the presence of normal bacteria [222]. It may be deduced that the immune system’s
cells detect and are influenced by the metabolic byproducts, which, in turn, impact the
equilibrium between pro-inflammatory and anti-inflammatory cells. For example, it has
been documented that C. Consortium and B. Fragilis can stimulate the development of
Treg cells by generating short-chain fatty acids (SCFAs) from carbohydrates found in the
diet [223]. Recent data suggest that gut microorganisms play a role in the development of
AS. The gut microbiome undergoes continuous and fluctuating changes. Hence, specific
microorganisms can serve as markers for monitoring disease activity and assessing the
efficacy of treatment. To accurately diagnose and treat patients with AS in the future,
clinicians may need to perform rapid and thorough analyses of the gut flora [224].

Therefore, there are many studies that indicate that a relationship between the com-
position of the microbiome and the development of autoimmune diseases, including AS.
The bacteria that are found in the intestines can act in two ways: to silence or intensify
the immune response. This way, modified cells can migrate from the intestines to the
joints, contributing, for example, to their reactive inflammation. From this point of view,
lifestyle factors, in particular, a proper diet and the appropriate contribution of micro- and
macro-elements, are important.

7. Genetic Polymorphism in HLA System

With 231 protein subtypes, the HLA-B27 family exhibits a high degree of genetic
polymorphism. These subtypes differ from one another by only a small number of amino
acids, which may change the molecule’s ability to bind peptides [3,225].

Human MHC, called the HLA complex, belongs to cell surface proteins operating in
the process of acquired immunity. There are three subgroups in the MHC gene family:
class I, II, and III. MHC class I encodes HLA-A, HLA-B, and HLA-C and is present on
all human nucleated cells and platelets, presenting epitopes to T cell receptors (TCR) on
the surface of cytotoxic T lymphocytes [3]. The heterodimeric subgroup of MHC class
I consists of a polymorphic heavy chain. The chain contains three domains, i.e., 1, &2,
and «3. The al domain binds non-covalently to the non-MHC 32m molecule, while o3
spans the cell membrane and interacts with the T cell CD8 coreceptor [226-228]. The
MHC class I complex can connect to peptides 8-10 amino acids long through one cleavage
separated from both al and «2, which leads to the initiation and propagation of the
immune response [229]. A stable MHC molecule must be properly packaged and then
folded in the endoplasmic reticulum of cell organelles (ER) under the guidance of chaperone
proteins (calreticulin and tapasin) [226]. Although the classical MHC I class contains one
heavy chain, there are three distinct MHC-I structures, including cell surface HLA-B27
homodimers and intracellular and exosomal MHC-I dimers [230]. These components
may function in various pathophysiological processes. The exact mechanism binding the
HLA-B27 antigen and AS has not yet been identified, but it is assumed that the intracellular
process of HLA-B27 antigen formation is the subject of further research in this area [231].
Studies have shown that 85% of AS patients are characterized by the presence of the classic
HLA-B27 allele. This does not mean, however, that this allele is responsible for causing
the disease, because only 1-5% of carriers develop AS [232,233]. The arthritis-causing
peptide hypothesis assumes that structurally mutually exclusive peptide-MHC complexes
can directly initiate the specific HLA-B27 autoimmune response, relying on the primary
structure of antigenic peptides [234]. Some microbial peptides are similar to self-peptides
in body tissues and can activate the response of some HLA-B27-specific CD8+ T cells. T
cells react with HLA-B27 peptide complexes, leading to autoreactivity and autoimmune
disease [235].

HLA-B27 tends to misfold within the endoplasmic reticulum, leading to the formation
of dimers and multimeters. Without the proper folding, HLA-B27 would be produced and
transported to the cell surface as homodimers containing only heavy chains. The presence
of such HLA-B27 variants correlates with the occurrence of AS [236]. Such misfolded
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proteins accumulate in the endoplasmic reticulum, activating autophagy and the IL-23/IL-
17 pathway. They can also affect the functioning of the endoplasmic reticulum, causing a
pro-inflammatory response to the presence of misfolded proteins, which, in turn, leads to
the activation of the above-mentioned pathway [237]. Another hypothesis suggests that
HLA-B27 homodimers are associated with the receptors on NK cells, myelomonocytes
and lymphocytes. Binding occurs through the killer cell immunoglobulin-like receptor
(KIR) and the leukocyte immunoglobulin-like receptor (LILR). This leads to the release of
pro-inflammatory cytokines such as IL-17, TNF-«, and IFN-y [238]. Although attempts
have been made to demonstrate associations between HLAs other than B-27, particularly
with HLA-B40 [239-242] and HLA-A02 [243], most of them have not been confirmed or
repeated in independent studies. The only confirmed case of an antigen that may be
important for the pathomechanism of AS is HLA-B14. The reports do not explain how this
antigen contributes to the development of AS, but confirm its occurrence in a population of
patients in whom HLA-B27 has not been detected [244,245].

Some researchers look for connections between AS and other genetic polymorphisms.
In the study by Remans et al. [246], it was found that the CTLA4 gene has a protective effect
against the phenomenon of oxidative stress, which may suggest that the presence of the
discussed polymorphism actually reduces the antioxidant potential, but there are no reports
in the literature that the polymorphism of the discussed gene has been tested in this aspect.
To confirm the conclusions described, studies should be carried out on a larger population
of patients with the described polymorphism. The research conducted by Dahmani et al.
established a link between ankylosing spondylitis and the CT60/rs3087243 polymorphism
of the CTLA4 gene. The study found that the HLA-B27 antigen and variations in the CTLA4
3’UTR region played an essential role in ankylosing spondylitis susceptibility in a west
Algerian population. The genetic difference observed between the B27+ and B27— groups
explains the disease’s variability [247]. STAT4 gene polymorphism is also important for
the functioning of antioxidant enzymes in the bodies of patients with RA, PsA, and AS. In
research conducted by Liu et al. [248] and Ebrahimiyan et al. [249], the involvement of the
T allele of the STAT4 gene polymorphism in the occurrence of rheumatoid diseases such as
RA and AS was confirmed. Research by Garcia-Ruiz et al. [250] stated, however, that it is
the high level of MDA that stimulates the expression of the COL1A1 gene. However, there
is a lack of research in the literature presenting the above phenomena on a broader scale.

In recent years, researchers’ interest has focused on attempts to study genes outside
the major histocompatibility complex. This seems important, because the etiopathogenesis
of this disease is still not fully understood; therefore, it seems that the relationship between
genes and AS remains one of the strongest and can be used to determine susceptibility to
AS. Examples of such genes have been collected and presented in the Table 3.

Table 3. New genetic polymorphisms’ influences on AS.

Polymorphism Genotype Influence on AS Population References
IL-1A-889 i increases the risk of AS in English and [251]
(rs1800587) various studied populations Tunisian
IL1F7 exon 2 is negatively correlated Canadian and

(rs3811047) G allele with susceptibility to AS Chinese [251]
IL5 associated with lower .

(rs2069812) Aallele CRP and VAS values Polish [252]
IL9 associated with lower .

(rs2069885) Aallele CRP and VAS values Polish [252]

should be considered as a
promising biomarker of

allele isease activity an olis
(rSI7L613771;0) G allel di ivity and Polish [253]
anti-TNF treatment
outcome
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Table 3. Cont.

Polymorphism Genotype Influence on AS Population References
may serve as a potential
(rsilIéZI;?S 4) G allele marker of disease severity Polish [253]
in Polish AS patients
haplotypes appear to be
involved in the
TLR2 development of clinical .
(rs5743708) Aallele forms of SpA and can be a Brasil [254]
possible therapeutic target
for the spondyloarthritis.
haplotypes appear to be
involved in the
TLR9 development of clinical .
(rs187084_rs5743836) 1/ Callele s of SpA and can be a Brasil [254]
possible therapeutic target
for the spondyloarthritis.
TIMP3 may be associated with .
(rs11547635) susceptibility to AS Chinese [255]
RUNX3 can contribute to AS .
(rs760805) T allele incidence Chinese [256]
TNF«x . .
(rs1799724) Cvs T allele reduced risk of AS Asians [257]
significantly increased the
TNF«x risk of AS in Caucasians Asians,
(rs1800629) Gvs Aallele and decreased the risk of Caucasian [257]
AS in mixed populations.
G vs A allele, .
TNF«x GG vs GA linked to an elleiviated AS Asians [257]
(rs361525) susceptibility
genotype
TNF«x linked to an elevated AS .
(rs1800630) Callele susceptibility Asians (2571
TNFAIP3 T allele, CT may be associated with a .
(rs10499194) genotype reduced risk of AS. Chinese Han [258]

8. Conclusions

Comprehensive medical care for a patient with AS should also include a detailed
analysis of lifestyle and factors that may increase oxidative stress, such as smoking or
excessive alcohol consumption.

The review carried out in this study indicates the involvement of many factors under-
lying AS. Factors related to lifestyle should be mentioned here, in which smoking cigarettes
comes to the fore and, consequently, the production of free radicals. This is important,
because the disruption of the pro- and antioxidant balance triggers a cascade of reactions
that produce toxic products. In turn, the inflammatory process that accompanies this
disease results in the release of a number of mediators and molecules that change the
functions performed by cells, leading to the activation of pathological reactions. Moreover,
proteins are secreted, the presence of which indicates an ongoing chronic inflammatory
process. Another factor that plays a role in the pathomechanism of AS is exposure to heavy
metals and environmental pollutants. The role of genetic factors is also important. There
is a relationship between the occurrence of specific polymorphisms and, for example, a
reduction in antioxidant potential, which may lead to the development of a condition called
oxidative stress, which is related to the pathomechanism of AS. The data contained in this
review constitute valuable information and encourage the initiation and development of
research in this area.
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Abstract: The significance of physical activity in sports is self-evident. However, its importance
is becoming increasingly apparent in the context of public health. The constant desire to improve
health and performance suggests looking at genetic predispositions. The knowledge of genes related
to physical performance can be utilized initially in the training of athletes to assign them to the
appropriate sport. In the field of medicine, this knowledge may be more effectively utilized in the
prevention and treatment of cardiometabolic diseases. Physical exertion engages the entire organism,
and at a basic physiological level, the organism’s responses are primarily related to oxidant and
antioxidant reactions due to intensified cellular respiration. Therefore, the modifications involve
the body adjusting to the stresses, especially oxidative stress. The consequence of regular exercise
is primarily an increase in antioxidant capacity. Among the genes considered, those that promote
oxidative processes dominate, as they are associated with energy production during exercise. What
is missing, however, is a look at the other side of the coin, which, in this case, is antioxidant processes
and the genes associated with them. It has been demonstrated that antioxidant genes associated with
increased physical performance do not always result in increased antioxidant capacity. Nevertheless,
it seems that maintaining the oxidant-antioxidant balance is the most important thing in this regard.

Keywords: gene; polymorphism; exercise; antioxidant; oxidant

1. Introduction
1.1. Exercise—Health Implications

Physical exercise/effort (PE) is currently an important issue in the context of public
health. A sedentary lifestyle is considered a significant pathological factor of many civiliza-
tion diseases, i.e., cardiometabolic [1] and neurodegenerative diseases, as well as mental
disorders (e.g., diabetes, heart attack, Alzheimer’s disease, depression) [2]. PE improves
mood and physical performance, delays aging, and ameliorates cognitive function. Phys-
ically, PE is associated with increased oxygen consumption (VO,), which strictly affects
the oxidant-antioxidant (redox) balance. Intensified cellular respiration in mitochondria
increases the production of reactive oxygen species (ROSs), escalating oxidation reactions.
Appropriately intensive PE may lead to a state of oxidative stress, the risk of cell damage,
and, thus, inflammation. The effect of exercise depends on the intensity and duration
of the effort. “Small” negative post-exercise changes can contribute to positive adaptive
effects, such as increased antioxidant capacity (primarily higher activity of antioxidant
enzymes) [2].

The effects of exercise on an organism are being increasingly utilized in the rehabil-
itation of heart diseases [3]. Moreover, PE is regarded as the most significant predictor
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of cardiometabolic diseases. The absence of PE is the most significant risk factor for the
development of such diseases. Regular exercise is the most effective means of enhancing
cardiorespiratory and metabolic health. The entire organism—all organs and physiological
systems—is involved in PE [4]. Therefore, all possible kinds of genes are activated in
response to the effort. This covers particularly protein genes, such as those of structural,
enzymatic, and signaling proteins (muscle proteins, enzymes, receptors, cytokines, and
hormones). The fundamental differences result only from the type of exercise bout (ratio of
aerobic versus anaerobic efforts, endurance vs. resistance) [5]. There are parameters that
connect the fields of sports and healthcare. For instance, the maximal fat oxidation rate is a
predictor of metabolic flexibility, body weight loss, and endurance performance. It can be
evaluated and defined not only on the basis of physical and biochemical parameters but
also on the basis of genetic parameters. This is because, as is well known, everything has
its origin in the genes [6].

1.2. Sports Genomics and the Redox Balance

It appears that the pinnacle of the human body’s capabilities has been reached in many
sports. Nevertheless, the pursuit of improvement in top results remains constant. The
level of professionalism in sports is on the rise, accompanied by a concurrent growth in
knowledge. This has always included technique and technology, while a relatively new
field of study is athletic genetics, which has significant potential for development. This is
an increasingly prominent area of sports theory, representing one of many avenues in the
pursuit of enhanced sports performance. For example, the use of athletic genetics could
facilitate the assignment of a novice athlete to a sport discipline that is most suited to their
abilities at an early stage of training. This would obviate the necessity for the athlete to un-
dergo the arduous process of searching for a suitable sport through the conventional means
of sports testing, thus allowing the athlete to be trained more expeditiously and effectively.

A study that involved monozygotic and dizygotic twins revealed that DNA may be
responsible for approximately 66% of the interindividual variance in terms of sports pre-
disposition (microsatellite variations and single nucleotide polymorphisms, SNPs) [7], and
over 200 genes may even be closely related to sports performance [8]. A recent review of the
literature indicates that 128 genetic markers, distributed virtually across the entire genome,
may be associated with professional athletes. These include 41 polymorphisms related
to endurance performance, 45 polymorphisms related to power, and 42 polymorphisms
related to strength [9].

The first papers that appeared at the end of the twentieth century focused on only
one gene that potentially strongly determines physical performance. One of the first ones
was the gene for angiotensin-converting enzyme (ACE) [10]. Presently, a genome-wide
association study (GWAS) is a method for evaluating genetic predisposition for sports. This
is based on determining several hundred thousand to 5 million loci in one DNA sample
(no assumptions regarding loci that are potentially related to the trait of interest) [11].
Sports genomics are primarily concerned with the following genes: ACE, x-actininin-3
(ACTNB3), peroxisome proliferator-activated receptors (PPARs) «/v/ 6, hypoxia-inducible
factor-1 (HIF1 ), and endothelial nitric oxide synthase (eNOS) [5,12,13]. ACE is an indirect
prooxidant enzyme, since angiotensin II, which ACE produces, increases superoxide anion
radical (O, ™) production through the activation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX) [14]. ACTN3 is a protein filament of muscle fiber
involved in contraction; thus, it is not associated with the redox balance [5]. PPARs, in turn,
may indirectly promote antioxidant signaling through transcriptional or post-translational
activities [15]. HIF1« is a crucial subunit for transcriptional hypoxia-inducible factor, while
hypoxia is a state associated with oxidative stress [16]. Likewise, eNOS, which is a source
of nitric oxide (NO), is a kind of reactive nitrogen species (RNS) with a potent vasodilatory
effect that produces peroxynitrite (ONOO™) in contact with O, ™. In turn, ONOO™ is an
ROS with a greatly strong oxidizing and vasoconstricting effect [17]. Table 1 presents a list
of loci for which there is reliable evidence of a beneficial effect on physical performance.
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Table 1. Alleles that have been demonstrated to enhance physical performance [9].

Gene Locus Alleles Type of Benefit
AMPD1 (Adenosine Monophosphate Deaminase 1) 1p13 rs17602729 C/T endurance/power (C allele)
CDKNI1A (Cyclin-Dependent Kinase Inhibitor 1A) 6p21.2 1236448 A /C e“d“ranc’(e éleﬁge)/ power
HEFE (Homeostatic Iron Regulator) 6p21.3 rs1799945 C/G endurance (G allele)
MYBPC3 (Myosin Binding Protein C3) 11p11.2 rs1052373 A/G endurance (G allele)
NFIA-AS2 (NFIA antisense RNA 2) 1p31.3 rs1572312 C/A endurance (C allele)
PPARA (Peroxisome Proliferator Activated Receptor A) 22q13.31 rs4253778 G/C endurance (G allele)
PPARGCIA (Perox1so:jrc1fi Clzsililtfsll:al’aZ; Activated Receptor I 4p15.1 158192678 G/A endurance (G allele)
ACTN3 (Actinin A 3) 11q13.1 rs1815739 C/T power/strength (C allele)
CPNES (Copine V) 6p21.2 rs3213537 G/ A power (G allele)
GALNTLS6 (Polypeptide Ni?ligtz)lgalactosammyltransferase 4q34.1 15558129 T/C power (T allele)
IGF2 (Insulin-Like Growth Factor 2) 11p15.5 rs680 A/G power (G allele)
IGSES (Immu&c;%rll%kglg Superfamily 1p13.1 rs699785 G/ A power (A allele)
NOS3 (Nitric Oxide Synthase 3) 7q36 rs2070744 T/C power (T allele)
TRHR (Thyrotropin-Releasing Hormone Receptor 8q23.1 rs7832552 C/T power (T allele)
strength (allele of >21 CAG
AR (Androgen Receptor) Xq12 CAG repeats repeats)
LRPPRC (Leucme'RICC:SSQTS”ICOPEPH“ Repeat 2p21 rs10186876 A/G strength (A allele)
MMS22L (Methﬁé\f;i‘gfzi‘ﬁg“ate‘sens“Wlty 6q16.1 159320823 T/C strength (T allele)
PHACTRI1 (Phosphate and Actin Regulator 1) 6p24.1 rs6905419 C/T strength (C allele)
PPARG (Peroxisome Proliferator Activated Receptor I') 3p25.2 rs1801282 G/C strength (G allele)

The existing literature indicates a growing interest in the field of sports genetics.

However, genes that have a direct impact on physical performance are still poorly under-
stood. Antioxidant genes are an especially new approach to this issue, while antioxidant
capacity is an essential part of post-exercise adaptation changes. Therefore, we decided to
review the knowledge about genes responsible for antioxidant defense in the context of
physical performance.

2. Body Functions during Physical Exercise

It is important to know the general physiological variations in the human organism
during PE for this article. The body adjusts its physiological functions to accommodate
the increased demand for energy and oxygen during physical activity. These changes
include increased body temperature, respiration rate, heart rate, and blood pressure, while
at a molecular level, hydrolysis and recovery of adenosine triphosphate (ATP) are intensi-
fied [18].

2.1. Energy Metabolism

ATP hydrolysis and recovery are essential to maintain body functions during physical
activity. The energy required for muscle contractions, enabling movement, is produced
through ATP hydrolysis in muscle mitochondria. For aerobic exertion, this includes the
following metabolic pathways of cellular respiration: glycolysis, pyruvate oxidation, the
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tricarboxylic acid cycle, and oxidative phosphorylation [18]. Anaerobic bouts of exercise
involve oxygen-free mechanisms such as anaerobic glycolysis and the phosphagen system
(phosphocreatine utilization) based on muscle stores. The anaerobic activity involves the
very rapid production of ATP, faster than under aerobic conditions, but ATP is quickly
depleted because the stores of glucose and phosphocreatine in muscles are rapidly used
up. Hence, anaerobic efforts allow for the generation of high power output; however, they
do not last longer than 6 s. The consequence of anaerobic glycolysis is lactate production.
Very intense PE with about 100% maximal VO, lasting 15-30 s, involves the rapid use of
glycogen stores in skeletal muscles and maximally intensified oxidative phosphorylation.
The availability of O, during endurance exercise and the lower intensity of the exercise
allow one to continue the effort over a much longer time. Up to approximately 2 h, apart
from muscle glycogen reserves, plasma glucose, plasma free fatty acids, and muscle triglyc-
erides are used for energy production, while in addition to muscles, many other organs
and body systems are involved in this process. Endurance exercise bouts of longer than 2 h
are associated with a metabolic shift from carbohydrate oxidation to lipid oxidation [19].

2.2. Energy Resources

Physical exertion may be referred to as a stressor because it causes a reduction in fatty
acid oxidation and increases glucose metabolism to cover energy demand. In contrast, fatty
acid oxidation is the primary source of energy flow when resting. An instant source of
energy is produced when glycogenolysis converts glycogen stored in muscle and liver cells
into glucose. When the glucose concentration is too low (consumption of glycogen stores
and lack of current supply of simple sugars), ATP is produced using the (3-oxidation of fatty
acids [18]. However, specific alterations must be considered in relation to exercise intensity
and diet. Moderate-intensity exercise (40-55% VOpmayx) results in the oxidation of both
lipids and carbohydrates. Hepatic glycogen stores are then mainly used, but they can also
be recovered if glucose is available from digested food/drink (small intestine). An increase
in the intensity of exercise results in greater involvement of skeletal muscles. PE above
75% VOgmay is primarily related to the consumption of muscle glycogen, which is used up
very quickly during maximal and supramaximal efforts [19]. A diet rich in carbohydrates,
particularly polysaccharides, can result in a high glycogen concentration within 24 to 36 h.
However, a continuous supply of monosaccharides, disaccharides, and oligosaccharides is
essential for prolonged endurance exercise. Interestingly, a low-carbohydrate high-fat diet
increases glycogen stores but impairs aerobic metabolism and, thus, endurance exercise
performance [20].

Glycogen is a glucose polymer and the main carbohydrate used for energy produc-
tion. The conversion of glycogen into glucose is catalyzed by glycogen phosphorylase,
which completely decomposes the glucose polymer in conjunction with a debranching
enzyme [19]. To produce energy, glycogen cooperates with specific cellular components in
skeletal muscles, e.g., mitochondria, myofilaments, and the sarcoplasmic reticulum. The
complex of glycogen and the sarcoplasmic reticulum has been well described in fast-twitch
skeletal muscle. It is believed that phosphorylase-mediated glycogen decomposition pro-
vides the availability of glucose-1-phosphate for glycolytic ATP production at this complex.
Moreover, glycolytic ATP supply may facilitate Ca?* reuptake into the sarcoplasmic reticu-
lum, ensuring muscle relaxation during the contractile cycle. This is possible thanks to the
interaction of glycolytic enzymes with calcium ATPases in the reticulum [21].

Depending on exercise intensity, duration, and nutritional status, adipose-derived fatty
acids can be a significant or dominant origin of energy during PE. Fatty acid absorption
within the cell initiates the process, while the absorption may depend on particular muscle
proteins. The first step is activating fatty acid molecules with acyl-CoA synthetase found
in the endoplasmic reticulum and on the surface of the outer mitochondrial membrane.
The enzyme uses coenzyme A to perform ATP-dependent thioesterification of fatty acid
molecules. Fatty acid combined with coenzyme A (long-chain acyl-CoA) additionally con-
nects with a molecule of carnitine and, in this form, enters the mitochondrion. Eventually,
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the fatty acid undergoes oxidation inside the mitochondrion, which involves the deletion
of two carbon atoms called beta and gamma (detachment of acetyl-CoA at the carboxyl
end—3-oxidation of fatty acid) [22].

3. The Effect of Physical Exercise on the Redox Balance

The other important part of this article’s topic is the redox balance in humans, as it is
a crucial part of human homeostasis during exercise. As mentioned in the introduction,
changes in an organism caused by exercise result mainly from the impact on this part of
the organism’s functions.

3.1. Mitochondrial Respiratory Chain and ROS Production

The solubility of molecular oxygen (O,) is up to eight-fold higher in organic solvents
than in water [23]. The oxygen concentration within a cell may locally differ. Generally, the
highest O, concentration occurs near cellular membranes, which have physical properties
similar to those of organic solvents. Mitochondria are characterized by the lowest O,
concentration compared to other cellular organelles, as they are central oxygen consumers.
Molecular oxygen reacts with organic compounds and oxidizes them by acquiring their
electrons. The complete reduction of O, to water is problematic because it requires the
double acquisition of two electrons (and two protons; four electrons and four protons in
total) from the molecule being oxidized, and the overwhelming majority of them have
paired electrons. Therefore, oxygen reacts with many compounds in the one-electron
way to form O, ™ [24]. In aerobic cells, a complete reduction of oxygen occurs in the
mitochondrial respiratory chain. However, 1-4% of the oxygen consumed by mitochondria
is converted into Op ™ [24,25]. In vivo, Oy~ reacts predominantly with iron-sulfur centers
and transition metal ions. The protonated form of O, ~, i.e., hydroperoxyl radical (HO;),
which is devoid of an electric charge, penetrates cellular membranes more easily and stays
longer in their hydrophobic interior (inaccessible to O, ™), where it can initiate a reaction
of lipid peroxidation. It should be noted that lipid peroxidation is an element of normal
cell metabolism. Increased exposure to ROSs enhances it but does not initiate it. The
attachment of another electron (and two protons) to O, ~ produces hydrogen peroxide
(H,0,). This weak oxidant reacts mainly with the thiol group of protein cysteine residues
(e.g., protein tyrosine phosphatases, G proteins, some ion channels, and some transcription
factors) and transition metal ions (Fe?* /Cu*). The latter group of reactions leads to the
formation of the most reactive oxygen species in biological systems: hydroxyl radical
('OH), the product of the attachment of three electrons to molecular oxygen. In the body,
"OH reacts non-specifically with biomolecules of all major classes (low-molecular-mass
compounds, proteins, lipids, carbohydrates, nucleic acids). In contrast, O;"~ and H,O,
mainly react with enzymes that specifically break them down [26]. The enzymes catalase
(CAT) and superoxide dismutase (SOD) catalyze the dismutation reaction of HyO, and
O, 7, respectively. Peroxidases consume H,O, to oxidize their substrates. The activity of
these enzymes determines the protection of eukaryotic cells against O, = and H,O,. The
protection against ‘OH is mainly based on preventing its formation [24].

3.2. The Components of Oxidant—Antioxidant Balance

The emergence of one ROS entails the generation of others. As a result of the
decomposition of O, ~, HyO, is formed. That, in turn, in the presence of transition
metal ions, creates the possibility of the formation of "OH in the Haber-Weiss reaction
(Hy05 . Oy~ + Fe?* /Fe3* — "OH + OH™~ + O,) or other ROSs. Physical factors such as ion-
izing radiation, ultraviolet radiation, photochemical reactions, and ultrasound are sources
of ROSs with marginal biological significance. Intracellular sources of ROSs are much
more important; they result primarily from the one-electron oxidation of reduced forms
of many compounds (such as cysteine, glutathione (GSH), glucose, flavins, quinones, and
nucleotides—FMNH;, FADHj, and catecholamines) by O,. Another source of ROSs in cells
is specific enzymatic reactions. Two enzymes generating O, ~ are particularly important
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here: xanthine oxidase (peroxisomes) and NOX, which are present in the plasma membrane
of phagocytic cells. Oy~ is also generated by the smooth endoplasmic reticulum and
lysosomal redox chain. The reaction of O, ~ with 'NO produces ONOO™, a strong oxidant
with a bactericidal effect. However, the most important cellular source of ROSs is the
mitochondrial respiratory chain composed of large protein complexes: NADH-ubiquinone
oxidoreductase (complex I), ubiquinone-cytochrome c oxidoreductase (complex III), and
cytochrome c oxidase (complex IV). Succinate dehydrogenase (complex II) does not pump
protons but provides reduced ubiquinone [24,27-29]. Electrons enter the chain from NADH
via complex I and from succinate via complex II. Complexes I, I1I, and IV pump protons
across the inner mitochondrial membrane, which flow back into the matrix via the ATP
synthase, driving the rotor to produce ATP [29].

In living cells, oxidative damage caused by ROSs generated in the environment and
during aerobic metabolism may lead to DNA mutations, protein inactivation, and cell
death. On the other hand, ROSs may exert beneficial effects for proper cellular develop-
ment and proliferation. For instance, they take part in signaling pathways, imitate and
enhance the action of growth factors, or have mitogenic effects [26]. Thus, cells should
have a dynamic balance between the rate of ROS formation and the decomposition rate
(Figure 1). To maintain this redox balance, aerobic cells evolved defense mechanisms, which
include prevention (counteracting ROS reactions with biologically important compounds),
intervention (terminating free radical chain reactions), and elimination or repair (removing
the products of ROS reactions with biomolecules). These mechanisms may complement
and replace each other. For instance, mammalian tissues contain glutathione peroxidases
(GPXs), which catalyze the reaction between GSH and H,O,, forming the oxidized form
of GSH—glutathione disulfide. This disulfide may ultimately lead to protein inactivation
by oxidizing the thiol groups in proteins and forming disulfide bridges (forming mixed
disulfides with proteins containing thiol groups). Fortunately, GPX enzymes cooperate
with glutathione reductase (GR), which recreates the reduced form of glutathione at the ex-
pense of NADPH oxidation. NADPH is regenerated by, for example, glucose-6-phosphate
dehydrogenase or isocitrate dehydrogenase [24].

A heme-containing enzyme, cytochrome c peroxidase, located in the intermembrane
space of mitochondria, decomposes H,O, generated by mitochondrial SOD (MnSOD) with
the use of the reduced form of cytochrome c. Under certain conditions, other hemoproteins
(hemoglobin, myoglobin) may also protect cells against ROSs through their pseudoperoxi-
dase activity in cooperation with low-molecular-mass antioxidants (e.g., ascorbate) [30,31].
Unfortunately, reactive ferryl forms of hemoproteins may then be formed. Flavins seem
to be safer substrates for hemoproteins because their oxidized forms can be reduced by
NADPH-dependent methemoglobin reductase (i.e., flavin reductase) [32].

Iron ions do not occur in free form inside or outside cells. They remain firmly bound
to specific proteins (ferritin of the intestinal mucosa, transferrin—a plasma protein trans-
porting iron, lactoferrin—a neutrophil protein) and are maintained in oxidized form—ferric
ions, which cannot initiate the Fenton reaction. Haptoglobin (Hp) strongly binds free
hemoglobin, while hemopexin binds heme, thus preventing lipid peroxidation catalyzed
by hemoglobin and heme [24].

Copper ions in blood plasma are bound to a specific protein—ceruloplasmin—and
in small amounts by albumin, transcuprein, and amino acids [33]. Intracellular copper
ions are bound by metallothionein and GSH [34]. Ceruloplasmin demonstrates low SOD
and ferroxidase activities, oxidizing Fe?* ions to Fe** ions with the complete reduction
of oxygen.

The primary role of metallothioneins is to bind and detoxify heavy metal ions (cad-
mium, mercury). Still, they are also involved in the homeostasis of metals necessary for
organisms (zinc and copper). A typical mammalian metallothionein protein contains ap-
proximately 20 cysteinyl residues out of 61 amino acid residues [35]. They can, therefore,
react quickly with O,"~ and "OH. In addition to their primary functions, some highly
concentrated proteins may also act as antioxidants. For example, albumin in blood plasma
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binds fatty acids (potential peroxidation substrates), copper, and heme and reacts with
ROSs, thereby protecting more critical macromolecules of an organism. Damaged albumin
molecules undergo proteolysis and are replaced by new ones. Similarly, GSH serves as a
protective target for HyO; in cells. GPX directs the attack of HyO, on GSH. Thus, it protects
thiol groups of enzymes and prevents H,O, from participating in the Fenton reaction.

N

extracellular space

peroxisome

plasma membrane

Figure 1. Maintaining a dynamic equilibrium between the formation and elimination of reactive
oxygen species in eukaryotic cells. CAT: catalase; GPX: glutathione peroxidase; GR: glutathione
reductase: GSH/GSSG: reduced/oxidized form of glutathione; HyO,: hydrogen peroxide; MRC:
mitochondrial respiratory chain; NADPH/NADP*: reduced/oxidized form of nicotinamide adenine
dinucleotide phosphate; 'NO: nitric oxide; NOX: NADPH oxidase; O,: molecular oxygen; O, ~:
superoxide anion radical; ‘OH, hydroxyl radical; ONOO™: peroxynitrite; SOD 1-3: superoxide
dismutases 1-3.

The fundamental differences in the physical properties of polar and non-polar cellu-
lar environments entail the existence of water-soluble antioxidants, i.e., ascorbate, GSH,
uric acid, bilirubin, glucose, and pyruvate, as well as lipid-soluble antioxidants, i.e., «,
y-tocopherol, &, 3-carotene, lycopene, lutein, reduced coenzyme Q, and retinol. The re-
actions of low-molecular-mass antioxidants with ROSs and free organic radicals are less
specific than enzymatic reactions, which is not a disadvantage. These compounds are
more universal defenders of the body and can play different roles. They can react with
the fraction of O, ~ and H,O, molecules that escaped the action of antioxidant enzymes,
reducing the chance of hydroxyl radical formation [24,26].

3.3. Exercise-Induced Changes in the Redox Balance

PE can induce changes in the concentration/activity of oxidative stress markers re-
sulting from the increased generation of ROSs. Increased ROS generation during exercise
results from enhanced oxygen demand, mainly in skeletal muscles [2,36]. Large amounts of
ROSs can also be released by phagocytes that infiltrate tissue at sites of muscle damage [37].
Exercise-induced ROS generation has been shown to have both positive and negative
physiological effects [37,38]. High levels of ROSs can lead to damage to cellular structures
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and cell death. On the other hand, ROSs play an essential role in cell signaling, for example,
during muscles” adaptation to exercise [39]. It is common knowledge that physical training
improves physical fitness. Myokines, among others, are involved in this process; these
are cytokines produced and released from skeletal muscles during exercise that affect
metabolic and cellular processes in various tissues and organs. Some of them can affect the
oxidant-antioxidant balance [40]. It has also been demonstrated that ROS-linked pathways
can participate in myokine induction [39].

Numerous studies confirm the effects of exercise on the redox balance. However, the
effects of this influence vary depending on the nature of changes in individual markers of
the balance. ROS overproduction depends mainly on the intensity or volume of exercise [41].
For example, cycling with intensities of 50%, 60%, and 70% of the maximal VO, for 10,
20, and 30 min has enhanced oxidative stress and antioxidant activities in men who lead
sedentary lifestyles. However, the changes in individual oxidative stress markers observed
by the researchers varied and depended on the duration of PE. SOD activity in erythrocytes,
for example, increased immediately after exercise of all intensities and durations, except for
an intensity of 70% of the maximal VO, for 30 min, when SOD activity decreased. In the
case of GPX, the only statistically significant changes consisted of a decrease in the activity
of this enzyme after 20 and 30 min at all intensity levels [42]. Other studies, in turn, showed
no statistically significant changes in the serum malondialdehyde (MDA) and GPX4 levels
of 20 healthy young adults (men and women) and a lack of regular exercise habits after
aerobic exercise at moderate intensity on a power bike (five times per week for 4 weeks).
The SOD levels, on the other hand, decreased in a statistically significant manner [43]. After
a 12 week maximum fat oxidation intensity exercise, however, there was a decrease in CAT
activity and MDA levels and an increase in serum SOD activity in obese patients (men
and women) with nonalcoholic fatty liver disease (all junior students without physical
education courses). The GPX activity and total antioxidant capacity did not change in a
statistically significant manner [44]. There were no changes in MnSOD, CAT, GPX, and
hemeoxygenase-1 in muscle biopsy material after a 4 week training intervention consisting
of high-intensity interval training in healthy volunteers [45]. A specific training program
was shown to improve elite karate athletes” oxidant-antioxidant balance. After 3 months of
karate training, the authors observed an increase in SOD and CAT activity, while the MDA
concentrations decreased [46].

Studies confirm that suitable exercise maintains physiological levels of ROSs, which
allows skeletal muscle to function properly and facilitates adaptation to exercise [46,47].
Among other things, regular PE induces adaptive changes in endogenous antioxidant
mechanisms [17,37,48,49]. These changes can involve both enzymatic and non-enzymatic
antioxidants. It has been shown that oxidants can affect gene expression. Changes in gene
expression involving ROSs have been demonstrated at the level of transcription, mRNA
stability, and signal transduction. Under the influence of exercise, changes occur in SOD
activity, among other things [50]. Comparing the mRNA levels of antioxidant enzymes
before and after physical training, the authors showed, for example, an increase in the
mRNA levels of SOD1 in peripheral blood mononuclear cells after completing a 2 week
training period (jogging for 30 min 5 days per week) in healthy subjects. The mRNA levels
of SOD1 and SOD2 were also found to be higher in a statistically significant manner two
weeks after the completion of the training program. Before exercise, the SOD2 mRNA levels
were higher in those with exercise habits compared to those without [51]. It is considered
that regular exercise induces so-called “oxidative eustress” [52]. This type of oxidative
stress, in contrast with “oxidative distress”, helps maintain redox homeostasis. This is
possible, among other means, through the activation of transcription factors including
erythroid-related nuclear factor 2 (NRF2) [52], which is considered a key regulator of antiox-
idant defense [53,54]. This factor regulates the expression of GR, SOD, GPX, thioredoxin
reductase, hemeoxygenase-1, peroxiredoxin, metallothionein, and thioredoxin, among
others. Numerous studies confirm NRF2 activation in response to exercise [55,56].
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4. Genes Responsible for the Production of Antioxidant Capacity in the Context of
Athletic Performance

4.1. Polymorphisms of Antioxidant Genes and Physical Performance

There are not many publicly available papers on research about the direct impact
of antioxidant genes on physical performance (Table 2). Interestingly, the investigated
antioxidant gene polymorphisms are not associated with improved antioxidant capacity.
This covers changes leading to a weakening of the antioxidant barrier. Several SNPs of
antioxidant enzyme genes have been noted to cause a decrease in the levels or activities of
antioxidant enzymes. They include, among others, a valine/alanine substitution at position
9 of the amino acid chain in the mitochondrial targeting sequence (MTS) of MnSOD (Val-
9Ala: NCBI, refSNP ID: rs1799725), adenine/thymine substitution at position 21 of the
promoter region of the CAT gene (21A/T: NCBI, refSNP ID: rs7943316), and proline/leucine
substitution at position 198 of the amino acid chain in GPX1 (Pro-198Leu: NCBI, refSNP ID:
rs1050450) [57].

Table 2. Polymorphisms of antioxidant parameters assessed for their relationships with physical

performance.
Genotypes (Single-Nucleotide Relatlonsl.np with
Parameter . Physical References
Polymorphisms)
Performance
Manganese s“pgé"ffse ff;mutase (SOD 2, Val/Val, Ala/Val, Ala/Ala Yes [57-59]
Catalase (CAT, EC 1.11.1.6) AA, AT, TT No [57]
Glutathione pelrci)lq(l:lags)e 1(GPX1, EC Pro/Pro, Pro/Leu, Leu/Leu No [57]
Haptoglobin (Hp) 1F-1F 1F-1S, 15-1S, 1F-2,1S-2, 2-2 Yes [57]
GSTM1-, GSTM1+, GSTT1-, GSTT1+,
Glutathione S-transferase (GST, EC 2.5.1.18) GSTM1-T1-, GSTM1+T1-, GSTM-T+, No [57]
GSTM+T+

Val: valine; Ala: alanine; A: adenine; T: thymine; Pro: proline; Leu: leucine.

Ben-Zaken et al. [58] proved that the Ala allele in the MnSOD gene polymorphism
occurs more often than the Val allele in professional athletes (N = 195) in both endurance
and resistance in comparison with healthy controls (N = 240). The frequency of this
allele compared to the Val allele also increases with the athlete’s training level (higher in
athletes at the Olympic level than in athletes at the national level) but is not influenced
by the essential type of PE (aerobic/endurance or anaerobic/resistance). MTS directs the
primary translation product of MnSOD to the mitochondrion; therefore, the replacement of
valine with alanine causes a change in the spatial conformation of MTS from an «-helix
to a B-sheet, impairs the transport of the enzyme, and ultimately reduces the antioxidant
capacity in mitochondria. The authors suggest that increased physical performance in
this way results from angiogenesis, mitochondrial biosynthesis, and muscle hypertrophy,
which are intensified due to higher ROS concentrations [58]. A point mutation in the
MnSOD gene with a similar redox effect was also investigated by Ahmetov et al. [59].
Specifically, this is about the Alal6Val polymorphism (rs4880 C/T), which is concerned
with a substitution of cytosine for thymine, resulting in a substitution of alanine for valine at
position 16 of the amino acid chain in MTS. Consequently, a reduction in the mitochondrial
antioxidant capacity is observed as a result of the inefficient transport of MnSOD across the
mitochondrial membrane. In contrast to the findings of Ben-Zaken et al. [58], the authors
of this study demonstrated that the genotype associated with reduced MnSOD antioxidant
capacity is less prevalent among athletes. However, this refers only to strength athletes
(N = 524), as no differences were observed between endurance athletes (N = 180) and
controls (N = 917). The mentioned antioxidant gene polymorphisms were also evaluated in
the context of physical performance by Akimoto et al. [57]. They examined long-distance
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runners (135 individuals in total, 82 men and 53 women aged 15-58 years) with the
following gene polymorphisms: Val/Val, Ala/Val, and Ala/Ala genotypes of MnSOD, AA,
AT, and TT genotypes of CAT, and Pro/Pro, Pro/Leu, and Leu/Leu genotypes of GPX1. The
DD, ID, and II genotypes of ACE were also evaluated. The impact of a given genotype on
endurance performance was assessed. This was done using the parameters of post-exercise
damage in venous blood serum: aspartate aminotransferase, alanine aminotransferase,
creatine kinase, thiobarbituric acid reactive substances (TBARSs, mainly MDA), as well
as using a comet assay of nucleated blood cells (leukocytes). The runners were tested
with a single run over a distance of 4-21 km. The study shows that only the MnSOD
polymorphisms are related to aerobic capacity. The authors found statistically significant
lower serum activity of creatine kinase in runners with the Ala/Ala MnSOD genotype
compared to the enzyme activities in runners with the other MnSOD genotypes. The study
by Ahmetov et al. suggests an opposing relationship. In their study, elevated creatine kinase
activity (women) and creatinine concentration (men and women) were positively correlated
in professional athletes with the MnSOD polymorphism, which results in a reduction in
mitochondrial antioxidant capacity [59]. Akimoto et al. [57] were also the first researchers
to examine glutathione S-transferase (GST) in the context of physical performance. They
studied cytosolic GST-pu and GST-0, which are encoded by the glutathione S-transferase
M1 and T1 genes, respectively. The family of those isoenzymes (EC 2.5.1.18) plays a
key role in redox neutralization (reduction) of potentially harmful metabolic products
using GSH. These mainly include a wide spectrum of xenobiotics and oxidative stress
products [60]. It has been found that polymorphisms of these genes, which are based
on allelic deletion (null genotype), result in a higher prevalence of neoplasm [60,61], and
these are the loci that the authors examined, but they found no relation between them and
endurance performance [57]. Moreover, Akimoto et al. [57] revealed that haptoglobin, a
serum glycoprotein that is a type of acute-phase protein, may also be involved in endurance
performance. The serum TBARS concentration was lower in runners with the 15-1S Hp
genotype than in runners with the 1F-1S and 15-2 genotypes (no statistically significant
differences compared to the other genotypes: 1F-1F, 1F-2, and 2-2). Hp is responsible for
binding free hemoglobin in the bloodstream, which prevents oxidative stress resulting
from the Fenton reaction [62]. Hp dysfunctions are associated with a higher incidence
and clinical stage of many inflammatory and autoimmune diseases [63]. For instance, the
2-2 genotype is associated with an increased risk of developing vascular complications in
patients suffering from diabetes. This results from the fact that heme iron combined with
this type of Hp is more susceptible to redox reactions than other Hp complexes with heme
iron, which results in higher concentrations of oxidized lipids and, thus, increased levels of
dysfunctional lipoproteins [64].

4.2. Antioxidant Adaptation as a Result of Exercise

As mentioned in the previous section, regular PE has been widely shown to increase
the ability to alleviate inflammation and oxidative stress by inducing an adaptive response
in the endogenous antioxidant system. This is manifested by, among other things, the
positive impact of exercise on ‘NO bioavailability in the endothelium. It has been found that
the 'NO concentration increases as a result of regular physical activity in both young and
elderly individuals [65], which may be accompanied at the same time by the maintained
redox balance (correspondingly higher plasma antioxidant capacity) and eventually proper
cutaneous microcirculatory functions in older people [66]. Another research study also
points to this; 36 older (47-74 years) professional long-distance runners had better regula-
tion of blood circulation (endothelium function) and higher plasma antioxidant capacity
than 36 controls (sex-matched, untrained people aged 46-77 years, with no cardiovascular
disease or any risk factors of the disease). Blood flow in the hands and feet was examined
in the participants under conditions of increased temperature (44 °C), as well as ischemia
and hyperemia (3 min of brachial artery occlusion), using a laser Doppler flowmetry and
biochemical parameters in venous blood (left cephalic vein). Higher plasma concentrations
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of 'NO in the form of its metabolites (nitrites and nitrates), mRNA of PGC-1a (PPARY
coactivator-1 «), total antioxidant capacity, and sirtuin 1, as well as higher miR29 concentra-
tions in mononuclear cells of the blood, were found in the athletes [67]. The increase in the
eNOS activity and phosphorylation of serine at the 1177 position of its amino acid chain is
most probably an adaptive and vasoprotective effect of PE. The molecular changes also
include increased levels of integrins (cell membrane proteins) and HyO; in the endothelium.
Exercise-induced eNOS activation is transient and reversible and is regulated in redox
reactions, including the upregulation of SOD (SOD1 and SOD3) and downregulation of
NOX [68].

The same can be said of myokines, which, as previously stated, play a role in the
physiological adaptations that occur during exercise. The induction and release of myokines
are, in part, mediated by the muscles” production of ROSs [39]. At the same time, some
myokines exhibit considerable antioxidant potential and the capacity to regulate the redox
balance. For example, under ischemia/reperfusion-induced oxidative stress in the heart,
brain-derived neurotrophic factor (BDNF) has been shown to reduce the concentration
of H,O,, while leukemia inhibitory factor (LIF) and fibroblast growth factor 21 (FGF-21)
have been demonstrated to result in a lower concentration of O, ~. A similar effect
regarding O, ~ has been found for interleukin-6 (IL-6) in the brain and regarding ONOO™
for fibroblast growth factor 2 (FGF-2) in the kidneys. Concurrently, the same or other
myokines contribute to the higher activities of antioxidant enzymes (SOD, GPX) and/or
oxidant enzymes (NOS, NOX) [40]. In general, myokines are signaling molecules that act
in a number of ways—inside muscle cells (“in situ”), including in an autocrine manner, as
well as in paracrine and endocrine manners on other tissues throughout the body. They
may protect against oxidative stress while also acting as modulators of metabolism via
redox reactions in both physiological and pathological conditions (e.g., PE and aging, as
well as cardiometabolic diseases and cancer, respectively). For example, irisin, a recently
identified myokine, appears to possess the ability to mitigate and even repair oxidative
damage to muscle tissue caused by the aging process in individuals who engage in regular
exercise. Myokines are also involved in the regulation of muscle tissue reconstruction.
In satellite cells, the Pax genes are activated, and the sequential expression of myogenic
regulatory factors occurs as follows: MyoD, Myf5, myogenin, and MRF4. The result
is the proliferation, differentiation, and fusion of satellite cells into new multinucleated
muscle cells, processes that are dependent on a transient increase in the concentration
of ROSs [68]. Furthermore, numerous animal and in vitro studies have corroborated
these findings [40,68]. For instance, cardiomyocyte culture and adult mice subjected to
a pro-inflammatory agent (lipopolysaccharide) have been shown to enhance the cardiac
concentration of FGF-21, which resulted in increased expression of antioxidant genes
(SOD-2 and uncoupling protein 3, UCP-3) and capacity via an autocrine manner [69].

Finally, sometimes, a gene seemingly unrelated to the oxidant—antioxidant balance
can affect it. An example is the MYBPC3 gene, in which SNPs are associated with either
the phenotype of an elite athlete’s heart or hypertrophy cardiomyopathy, depending
on the gene allele. MYBPC3 encodes myosin-binding protein C3. Phosphorylation of
this structural protein increases cardiac contraction, and its isoforms are also present in
skeletal muscles. The polymorphisms of the gene present in professional athletes are
probably related to theophylline, quinate, and decanoylcarnitine, metabolites whose level
increases with aerobic capacity and that increase antioxidant capacity (theophylline and
decanoylcarnitine). In turn, hypertrophy cardiomyopathy, a condition characterized by
oxidative stress, is associated with ursodeoxycholate [70].

5. Conclusions and Future Perspectives
5.1. Conclusions

The importance of physical exertion in healthcare is increasingly being recognized,
with evidence indicating that it is an effective means of improving metabolic and cardiores-
piratory health. In this context, exercise is accorded particular attention with regard to
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the prevention and treatment of metabolic syndrome and its associated diseases [3,4]. In
contrast, in the field of sports, novel approaches to enhancing performance are consistently
being investigated. Therefore, investigating the origin of an organism’s characteristics,
specifically its genes, can facilitate the realization of health benefits that extend beyond the
primary objective [6].

The literature in the field of sports genomics is mainly focused on genes that regulate
muscle functions during physical exertion and genes of structural proteins in muscles,
especially those responsible for contraction. Most of these genes are directly or indirectly
related to oxidant processes, not antioxidant ones [5,9,12-17]. Another issue is inconsistent
conclusions regarding the impact of exercise on the redox balance. On the one hand, the
human body needs free radicals for effective PE, as they are signal conductors between
cells/tissues. In any case, the consequence of this effort is the augmented generation of free
radicals. ROSs and RNSs can also potentially threaten an organism in excessive concentra-
tions. They may contribute to severe oxidative damage of cellular components and lead
to pathological changes, starting with inflammation. However, this is not the case with
exercise, as the effects of PE on an organism remain within the parameters of physiological
responses. The consequences of free radicals, oxidative-stress-induced microdamage, and
inflammation as a result of exercise are adaptive changes in the body, which are expressed
in higher antioxidant capacity. This is a condition that an organism can cope with and ulti-
mately benefit from [36-39]. The entire effect of exercise on the human redox equilibrium
depends on the intensity, type, and duration of an exercise bout. The physical fitness of a
given individual is also important, as well as whether an individual is a healthy or sick
person [42-46]. In general, however, an organism’s reactions tend to maintain the redox
balance in each condition (keeping the system’s self-regulation). This should be remem-
bered when concluding research studies on antioxidant genes in the context of physical
performance. On the one hand, it has been demonstrated that the frequency of prooxidant
modification in the MnSOD gene (Ala allele) is strongly and positively correlated with
the training level without an association with the type of exercise [57,58]. On the other
hand, there are alleles of antioxidant genes that increase antioxidant capacity and, thereby,
physical performance (e.g., 15-1S allele of the Hp gene) [57]. Maintenance of the redox
balance—the cooperation between oxidants and antioxidants in an organism to keep its
proper functions—is well illustrated by the endothelium’s already-mentioned regulation
of blood pressure. For appropriate endothelium function, both oxidants (NO, H,O,) and
antioxidants (higher total plasma antioxidant capacity) are required [65-68]. A comparable
redox effect is observed in the case of myokines [40,69].

5.2. Future Perspectives

It should be remembered that genes interact in many different ways. Thus, an ex-
amination of particular genes in one research experiment may provide different results
in another, depending on the subjects, i.e., on the genotypes included in a study. The
entire genotype shapes the phenotype. SNPs are not the only possible origin of differences.
Many other genetic markers should also be considered (e.g., rare mutations), as well as
epigenetic features. Future studies should also involve genes linked to other sport-related
predispositions, in addition to those representing exercise physiology and anatomy. For
instance, genes involved in shaping personality and mental traits should be included.
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Abstract: Age-related macular degeneration (AMD) is a chronic disease, which often develops
in older people, but this is not the rule. AMD pathogenesis changes include the anatomical and
functional complex. As a result of damage, it occurs, in the retina and macula, among other areas.
These changes may lead to partial or total loss of vision. This disease can occur in two clinical forms,
i.e., dry (progression is slowly and gradually) and exudative (wet, progression is acute and severe),
which usually started as dry form. A coexistence of both forms is possible. AMD etiology is not fully
understood. Extensive genetic studies have shown that this disease is multifactorial and that genetic
determinants, along with environmental and metabolic-functional factors, are important risk factors.
This article reviews the impact of heavy metals, macro- and microelements, and genetic factors on the
development of AMD. We present the current state of knowledge about the influence of environmental
factors and genetic determinants on the progression of AMD in the confrontation with our own
research conducted on the Polish population from Kuyavian-Pomeranian and Lubusz Regions. Our
research is concentrated on showing how polluted environments of large agglomerations affects the
development of AMD. In addition to confirming heavy metal accumulation, the growth of risk of
acute phase factors and polymorphism in the genetic material in AMD development, it will also
help in the detection of new markers of this disease. This will lead to a better understanding of the
etiology of AMD and will help to establish prevention and early treatment.

Keywords: age-related macular degeneration; AMD; chemical elements impact; element-element
interactions; oxidative stress; metallothioneins; lifestyle factors; genetic factors

1. Introduction

Age-related macular degeneration (AMD) is a chronic eye disease that usually appears
in people after the age of 50, but in highly developed countries it can also occur in younger
people. AMD is an important cause of blindness in the USA and accounts for 54% of
blindness in Caucasian patients, 4.4% in black patients, and 14.3% in Spanish ones. Among
white people aged 40 and older, AMD is the most common cause of visual impairment
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and blindness in the USA [1]. Due to the increasing life expectancy, it is expected that the
frequency of AMD will increase [2-8].

Currently, AMD is considered to be the most prevalent retinal disease in the Western
world. Furthermore, it is the most prevalent cause of blindness in developed nations.
Considering ethnic factors, the problem is particularly remarkable among Caucasians
compared to Hispanic, African, and Asian populations. A large-scale estimation revealed
that in 2020, the worldwide population struggling with AMD encompassed approximately
196 million of individuals. The prognosis concerning a longer period of time (by year
of 2040) is very alarming, and projects an increase to 288 million individuals. This phe-
nomenon may largely arise from certain diet and lifestyle factors, as well as increasing
lifespan [9]. Diverse causes and risk factors of AMD are summarized in Tables 1 and 2.
Neovascular AMD is responsible for 90% of blindness connected with this disease. The
mainstream treatment for slowing its progression is anti-vascular endothelial growth factor
(anti-VEGF) therapy (aflibercept, ranibizumab). Nevertheless, this method is burdened
with disadvantages such as high financial costs, requirement of frequent treatments and
finally lack of entire treatment of the disease. Future approaches will be undoubtedly
concentrated on the elaboration of new anti-VEGF drugs that conduce to increment in
efficacy and prolongation of the treatment intervals, which ultimately make the therapy
less expensive [9].

Oxidative stress plays an important role in the pathological events occurring in AMD.
In this context, there are statements from clinical studies with post-mortem donor eyes
that confirm presence of DNA, protein, and lipid biomarkers of oxidative stress in the
course of AMD. The occurrence of oxidative DNA damage, which includes 8-hydroxy-2-
deoxyguanosine (8-OHdG) is notable, particularly in dry form with RPE atrophy. Similarly,
enhanced levels of carboxy-ethyl-pyrrole (CEP) protein adducts (which are indicative of
docosahexaenoic acid-containing lipid peroxidation) in the Bruch’s membrane of AMD
donor eyes confirms augmented vulnerabilities toward oxidative stress (compared to
non-AMD eyes) [12].

The dry form of disease may be connected with 60% elevation of CEP levels in
comparison with control. A 60% increment in plasma CEP levels may be associated
with increased complement factor H, ARMS2 or complement C3. Finally, augmented
malondialdehyde (MDA) levels are also reported in serum from AMD individuals, which
affirms the systemic elevation of oxidative stress [12]. There are certain observations
confirming functionality of compensatory mechanisms of RPE cells to counteract oxidative
stress, e.g., antioxidative agents such as catalase (CAT) and superoxide dismutase (SOD)
tend to be upregulated in immunoblots of AMD donor eyes, especially in the early or
intermediate stages of AMD, demonstrating the existence of a pro-survival mechanism
in response to escalated oxidative stress. In cases of wet AMD, there are statements of
increment of total oxidant status in serum of patients and decrease of total antioxidant
status. Similarly, SOD, glutathione peroxidase (GPx), and glutathione reductase (GR) tend
to be decreased in serum of wet AMD individuals compared to healthy individuals, while
the activity of SOD, CAT, and GPx also tend to decrease as a consequence of wet AMD
when analyzed in the erythrocytes of AMD patients in comparison with control. Therefore,
augmented oxidative stress and diminished antioxidative defenses in wet AMD propel
further AMD progression and underline the critical role of oxidative stress in the course of
disease [12].
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Table 1. Phenotypic, demographic, and environmental risk factors of AMD; based on Heesterbeek
et al. 2020 [10].

Risk Factor

Phenotypic Risk Factors

Drusen

Predictive potential in context of AMD

Deposits of extracellular debris are located between Bruch’s membrane and retinal pigment epithelium (RPE).
Different types of drusen and its location, volume, measured area, or total number of drusen may serve as
predictive factors for AMD progression.

Small drusen may be connected with a low probability (0.4%) of developing late AMD within five years in
patients older than 55 years.

Medium or large drusen with or without accompanying pigmentary abnormalities may inform about early or
intermediate AMD stage. Individuals with medium drusen are burdened with probability between 2% and 20%
of developing late AMD within five years, while large drusen increases such probability to between 13% and 47%.

Different types of drusen and possible types of AMD

Individuals with calcified drusen have a probability of 26% of developing geographic atrophy (GA, subtype of
late AMD) within 5 years.

The presence of reticular pseudo-drusen is highly prevalent in fellow-eyes of individuals with unilateral
neovascular AMD. Progression rate in cases of neovascular AMD is estimated at the level of 31% in a period of
two years.

Finaﬁy, cuticular drusen may be connected with variants of CFH gene, and may also be helpful in the prediction
of the development of nAMD and GA (progression probabilities of 8.7-12.5% and 25-28% in a period of 5 years).

Alternations of the retinal
pigment epithelium

Pigmentary changes and hyperreflective foci in context of AMD risk

The presence of pigmentary changes in addition to drusen is connected with dramatic increase of risk of
developing late AMD (probability of 47% within 5 years in cases of large drusen and accompanying pigmentary
changes).

Hyperreflective foci may be connected with progression rates of both nAMD (47% of eyes with hyperreflective
foci develop this form of AMD after two years) and GA (approximately 50% of eyes with hyperreflective foci
develop GA within a period of 28 months).

Types of pigment epithelial detachment and AMD

Fibrovascular and serious types are both connected with nAMD.

Drusenoid type may be engaged in the progression of different kinds of AMD, as well as being connected with the
development of pigmentary alternations and calcified drusen.

In cases of GA, features like lesion size, number, location (increased rates of GA growth in eyes with multifocal
and extrafoveal lesions compared to unifocal and foveal lesions) and shape (lesions with irregular shape are
connected with a faster growth rate compared to lesions with a circular shape) are important.

Vascular and other features

Choroid vascular structures alternations and flow anomalies in the context of AMD

There is a possibility that choroid vascular structures deplete in eyes with early AMD, nAMD, and GA, as well as
that irregular choroidal vessels may be a predictive factor for the development of nAMD and GA.

Similarly, flow abnormalities in the choriocapillaris surrounding the atrophic lesions may be connected with the
escalation in GA growth rate. Moreover, in cases of eyes with a quiescent choroidal neovascularization, there is
considerably higher risk of becoming exudative (15-18) compared to eyes lacking a precursor quiescent choroidal
neovascularization.

Outer retinal tubulations and dynamics of AMD

Outer retinal tubulations can be present in areas of fibrosis after the development of exudative nAMD or at the
border of GA. In cases of individuals with GA, the localization of outer retinal tubulations at the border of GA
lesion promote slower rate of GA growth compared to individuals without outer retinal tubulations.

Risk factor Demographic and Environmental Risk Factors

The prevalence of early AMD increases from 3.5% in individuals aged 55-59 years up to 17.6% in individuals

Age 85 years and older. Furthermore, the prevalence rates increase from 0.1% to 9.8% respectively, as well as for late
AMD.

Sex There is a tendency of a higher progression rate to early AMD and late AMD (mainly nAMD) in cases of female
sex.
Toxic compounds contained in cigarette smoke may trigger the formation of retinal oxidative stress, vascular
changes in the choroidal vessels as well as the inflammation in RPE cells. Thus, smoking is connected with a two-

. to four-fold increased risk for any form of AMD.
Smoking

Smoking may also be associated with escalation in GA growth. Quitting smoking generally mitigates the risk of
developing AMD; however, risk probabilities appear to be comparable to that of non-smoking individuals after as
long as 20 years cessation of smoking.

Body composition

Higher body mass index may be connected with greater probability of AMD developing. Especially obese
individuals (body mass index BMI > 30) are in danger of developing late AMD compared with individuals with
normal weight (BMI 20-25).
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Table 1. Cont.

Risk factor Demographic and Environmental Risk Factors

The number of vegetables and fruits in a diet is considered to be a protective factor in context of AMD
Diet progression, because these components of diet are rich in such antioxidants as carotenoids and vitamins.
Similarly, fish consumption (rich in protective fatty acids) tends to mitigate the risk of AMD progression.
. - Physical activity tends to be connected with lower odds of both late and early AMD, because regular exercise is
Physical activity . r . . .. sl

considered to be positively associated with activity of antioxidative enzymes.

Education Higher education level generally acts as alleviating factor for early AMD and late AMD development (inverse

relation between education level and development of AMD).

Sunlight exposure

Sunlight exposure escalates oxidative stress in the retina and triggers the development of AMD. This factor may
be unreliable (difficulties in quantification of the total amount of sunlight exposure).

There are evident differences between ethnic groups in context of prevalence rates of any form of AMD (5.4%

Ethnicity Caucasians, 4.6% Chinese, 4.2% Hispanics, 2.4% Africans).
Certain accompanying diseases may exert influence on AMD development and progression, e.g., cataract surgery
Comorbidity may increase the incidence of AMD and intensify its progression because of augmented inflammatory processes

during surgery and increased exposure to ultraviolet light afterward.

Table 2. Immunological, genetic, and oxidative stress driven causes of AMD; based on Shughoury
etal. 2022 [11].

Causative Factor

Immune Dysregulation and the Complement System Factors

Innate immune system

Immune complex deposition is engaged in the formation and biomolecular makeup of drusen. AMD
pathogenesis may be mediated by localized inflammation and microglial cell recruitment.

Complement components

Terminal fragment C5b is engaged in the uprising of a membrane attack complex (MAC) along with such
complement factors as C6, C7, C8, C9. Finally, MAC is responsible for disruption of the lipid bilayer that
ultimately leads to cell lysis. In this context, complement factor H (CFH gene) on chromosome 1 is recognized as a
major susceptibility locus for AMD development. In vitro knockdown of this gene may be connected with
escalated MAC deposition in choroidal endothelial cells.

Common loss-of-function CFH variants rs1061170 (Y402H) and rs1410996 constitute important genetic risk factors
of AMD. Another CFH rs121913059 (p.Arg1210Cys) may confer approximately a 20-fold increment in AMD threat.
Complement Factor I (CFI) gene on chromosome 4 and such variants as p.Gly119Arg and p.Leu131Arg may be
implicated in a reduction of CFI concentration and activity subsequently leading to the development of AMD.
The variant in the complement C3 gene of chromosome 19, 152230199 (p.Arg102Gly), is connected with disrupted
CFH binding, conferring resistance to CFH-mediated inactivation. This variant, as well as the associated
polymorphism 151047286 (p.Pro292Leu), exist commonly in Caucasian populations and considerably augment the
risk of AMD.

Another candidate factor potentially connected with AMD may be complement component 5 because of its
presence in drusen, as well as in the context of elevated serum C5a levels in course of disease. In turn, variants in
the gene coding complement component 9 may be engaged in progression to more advanced stages of AMD.
Especially 7534882957 (p.Pro167Ser) is connected with elevated serum concentration of C9 and increased
polymerization rates, which results in increased MAC formation and advances in course of AMD.

Contrariwise, certain rare variants in the complement component 2 and complement factor B genes on chromosome 6
may act as protective factors against the development of AMD. Variants mitigating the function of coded enzymes
subsequently influence on the activity of certain complement cascades and exert this beneficial effect.

Extracellular Matrix/Metabolism of Lipids/Angiogenesis/Oxidative Stress/Multiple Pathways

Extracellular
Matrix Remodeling

The structure of Bruch’s membrane depends on the balance between certain matrix metalloproteinases (MMPs)
and their tissue inhibitors (TIMPs) (especially MMP-1, MMP-2, MMP-3, MMP-9, TIMP-1, TIMP-2, TIMP-3).
TIMP-3 excess leads to impaired extracellular matrix turnover as well as pathologic thickening of Bruch’s
membrane. Decreased TIMP-3 activity may lead to escalated angiogenesis. Nine rare variants in TIMP-3 are
considered to be cumulatively connected with over 30-fold increased risk of AMD (rs5754227, 5713685, rs743751,
5749482 TIMP-3 intron variants constitute particularly important risk factors). In the matter of MMPs -gene
MMP-2 appear to be significant.

There are admissions that T allele (TT and CT genotypes) of 15243865 polymorphism may influences protectively
against AMD, whereas homozygous CC genotype is possibly connected with hard drusen development in the
course of disease. Variants of MMP-9 (rs142450006, rs3918241, rs3918241, rs3918242, rs4810482, rs17576, rs17577)
appear to be connected with threat of AMD and possible progression to the form of macular neovascularization.
Also MMP-9 CA (13-27) microsatellite expansion variant may be related with threat of the progression to macular
neovascularization. Among other genes coding for extracellular matrix components, gene variant rs140647181,
near the Collagen Type 8 a1 (COL8AI) gene is considered to be a risk factor for AMD. Presumptions about
connections with AMD also apply to certain rare, protein-altering variants in the COL8A1 gene itself.
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Table 2. Cont.

Extracellular Matrix/Metabolism of Lipids/Angiogenesis/Oxidative Stress/Multiple Pathways

Lipid metabolism

Lipids constitute important components of drusen making up over 40% of its volume. Pathologic accumulation of
lipids results in RPE and photoreceptor loss in AMD while. Oxidation of lipoproteins participate in the
progression of AMD. Therefore, variants in several genes coding for proteins engaged in lipid metabolism and
cholesterol transport may be considered to be risk factors of AMD.

Genes involved in functionality of high density lipoprotein (HDL) appear particularly important due to its
fundamental transport and anti-inflammatory significance.

The apolipoprotein E (APOE) gene is recognized as possibly connected with AMD in various contexts. E.g., allelic
variant ApoE4 may exert protective effect against the disease and confers up to 40% reduction in the threat of
AMD developing. Oppositely, ApoE2 is connected with a slightly escalated risk of AMD or pathogenesis of
macular neovascularization.

Important modulator is hepatic lipase (LIPC) involved in intra-retinal lipid transport and regulation of plasma
HDL levels. Effects are diversified from protective (against AMD development) connected with such LIPC
variants as 15493258, 1510468017, 159621532 or rs11755724 to escalating the risk of disease associated with such
LIPC variants as 1513095226 and rs3748391.

Moreover, cholesteryl ester transfer protein (CETP) may be engaged in AMD due to its role in the transport of
cholesterol from peripheral tissue to the liver through transfer of cholesterol esters from low-density lipoproteins
to HDLs.

Mainly CETP rs3764261 is connected with escalated risk of AMD, while two intronic variants of CETP (rs17231506
and rs5817082) are associated respectively with slightly increased and reduced risk of AMD. Another factor is
ATP-binding cassette transporter A1 (ABCAL1) protein because its function in the elimination of excessive tissue
cholesterol by triggering the formation of HDL.

The 51883025 ABCA1 protein seems to exert the opposite influence due to its two alleles (C allele connected with
increment of plasma HDL levels and escalated threat of AMD and T allele related to decreased HDL and lower
risk of AMD).

Angiogenesis

Angiogenic processes may be engaged in the development of macular neovascularization. Vascular endothelial
growth factor (VEGF) is considered to be a driving force of neovascularization. Among its isoforms elevated
levels of VEGF-A are connected with ocular neovascular diseases.

The T allele of VEGF-A rs3025000 variant augments possibility of clinical response to anti-VEGF therapy in
macular neovascularization. The VEGF-A rs3025033 variant and haplotype of

1r51570360A-1s699947 A-rs3025033G-rs2146323A may be connected with decreased threat of neovascular AMD.
Finally, fibulin 5 (FBLN5) dysfunction may pose important factor in AMD pathogenesis because this extracellular
matrix protein is engaged in modulation of angiogenesis and antagonizing VEGF.

Oxidative stress

Certain genetic mutations heighten susceptibility to oxidative damages that leads to photoreceptor dysfunction
and AMD pathogenesis.

Rare mutations in RAD51B gene are connected with an augmented threat of disease and individuals with AMD
may characterize themselves with abnormally decreased serum concentrations of RAD51B.

Additionally, the tumor necrosis factor receptor superfamily member 10A (TNFRSF10A) gene mutations may
increase the risk of AMD, mainly in Asian populations.

Animal models confirmed that decreased expression of oxidative stress is connected with reduced RPE cell
viability and escalated apoptosis. Mutations in excision repair cross complex 6 (ERCC6) gene may exert certain
influence on the augmentation of AMD risk because individuals with AMD may demonstrate decreased retinal
ERCC6 expression. Subsequently, in such patients ERCC6 functionality in context of transcription-coupled
excision repair of DNA mutations undergoes perturbation.

Genes implicated
in multiple pathways

The region of chromosome 10q26 spanning high-temperature requirement factor A serine peptidase 1 (HTRAT)
gene promoter and the age-related maculopathy susceptibility 2 (ARMS?2) gene coding region constitutes loci of
particular significance in context of AMD susceptibility.

In cases of Caucasians and East Asians, ARMS2-HTRA1 region together with CFH, is responsible for over half of
the genetic threat related to AMD. ARMS2-HTRA1 variants are connected with more rapid course of AMD.
Certain local ARMS2 dysfunction may be associated with oxidative damages of the retina. In turn, HTRA1 shows
implication in extracellular matrix remodeling, TGF-3 cytokine signaling as well as acts as regulator of local
subretinal inflammatory processes and angiogenesis. Both gene variants HTRA1 rs11200638 and ARMS?2
510490924 are connected with an escalated AMD threat and younger onset of the disease. ARMS2 1510490924
may implicate inflammatory response due to correlation with elevated C-reactive protein levels, while G allele is
connected with augmented threat of AMD progression to advanced stages.

However, this variant pose as more significant risk factor of the disease in Asian populations compared to
Europeans (risk allele frequencies of 40% versus 20%). This fact also gains importance in the context of a slight
connection between ARMS2 dysfunction and progression to neovascular disease.

Other ARMS-HTRA1 variant rs2284665 seems to be associated with development of macular neovascularization.
Finally, HTRA1 variants 151049331, rs2293870, and rs2284665 are reported as connected with AMD progression,
possibly through disrupted HTRA1-mediated inhibition of cellular apoptosis and insulin-like growth factor 1.

A series of changes caused by aging of RPE cells can lead to AMD. The aging of retinal

pigment epithelium cells (RPE) break the balance of enzymes in the extracellular matrix in
macular area gathers on the Bruch membrane (BrM). Metabolites accumulate on the BrM,
forming vitreous warts, damaging adjacent retinal tissues, and reducing the blood supply
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of retina. RPE cells senescence leads immune cells to produce vascular endothelial growth
factor (VEGEF). The calcification, rupture, and phagocytosis of BrM produce blood vessels
which may lead to AMD (Figure 1).

A fundamental factor in the process of neovascularization is VEGF-A, therefore it is
also considered to be the the main focus of anti-VEGF therapies. Pathological angiogen-
esis is connected with the improper regulation of VEGF, while this factor also promotes
proliferation and tube formation, as well as the migration and vascular permeability of
endothelial cells. The fact that RPE releases VEGF in the fetal development is necessary in
the development of choriocapillaris. Furthermore, low ocular level of VEGF generally is
considered natural under physiological conditions [13]. In turn, pathological conditions
may be characterized by abnormally high levels of VEGF in affected zones, which may
indicate advances in neovascularization. Another characteristic feature for AMD patients
is improper regulation of para-inflammatory responses connected with the promotion of
macular damages. These processes are additionally stimulated by certain behavioral risk
factors, genetic predispositions, and advanced age [13].
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Figure 1. The formation of AMD during aging. Non-genetic mechanisms of AMD are induced by

retinal pigment epithelium (RPE) cell senescence, oxidative stress, hemodynamics, and during aging
(modified after Deng et al. (2022) [14].

The precise mechanism of this impact is still unknown. Previous studies have shown
that, due to pathological changes in retinal pigment epithelium (RPE), the macula is
damaged, which may lead to partial or complete loss of vision. The disease occurs in
two clinical forms, dry and exudative (wet, neovascular), while the dry form tends to
convert into a wet form. A dry form of AMD is a mild and gradual disease. However, it
displays an acute and violent nature in the neovascular form. Both forms of AMD can
occur simultaneously [3-8]. Environmental and genetic factors contribute significantly to
the development of AMD. Studies have confirmed the role of heavy metal ions, chemicals,
light, and many genes that increase the risk of disease [5,7,8] (Figure 2).

In context of immune surveillance, there is also a critical role of complement system
because its overactivation may lead to AMD. Therefore, certain complement inhibitors
are in advanced clinical trials for the treatment of AMD. Such therapies can be applied
directly to the eye by intravitreal, subretinal, and suprachoroidal injections, as well as
delivered systemically. However, high-resolution ophthalmic imaging revealed that the
study of BrM appears fundamental for understanding of AMD pathogenesis, because BrM
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is responsible for key transport functions and constitutes structural support to RPE, while,
in the process of aging, it undergoes detrimental structural changes including thickening,
decreased elasticity, and reduced permeability. Thus, perception of transit of complement
proteins and vectors across BrM and RPE is also pivotal for the efficacy of therapies based
on application of complement inhibitors and regulators [15]. In cases of therapeutic use
and possible clinical applications, certain biomaterials are praised for their potential in
drug release control, redistribution, and the establishment of long-term delivery. In AMD
therapy, certain port delivery systems (PDSs) have achieved long-term performance in
delivering VEGF-A antibodies.

Additionally, the application of specifically fabricated micro-boxes may facilitate long-
term delivery of various types of therapeutics. Finally, nanobiomaterials are able to control
the intracellular inflammatory signals by acting as ROS scavengers and redox balance
stabilizers. Such nanoplatforms may deliver anti-inflammatory agents to the disease
regions, e.g., anti-VEGF-A antibody-loaded betasone phosphate-based hydrogel guarantees
not only prolonged attenuation of choroidal neovascularization but also scavenges ROS to
reduce inflammations [16].
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Figure 2. AMD development and protective mechanism of antioxidants (modified after Arslan et al.,
2018 [17]. Arrows indicate mutual relations between parameters in rectangles.

Previous studies indicate that the impact of heavy metals leads to accumulation of
reactive oxygen species (ROS). Unfortunately, there is no clear evidence that oxidative
stress is a major factor in AMD development, but ROS continues to be an important factor
in the course of disease [3-8,18]. ROS is a group of compounds of hydrogen peroxide
(Hy0), singlet oxygen (10,), superoxide radical anion (O,*~), and hydroxyl radicals
(*OH) [3-8,19]—and the harmful activity of ROS damages lipid membranes, proteins, and
nucleic acids [3-8,20-22]. The most exposed element for oxidative stress is the retina. This
is due to its continuous exposure to radiation, high concentrations of O,, high levels of
polyunsaturated fatty acids in external photoreceptors, and the presence of many chro-
mophores (lipofuscin, melanin, rhodopine, cytochrome C oxidase) in the retina and retinal
pigment epithelial cells RPE generating ROS during phagocytosis of photoreceptor disks
by RPE [3-8,19,20,22]. Molecules damaged by ROS called advanced glycation products
AGE affect cell DNA and increase expression of genes that promote aging of RPE cells [23].

To counteract the effects of oxidative stress, a response is triggered in two stages.
The first one is the reaction where cytochrome P450 monooxygenase system is involved.
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The action involves the oxidation and reduction of dangerous compounds. In the next
phase, these products are coupled with hydrophilic molecules. Antioxidants involved in
the second phase are divided into “direct” and “indirect”. The “direct” group includes
SOD, glutathione GSH, and thioredoxin TR. The first two components oxidize dangerous
compounds and quickly regenerate themselves. The “indirect” enzymes participate in
the biosynthesis and regeneration of GSH and TR. They also participate in the removal
of oxidized compounds [24]. The nuclear factor erythroid-2 related factor 2 NrF2 plays a
major role in the antioxidant response. It activates transcription of the leucine slider by
binding to the antioxidant response element ARE within the promoter of target genes. Its
role is to maintain redox homeostasis in the cell [4,6,24-27]. NrF2 regulates both so-called
“direct” and “indirect” enzymes [24,28]. The main task of this factor is to induce antioxidant
response [4,24,27]. NrF2 precisely controls the activation of antioxidant genes in response
to oxidative stress, which affects cell survival. Any defects in the antioxidant defense,
controlled by NrF2, can contribute to the cell death by apoptosis. NrF2 signaling play an
important role in the functioning of RPE cells [4,24,29-31].

Retinal cells are exposed to oxidative stress due to a large extent to light
effects [3-8,19,20,22]. As a result of the increasing aging processes, cells do not respond to
mitogenic factors and lose their ability to proliferate. Studies have confirmed the presence
of AGE-exposed genes in RPE cells, as well as the occurrence of shorter telomeres [32].
AGE undergoes metabolism in a much more difficult manner, and as a result they are
deposited in the lysosomes in the form of lipofuscin, which, in turn, is deposited in the
form of drusen [33]. As a result, this disrupts the metabolic exchange between the choroid
and retina [34]. Additionally, the work of photoreceptors is weakened [35]. Then, a low
intensity inflammatory process begins, which increases the levels of acute-phase proteins,
reducing total antioxidant status (TAS) [3-8,20,22,36-39]. The next stage is neovasculariza-
tion, which occurs due to the secretion of proangiogenic factors during para-inflammatory
process. New capillaries come from the choroid and are formed under the retina in the area
of macula, where they should not occur [7]. As a result, photoreceptors are destroyed in
the macula [3-8,20,22].

Thus, taking into account the above interrelationships, we consider the following aspects:

1. Presentation of the current state of knowledge about the impact of environmental and
genetic factors on the development of AMD in relation to our research conducted on
the Polish population in the Kuyavian-Pomeranian and Lubusz Regions (Central and
SW Poland).

2. Analyzing how the polluted environment of large agglomerations affects the develop-
ment of AMD, because this disease has only recently been a research subject and its
etiology is still not well known.

3.  Indication of new markers, because the review of the current literature from this field
is very optimistic, which means that emphasis are changes in the protein and enzyme
activity, metal concentration, gene polymorphism. This is the starting point for the
analyses that we intend to perform within our studies. We investigated concentration
of chemical elements Na, K, Ca, Mg, Be, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Al 5i, P, S,
As, Se, Mo, Cd, activity of antioxidant enzymes (SOD, CAT, GPx, GR); intensity of
lipoperoxidation (MDA), stress proteins (ceruloplasmin CP, haptoglobin HPT, ferritin
FRT), non-enzymatic mechanisms (total antioxidant status TAS, uric acid, bilirubin).

4. Analysis of all the above relationships, which can bring us closer to a multi-level
response to the question of the causes and development of pathophysiological changes
that accompany AMD.
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2. Role of Toxic Heavy Metals in AMD Development

As heavy metals are characterized by greater atomic mass than sodium atomic mass,
with a density greater than 5 g-cm 3 and include elements of semi-metals (metaloids, e.g.,
As, Sb), they are classified as most important environmental and occupational poisons. As,
Cr, Cd, Ni, Pb, Hg, Cr, Ni are highly allergenic [40]. High concentrations of heavy metals
induce immunosuppressive effects on the immune system, while low concentrations cause
immunostimulation. Metal ions cause oxidative stress in different ways, e.g., Fe, Cr, and
Cu undergo redox reactions by increasing ROS leading to their over-production. In turn,
Cd, Pb, and Ni decrease the antioxidative potential of cells, leading to ROS accumulation
due to their reduced neutralization [41].

Metal ions have less molecules than organic chemicals, and the bonding they create
is not a permanent covalent bond but a reversible one. In this case, the activation of
immune cells by metal ions may take place in a manner different from that of classical
hapten. Metal ions with high reduction and oxidation potential, such as Au (IV), can lead to
irreversible denaturation of proteins by oxidation of sulfur-containing side chains in amino
acids [42]. Metals primarily induce changes in protein synthesis, damage cell membranes
and impair ATP production. Most react with sulthydryl, carboxyl, and phosphate groups.
The processes taking place in the cell depend on the amount of metals and their degree
of affinity. The changes in metabolic processes in the body are revealed in the form of
biochemical or clinical effects. Their occurrence is related to the critical concentration of
elements in the organs [43].

Much research has been devoted to the impact of heavy metals on the nuclear factor
erythroid-2 related with factor 2 (NrF2). Mice experiments have shown that, in response to
light toxicity in vivo, thioredoxin is induced via thiophene [24,44]. In the experiments con-
ducted by Gao and Talalay (2004) [45], human ARPE-19 cells were used, the sulforaphane
was isolated by HPLC and concentration measured spectrophotometrically. The results
indicated activation of NrF2 sulforaphane as a protective factor for RPE. One year later,
Western Blot and immunohistochemically tested on human RPE K-1034 cells were assayed
using murine cells and analyzed by flow cytometry and electrophoresis. The results con-
firmed activation via NrF2 and showed direct protection of RPE by the alpha-tocopherol
and intermediate by inducing thioredoxin [24,44]. Glutathione synthesis is also induced by
this factor by the activation of glutathione S-transferase and NADPH-quinone reductase.

Research conducted by Nelson et al. (2002) [46] included hRPE cells cultured at
different concentrations of oltipraz and were subjected to a chemical oxidant. The level of
glutathione in the mitochondria was determined by the HPLC method, and glutathione
reductase activity was determined spectrophotometrically. The result was a significant
increase in GST activity caused by the compound used. Research has speculated that
oliprase may bind to glutathione and then to the nucleophilic center of transcriptional
regulatory factor, and by interacting with NrF2, affecting the transcription of enzymes in
the second phase of antioxidative response [24]. Conversely, studies by Ha et al. (2006) [47]
tested the protective effect of zinc on RPE. The experiment was carried out on human
ARPE-19 cell culture. Isolation of glutathione was made by HPLC. Gene expression was
tested using RT-PCR. As a result, zinc has been shown to increase the amount of glutathione
in RPE cells, and through NrF2 increases its de novo synthesis and protects RPE [24]. The
impact of toxic metals on humans is presented in Table 3.
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Table 3. Impact of toxic metals (As, Cr, Ni, Cd, Pb, Hg) on human health.

Chemical Element Harmful Compounds

Mechanism of Action/Health Consequences of Exposition

Arsenic [As] AsyS3, AsS, AsOg, FeAsS

Absorption

The most common arsenic compounds are mainly absorbed by respiratory tract and
accumulated in keratin-rich structures (hair, nails, skin), and in the placenta [48].

Health effect and biochemical impact

Arsenic and its compounds are carcinogenic for respiratory system, skin and other
organs triggering tumors, and impaired metabolic processes of hepatocytes and kidneys.
Arsenic blocks sulfhydryl groups of proteins and inhibits enzymes. It can react directly
with thiols, especially glutathione, cysteine, and dithiides [48].

Chromium [Cr] Valuable III active
compounds

Consequences of reactivity

Compounds react with substances that allow the diffusion of ions (pyrophosphates,
methionine, glycine, leucine, lysine, proline). They form stable protein complexes and
generate the mechanisms of harmful influence of chromium [49].

Health effect

Cr compounds damage the digestive system, cause skin lesions, mutagenic,
embryotoxic, and teratogenic effects [49].

Nickel [Ni] Ni?* compounds and ions

Physiological significance

Nickel in low concentrations is needed for normal functioning, whereas deficiency
causes a reduction of oxygen consumption by the liver and an increase of fat
accumulation. Physiologically, Ni activates certain enzymes, increases the activity of
humoral response, stabilizes the nucleic acids, and plays a role in lipid metabolism [50].

Absorption and health effect

Nickel is a major causative agent of contact allergy [50]. A total of 75-80% of inhaled
nickel remains in the lungs, when administered orally 90% is excreted. Nickel allergy is
most often manifested as allergic contact dermatitis (Ni-ACD).

Hand eczema is also observed, resulting from prolonged exposure to Ni contained in
detergents or nickel-plated items. There are known cases of vesicular eczema following
the consumption of foods containing Ni [50].

Cadmium [Cd] CdO, CdCl,, CdSOy4

Absorption

When absorbed from food, cadmium effects undergo modulation in the range of
digestive tract thanks to protein agents, Zn, Cu, Ca, and Fe contained in the diet. Their
low content in the food cause increases in the absorption of Cd from the gastrointestinal
tract and influence its accumulation in the body [51]. The greatest amount of Cd is
absorbed in the duodenum.

During absorption in the enterocytes, the transport of Cd occurs (non-specific divalent
metal transporter (DMT1) bivalent conveyor and metal tolerance protein (MTP1)
conveyor). Absorption can also occur through calcium channels of transporters
responsible for Zn transport or can be absorbed from gastrointestinal tract in the
combination with cysteine or glutathione-thiol groups [52].

Accumulation and health effect

Cd accumulates in the liver and kidneys, which are the target organ of toxicity. In the
liver, Cd induces the synthesis of low molecular weight metallothionein (MT) proteins
that bind Cd (II) ions to Cd-MT complexes. In the kidneys, Cd-MT complexes are easily
filtered in glomeruli and resorbed in proximal tubules, where they degrade Cd ions.
These structures are particularly exposed to metal toxicity and causing subjected to
damages them and resulting that may result in resorption disorders [20-22,43,53,54].

AMD risk assessment

The results suggest that people with higher levels of Cd exposure are at increased risk
for AMD. Concentration of Cd in the blood is a good reflection of recent exposure,
especially in exposed workers. Additionally, nicotine is one of the main risk factors for
AMD development and the main source of human exposure to Cd [53].
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Table 3. Cont.

Chemical Element Harmful Compounds

Mechanism of Action/Health Consequences of Exposition

Lead [Pb] All Pb compounds
and metallic Pb

Absorption and health effect

Lead is mainly absorbed through respiratory and digestive tract [43,49,55]. In children
exposed to Pb in the pre- or postnatal period, a number of deviations in mental
development were demonstrated. The most commonly observed aggression seizures,
emotional lability, memory disorders, and learning and reading difficulties [43,55]. The
most common disease is saturnism. It is chronic poisoning with lead and its salts. It
occurs in employees of printers, battery factories and lead paint factories [43,49].

Pb can cause high blood pressure. Through nephrotoxic activity lead may cause renal
dysfunction and develop the renal hypertension. Pb can generate oxidative stress, which
in turn results in dysfunction of sympathetic system. It also reduces baroreceptor
sensitivity and vagus nerve tension. Pb significantly influences the conduction of stimuli
in the parasympathetic system. This can result in ventricular arrhythmias or myocardial
infarction [21,43,55].

Pb and Cd induce changes in vascular endothelium and thus contribute the
development of atherosclerotic lesions. Lead affects the course of early and late
inflammatory reactions, T and B lymphocytes, macrophages and cytotoxic cells. Bone
marrow damage is a common complication of Pb poisoning.

Hematopoietic disorders manifest as thrombocytopaenia, leukopenia or anemia. In
advanced bone marrow failure, all marrow cell lines undergo perturbation. The higher
levels of immunoglobulins, especially IgA, IgE and IgG, were also observed in patients
with higher Pb.

Neurological disorders after long exposure to Pb usually take the form of Pb neuropathy.
It usually involves the motor neurons of the upper limbs, and in particular the radial
nerves. Exposure of men to Pb results in an increased risk of spontaneous abortion in
their partners. In men, gonadal dysfunction occurs in the form of decreased sperm
quality [43,55].

AMD risk assessment

The present levels of Pb exposure in adult Americans are lower than in the past, and
recent levels of exposure determined by blood lead measurements are not high enough
to increase the risk of AMD. Such a hypothesis is probable, however, Pb accumulates in
RPE may participate in ocular cancer as well as promote chronic disease by increasing
chronic oxidative stress.

As the level of antioxidant enzymes decreases with age, the retina is susceptible to stress
and free radicals, which can lead to AMD development [56,57].

Inorganic compounds

Mercury [He] HgCly, HgCny, HgS

Absorption and consequence of exposure

In people exposed to professional exposure to mercury, it penetrates through respiratory
tract. A total of 80% is retained in the body. Sulfhydryl ligands (RSH) form complexes
with Hg (reduced glutathione) and amino acids with cysteine and glycine.

Directly high mercury poisoning occurs in cases of metallic form, from which 70% is
removed to the outside of lungs. It partly penetrates into the brain [43,49].

Accumulation and mechanism of toxicity

Mercury remains in the blood and penetrates the blood-brain barrier and placental
barrier. Consequently, it accumulates in the brain and fetal tissues. Hg?* ions have the
ability to form complexes with proteins and with compounds containing SH-groups.
Fetal hemoglobin has a high affinity for Hg, and fetuses have a higher concentration of
Hg than mothers.

Due to the fact that mercury easily diffuses into lipids it is also present in breast milk of
mothers. It is deposited in the hair, its concentration there is proportional to the
concentration in the blood. The first mercury-invaded cell element is the cell membrane.
This is due to the presence of SH-groups. Most proteins and enzymes in their
composition contain amino acids of these groups, therefore Hg poisoning can interfere
with enzymatic reactions [43,49].

Irrespective of the form of Hg, it is deposited in the form of a complex with
metallothioneins (MT), because of the induction of MT production. Synthesis of these
proteins play a key role in the detoxification process [20-22,43,49,54].

2.1. Element-Element Interactions in AMD

According to research focused on the impact of lead, it was positively associated with
both early and late AMD form in all studied local and regional areas. Hg and Cd also
had a positive relationship with late AMD in all studied areas, but did not affect early
AMD. In contrast, Mn and Zn were the opposite of late AMD [58]. Mn and Zn are not
associated with early AMD [59]. Pb and Cd can accumulate in human retinal tissues which
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may also be damaged in result of oxidative stress. They may therefore play a role in the
development of AMD. AMD has a great significance as a cause of blindness in the USA
(that accounts even for 54% of blindness in Caucasian patients, and is also considered an
important risk factor for black patients, and people from Spain). Certainly, age and ethnic
determinations play important role and among white people aged 40 and older, AMD
is the predominant reason of visual impairment and loss of vision in the US [1]. Due to
increasing life expectancy, the incidence of AMD is expected to increase [3-8].

Studies have shown that lead and cadmium can promote chronic disease, increasing
chronic oxidative stress by damaging DNA, reducing antioxidant capacity of defense
systems, stimulating the production of inflammatory cytokines [60], and ROS production,
also in retinal pigmented epithelial cells (RPE) [3-8,21,57]. Cells involved in the transport
of trace metals such as Pb and Cd are particularly susceptible to toxicity. RPE can interact
with metals, including basic metals such as Zn, Cu, Fe, but also with toxic heavy metals,
including Pb and Cd, which have a high affinity for melanin in RPE melanosomes [61,62].
Pb and Cd ions are similar in size to Zn, Cu, and Fe. Cd concentrations in human eyes
increase with age and are higher in women than in men and in smokers compared to
non-smokers [56,57]. Pb concentration in human retina also increases with age [56].

Problematic matter is detection of presence of multiple toxic metals within the intact
retina. It is also difficult to separate primary metal toxicity from secondary uptake of metals
in defective tissue. However, elemental bioimaging enables detection of toxic metals in
various segments of eye [63]. Certain examinations use such methods as laser ablation-
inductively coupled plasma mass spectrometry that make possible the detection of multiple
elements in tissues as well as histochemical technique of auto-metallography that allow to
detect the presence of inorganic Hg. Therefore, the presence of such toxic elements as Ni,
Fe, Hg, and Al can be confirmed in retinal pigment epithelium, choriocapillaris or optic
nerve head. Subsequently, this knowledge is fundamental for inferences about injuries
to RPE from toxic metals, damages of neuroprotective functions or violations of outer
neural retina [63]. Due to the fact that the degree of bioaccumulation of heavy metals in
human body is high, there is a constant need to monitor their levels and influence. The
development of biological methods of identification and quantification as well as usage
of biomarkers create a possibility of establishment of reliable criteria and standards. It
gains importance because the retinal epithelium is a chelating metal tissue, while melanin
forms bonds with heavy metals that increase tissue affinity for these elements. Finally, wide
variety of anthropogenic activities have led to the continuous release of toxic pollutants
into the environment and made this problem so urgent [64].

2.2. Accumulation of Heavy Metal lons in Eye Tissues

Research on human eyes confirmed the ability of the retina and choroid to accumulate
heavy metals [65]. Analyses carried out on human eyes using X-ray showed that sometimes
Al, Hg, and Se may be present in melanosomes in retinal pigment epithelium. In turn, lead
spectra were observed in the choroid and retina. Accurate studies to determine the limit
values of heavy metals for humans were carried out in 2005. The ability of Pb, Cd, T1, and
Hg metals to accumulate in the tissues of human eye has been confirmed. Studies were
conducted using plasma-mass spectrometer and histologic examination. It has been shown
the greatest affinity of these metals to the pigmental epithelium of retina and choroid.
Pigmentary eye tissues, such as retina pigmentary epithelium, choroidal, iris, and ciliary
body, have a high affinity for heavy metal ions. Additionally, melanin present in pigmented
granules binds metal ions that bind to melanosomes according to atomic weight and
volume [56,61]. It has also been proven that heavy metals, such as Pb and Cd, interfere
with biochemical balance in cell and cause oxidative stress resulting from the production of
ROS [21,56,66].

The occurrence of AMD correlated with cutaneous signs of Hg toxicity with skin
lesions induced by toxic influence of this element [67]. Both histopathological studies of the
skin biopsy, fundus, and determination of Hg concentration in the blood were performed.
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Experiments were performed on the Grover’s disease patients stated that skin lesions
in the course of the Grover’s disease may be an AMD marker. In addition, even low
levels of mercury correlate with development of both diseases. However, the author also
pointed out that if the results are confirmed in other studies, the elimination of Hg from
the environment reduce the number of patients on both units [67].

Studies conducted in 2005 on the Caucasian race have demonstrated the presence of Pb
and Cd in all examined eye tissues. Their concentration was higher in the retinal pigment
epithelium/choroid than in the retina. The work involved histological examination and
measurement of metal concentrations in tissues and blood by mass spectroscopy. As a
result, it has been demonstrated that in the retinal pigment of retina and choroid, as well
as in ciliary Cd and Pb of retina occur at the concentrations higher than in the blood
and the fluid of the eye. The results confirmed the ability of Cd and Pb to accumulate
in RPE and choroid. However, there are no known diseases that can be caused by this
phenomenon [56].

Very important amphoteric chemical element, aluminum, was tested to correlate with
AMD development. Studies have shown that Al salts activate the NALP3 inflammasome,
causing lesions and rupture of lysosomes as well as migration of immune cells and inflam-
mation. As a result, tissue damage and tumor growth occurred. Studies were conducted on
mice using flow cytometry, confocal microscopy, as well as immunochemical methods and
Western Blot [68]. Additionally, Cd and Pb concentrations in human eye tissue were studied.
As a result, it has been shown that Pb accumulation is related to AMD’s development and
significantly affects homeostasis of the eye tissue. The neural cells of retina with AMD had
increased Pb concentration. In turn, Cd concentrations in patients were not significantly
higher than in healthy patients [69].

In 2008-2011, Korean team measured concentrations of Hg, Cd, Mn, Zn, and Pb in
human peripheral blood in correlation with AMD. The results showed that high concen-
trations of lead were associated with development of both early and late AMD. In turn,
Hg and Cd only correlated with pathogenesis of late AMD. The results for Mn and Zn
were different; their high concentrations had protective effects in the late form of AMD [59].
Other studies have identified Zn as another potential protective factor for AMD, even in
patients with polymorphisms that increase the risk of AMD development [5,70].

3. Role of Oxidative Stress

Cellular imbalance occurs as a result of oxidative stress. This is caused by an elevated
oxidation reaction that produces ROS (superoxide radical anion (O,*~), hydroxyl radical
(*OH), hydrogen peroxide (H,O,), and singlet oxygen (1O5). ROS can be formed in many
ways as a product of respiratory chain in mitochondria, in photochemical or enzymatic
reactions, as effect of exposure to UV light, ionizing radiation, or the influence of metal ions.
Hydrogen peroxide is a low reactivity molecule, but it can easily penetrate cell membranes
and generate the most reactive forms of oxygen, i.e., hydroxyl radical through Fenton’s
reaction [3-8,20-22].

ROS play an important role in the regulation of many physiological processes by
participating in intracellular signaling [21,71], and causes serious damage of biomolecules
by lipid peroxidation. This is a process of oxidation of polyunsaturated fatty acids due
to the presence of several double bonds in the structure and involves the production of
organic peroxides and reactive free radicals. These molecules react with other fatty acids,
and initiate a chain reaction. ROS also attack structural and enzymatic proteins by oxidation
of amino acid residues, a formation of transverse bonds and protein aggregates as well
as proteolysis. Deactivation of key proteins can have serious consequences in important
metabolic pathways. ROS can also react with nucleic acids (attacking nitrogenous bases and
phosphate skeleton of sugar), and can cause damage to single- and double-stranded DNA.
The inability of the cell to repair damage may lead to death, or alternatively, there may be
mutations in the DNA, which leads to the development of cancer or neurodegenerative
diseases [3-8,20-22,72].
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Oxidative stress, causing damage to the eye, can occur in various forms and can
be stimulated by various factors [3-8,20-22,73]. In human eyes, local exposure to light
combined with locally high oxygen content, which is greater than in other tissues, leads
to a high tendency for oxidative stress. In combination with systemic exposure to ox-
idative stressors, conditioned by lifestyle or other factors, relative oxidative stress can
quickly become disproportionately high. Oxidative stress is associated with the pro-
motion of inflammation and has a number of negative effects associated with AMD
progression [3-8,20-22,54,73-77]. As a result of the recognition of system disorders, anoma-
lies in DNA repair genes, inefficient repair of DNA damage, and acceleration of aging of the
organism occur, leading to the dysfunction of cells and tissues. The aging is unavoidable
because ROS formation is the result of normal, daily cellular metabolism. In effect, the
cells have developed the complex of defense mechanisms to fight both the resulting of
ROS and their effects [3-8,20-22,54]. Cells most susceptible to oxidative stress damage are
non-proliferating postmitotic cells, including photoreceptors and RPE cells, because they
do not have any DNA damage detection systems at the cell cycle checkpoints [3-8,20,22].

RPE is a retinal epithelium, a pigmented monolayer, located between the retina and the
choroid. RPE is essential for the preservation and survival of photoreceptor cells because it
performs a number of critical functions such as the formation of an external retinal barrier,
transport, retinoid retention, phagocytosis, degradation of segmental photoreceptors, and
protection against light and oxidative stress [78]. Contaminated environment promotes
ROS production [3-8,20,22]. In the macula, the dominant photoreceptors are cones, which
exhibit higher demand and energy production than rods, and therefore higher oxygen re-
quirements [79-82]. Rod cells and cones differ in their susceptibility to oxidative stress, and
cones show greater sensitivity to free radicals [83]. Macula is consistently exposed to a high
metabolic activity and oxidative stress due to a high partial pressure of choriocapillaries and
polyunsaturated fatty acids (PUFAs) from external segments of the retina [3-8,20,22,54,84].
This is considered in inducing drusen formation between RPE cells and Bruch’s membrane.

Lipofuscin is a chromophore serving as the primary RPE photooxidation agent [85]
which, after absorbing high energy photons, especially blue light, undergoes a series of
photochemical reactions involving ROS formation, which in turn induces photochemical
damage in the retina and RPE cells [3-8,20,22,54,86]. Autophagocytosis and RPE home-
ostasis pathways play an important role in the aging of cells and affect oxidative stress
in AMD. Autophagy, cellular and molecular pathways were investigated for oxidative
stress. The results indicated that acute exposure to oxidative stress increased autophagy
activity, while chronic exposure to oxidative stress reduced autophagy. Based on murine
and human models, it has been observed that autophagy is significantly elevated in early
AMD, while its activity decreases in late AMD. Moreover, it has been observed that reduced
autophagocytosis effect makes RPE more susceptible to oxidative stress and that autophagy
system is enhanced to protect RPE from oxidative damage [78].

Oxidative stress in retina may be triggered by chronic UVA exposure, while blue
light exposure also promotes this phenomenon in retinal pigment epithelium layer. In
the unfavorable conditions results may be deepened by cigarette smoke or aging process.
Another factor contributing to oxidative stress in RPE is phagocytosis of outer segments
of the retina, which are abundant in polyunsaturated fatty acids. Subsequently their ox-
idative alteration cause formation of carboxy-ethyl-pyrrole adducts as well as advanced
glycation end-products which may be detected within drusen. Ultimately, the accumula-
tion of lipofuscin occurs within the lysosomal compartments and lysosomal degradation
undergoes disturbance that results in amassment of protein and lipid extracellular deposits.
Existence of certain non-invasive imaging techniques like optical coherence tomography
(OCT), fundus autofluorescence or OCT angiography enable the insight into key retinal and
choroidal anomalies. This makes possible the characterization of AMD features (drusen,
neovascularization, GA) and investigation of disease advancements [87].
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4. Role of Metallothioneins in AMD

Metallothioneins are low-molecular-weight (6—7 kDa) intracellular proteins, which
were firstly isolated from horse kidneys and appreciated for high potential in binding
cadmium [54,88,89]. These proteins are able to bind metals and act as free radical scavengers.
This ability result in considering metallothioneins as one of important components of
antioxidative defense (beside typical enzymatic mechanisms like dismutases or catalases,
as well as nonenzymatic like glutathione, ascorbate, or carotenoids) [20-22,88]. These
proteins have two domains, o and 3. The x-domain (consists of 11 cysteine residues) is
able to bind four Zn?*, four Cd?*, or six Cu* ions. The p-domain (consists of nine cysteine
residues) can binds three Cd?*, three Zn?*, or six Cu* ions [21,22,88]. Metallothioneins are
also stabilized by interactions with other metal ions such as Hg, Pb, Ni, or Co [54]. Single
molecule of metallothioneine may contain 12 Cu atoms, as well as 7 Cd or Zn atoms [21].

Metallothioneins were identified in many cellular structures (nucleus, cytosol, lyso-
somes, mitochondrial intermembrane space). A total of four isoforms of metallothioneins
(MT-1, MT-2, MT-3, MT-4) have been identified in the human body. Their location is
presented in Table 4. The first two (MT-1 and MT-2) undergo expression in many tissues,
while the expression of the third one (MT-3) is concentrated on central nervous system. The
expression of all three isoforms was detected in the human brain and retina [20-22,54,88].
The construction of metallothioneine molecules (content of metals and thiol groups) en-
ables them to make quick interactions with ROS (hydroxyl radical and superoxide anion
radical) [21].

Table 4. Location of metallothioneines in the human body [88,89].

Isoform Location of Expression
MT-1 brain (mainly astrocytes), liver, kidney, eye
MT-2 brain (mainly astrocytes), liver, kidney, eye
MT-3 brain (astrocytes, neurons, cortex, hippocampus), heart, kidney, eye
MT-4 squamous epithelia (upper gastrointestinal tract and skin), maternal deciduum

Through capturing of cations (like Fe) metallothioneins prevent from completing Fenton
reaction, in which ROS may be generated [20]. In this reaction, hydrogen peroxide reacts with
iron (II) ion creating hydroxyl radical (one of the most reactive oxidants). The high redox
potential of this molecule enables it to interact with practically all substances present in the
organism [21]. The ability of metallothioneins to counteract against oxidative stress as well as
their presence in retina prompt to reflection about the role of these proteins in the process of
AMD development, strictly connected with age-related progressive degenerative changes in
retina [3,4,6-8]. A certain chance of counteraction against these destructive changes appeared
to be possible with the introduction of antioxidants (vitamin C, E, 3-carotene) to the patient’s
diet or zinc supplementation [4,5,88]. Integrated action of antioxidants and Zn is able to slow
down AMD progression and metallothioneins by binding Zn participate in this process as
well [5,88]. Metallothioneins are able to interact with retinol dehydrogenase through this
participation in retinol reconstruction in the visual cycle [6]. Alvarez et al. (2012) [22] describe
the close correlation between zinc and metallothioneins expression. According to these
relations, the presence of Zn increases the expression of metallothioneine, simultaneously
decreasing expression of inflammatory cytokines.

It was noted that two isoforms of metallothionein (MT-1, MT-2) come under partic-
ularly high expression in the front structures of eye in range of cornea and lens. High
expression of metallothioneins in this area creates natural antioxidative barrier in the struc-
tures subject for light, UV, or other kind of radiation [88]. MT-3 is expressed at high levels in
the neurosensory retina. This isoform is involved in CNV and vascular leakage from CNV.
Moreover, MT-3 is able to protect the outer nuclear layer and photoreceptor cells related
to dry AMD [89]. However, increasing the metallothineins expression cause enlargement
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in amount of bounded Zn [22]. In this mutually regulated mechanism, we can see the
potential of metallothioneins to protect the retina against oxidative stress, particularly in
the retinal pigment epithelium, neurons, and photoreceptors. The increment of metalloth-
ioneins secretion in these regions is a typical defense reaction against growing oxidative
stress [20,22,88]. This way, the risk of extension of inflammation to internal structures of eye
is reduced. Therefore, two roles of metallothioneins (antioxidative and anti-inflammatory)
are replenished [22]. An additional trump of metallothioneins is the considerable speed of
interaction with superoxide anion radical or hydroxyl radical. Thanks to this elimination of
oxidative stress, precursors may occur effectively [21].

Swindell (2011) [54] consider metalthioneins to be “universal free radical scavengers”
that take part in cellular response for diversified stress conditions. In his opinion antiox-
idative potential of metallothioneins confirm their significant role, especially in diseases
which grow more intense in advanced age. Oxidative stress itself may be considered to be a
group of factors accelerating biological aging of cells. Swindell (2011) [54] also enumerates
some studies confirming a regulatory influence of metallothioneins on cellular respiration.
Metallothioneins act on two levels, participating in the detoxification of free radicals, as
well as not permitting to their rise [54]. There is evidence (via animal models) confirming
that these proteins may positively influence the length of life, as well as that of the expres-
sion of metallothionein increases in response to calorific restriction (undernutrition), and in
unfavorable or toxic conditions [54].

In addition to regulatory function for toxic metals, metallothioneins counteract against
cellular apoptosis, alleviate cellular inflammatory processes, support growth, and sedate
cell metabolism [54]. All mentioned functions of metallothioneins apply to protection of
nervous system cells as well. This way, metallothioneins support the regenerative processes
occurring in the nervous system in response to widely undrstood damages [20,22,54].
These statements may be referred to as AMD (as a degenerative disease, which after-
effects intensify in advanced age, leading even to complete loss of vision sense) because
metallothioneins appear to support the survival of cells and the structures of organism
through a counteraction against the aging processes stimulated by oxidative stress [3-8].
Thus, metallothioneins eliminate one of the important factors of oxidative stress stimulation
by binding and the detoxification of heavy metals. The binding of Zn and Cu favors
the maintenance of homeostasis of these elements. There is some mutually regulated
mechanism between zinc and metallothioneins; they bind Zn, and moreover, exposure
to Zn promotes the production of metallothioneins. The increase in the synthesis of
metallothioneins (MT-1, MT-2, MT-3) also occurs in inflammatory conditions in response to
the increased level of inflammatory cytokines [20-22,54,88,89].

5. Lifestyle and Environmental Risk Factors
5.1. Smoking

Different studies show that smoking is one of the most common causes of change
leading to AMD. There are thousands of chemicals in the cigarettes, which have harmful
influences on the organism. Numerous substances increase the level of oxidative stress,
which lead to lipid peroxidation [10,90-94]. According to Velilla et al. (2013) [90], smoking
affects the occurrence of molecular and pathological changes, which very strongly affect
the macula and decide on the incidence of AMD. Studies showed that patients with AMD
have a higher concentration of C-reactive protein (CRP). Unfortunately, a higher level of
CRP is not specific to smoking; concentration of this protein increases during inflammation
in the body. Research by Seddon et al. (2004) [95] and Molins et al. (2018) [96] showed that
a higher level of CRP can increase the risk of AMD independently of smoking.

Smoking has multiple influence on the development of AMD. Nicotine from cigarettes
stimulate the organism to produce vascular endothelial growth factor (VEGF). This factor
has proangiogenic activity, which promotes angiogenesis. This process has an important
role in the development of wet AMD. Smoking causes inflammation by decreasing concen-
tration of complement factor H (CFH) in the blood and activating inflammatory mediators
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(e.g., complement C3) [90-95]. Environmental independent studies from Australia, Europe,
and North America prove the role of smoking in the development of AMD [90]. Research
by Thornton et al. (2005) [91] suggests a causal relationship between cigarette smoking and
various types of AMD obtained by epidemiological evidence. The results show that the
risk of AMD among smokers is three times greater in comparison to non-smokers. This
difference is even greater in cases of exudative AMD, and is up to a four-fold increase in the
risk of disease [91]. However, most patients and individuals do not show that they increase
their probability of the development of AMD by smoking cigarettes, which may lead to
total vision loss. Fortunately, for many smokers, the risk of blindness is the most mobilizing
factor to quit smoking [91]. It has been confirmed that smoking cessation reduces the risk
of developing AMD. Research proves that 20 years after the end of smoking, the risk from
cigarette substances decreases to zero, as in people who had never smoked [10,90,97].

5.2. The Impact of Light

The light is form of electromagnetic energy, part of this spectrum, which interacts
with the eye is referred to as optical radiation. This spectrum includes wavelengths from
ultraviolet (UV, 100-400 nm), visible light (400-760 nm), and infrared (IR, 760-10,000 nm).
In this optical radiation the Commission Internationale de I'Eclairage had defined several
subgroups of wavelengths with similar photon energy. Today, UV radiation is classified
into three subgroups: UVA (315-400 nm), UVB (260-315 nm), UVC (100-260 nm), and
UVD (20-100 nm). Infrared light (IR) consists of three groups: IRA (700-1400 nm), IRB
(1400-3000 nm), and IRC (3000-10,000 nm) [98,99].

The spectrum of light that reaches the eye is absorbed by its various tissues. The
cornea absorbs almost all radiation below 295 nm. The lens absorbs wavelength range from
300 nm to 400 nm, which is part of UVB (315-400 nm) and total UVA [99-101]. The vitreous
gel propagates wavelengths in the visual spectrum (400-700 nm) and IRA (700-1400 nm),
but the UV, IRB, and IRC bands are almost entirely absorbed. The remainder of the optical
radiation, which has a range of 400 nm (380 nm) to 1400 nm, reaches the retina of the eye
and is referred to as the retinal hazard region [99,101]. The light can damage the retina by
the photothermal, photomechanical, and photochemical pathways [99]. In cases of AMD
development, the most important is the last one, in which oxidative stress plays a key
role [74,102]. The retina’s oxygen-rich and photosensitizer-rich environment combined
with constant radiation exposure is perfect for the production of extremely lethal ROS [103].

Susceptibility to damage depends on the wavelength, which is inversely proportional
to the energy it delivers. Studies show that the most important is high frequency and
high energy visible light of 400-500 nm blue-violet band, referred to as blue light or high
energy visible light (HEV). The ability to cause retinal damage as a result of HEV light is
known as the blue light hazard (BLH) [100,101]. Green light, having a longer wavelength
(495-570 nm) and lower energy, is 50-80 times less phototoxic than blue [104]. In studies
by Braunstein and Sparrow (2005) [105], as well as Remé et al. (2000) [106], in vitro cell
cultures, under the influence of green light, in contrast to those illuminated with blue light,
were not damaged [105,106]. Having an even lower frequency, infrared radiation needs as
much as 1000 times more power to produce similar phototoxic effects like HEV light in a
given unit of time [107].

Epidemiological studies to assess exposure and associated risk of AMD are difficult to
construct. The problem is a thorough estimation of exposure, as well as the potential impact
of many blackout factors [108,109]. Nevertheless, Taylor et al. (1990) [110] studying of over
800 people working at the Chesapeake Bay found a significant correlation between exposure
to blue light or the full range of visible light, and macular degeneration [110]. The Beaver
Dam Eye Study published in 2004 also found a significant correlation between increased
sunlight accumulation and a 10-year risk of early onset of macular degeneration [111].
European Eye Study (EUREYE), carried out for nearly 5000 participants aged 65 years or
older demonstrated a positive correlation between AMD and exposure to blue light in
people with low levels of antioxidants [102].
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Conversely, in a large project of Pathologies Oculaires Lieesa 1’Age (POLA), in Sete
(S France), unlike the earlier mentioned, there was no significant relationship between
exposure to sunlight and the development of AMD [112]. A meta-analysis published in
2013 showed that individuals with higher levels of sunlight exposure have significantly
increased risk of AMD. In the same analysis, the latitude could be a covariate, which is
negatively correlated with the strength of association, but the meta-regression had no
sufficient evidence to support the thesis [108].

5.3. Diet and BMI

Type of diet appears important, e.g., the adherence to Mediterranean diet generally
reduces the risk of developing late AMD (this diet characterizes itself with high content
of antioxidants and very limited consumption of red meat). Conversely, consumption
of a high-glycemic-index diet may pose a risk factor for the development of AMD [10].
AN unbalanced western diet may deliver additional dietary oxidants creating the risk
of elevated ROS in RPE. Conversely, there are some statements that the association of
early AMD prevalence tend to decrease with plant and sea-food-based diet. High-fat
consumption certainly creates a risk of progression of AMD. Such a threat may be connected
both with animal-based or plant-based high-fat diet and is associated with intensification of
oxidative stress [113]. It has been confirmed that the role of nutritional factors in modulation
of risk of developing AMD is significant.

Certain expectations are connected with administration of antioxidants because there
were some promising effects of nutritional supplementation with vitamins C, E, 3-carotene,
Zn in delaying of AMD progression and alleviating oxidative stress. The usage of lutein
and zeaxanthin replacing (3-carotene appeared beneficial in context of intermediate-stage
AMD. However, the effectiveness of such approaches is still controversial. Especially
there are discussions about genetics—nutrient interactions and the usage of supplements in
different ethnic groups [113]. The products containing (3-carotene and omega-3 acids are
known for their protective role against the development of AMD [10,114-117], because of
their antioxidant, anti-inflammatory and anti-angiogenic effects [114]. It is also known that
taking dietary supplements containing lutein, zeaxanthin, antioxidants (vitamin A, C, E and
others) or minerals factors protect against the development of wet AMD [10,74,114,117,118].
Therefore, a diet low in antioxidants is one of the risk factors for AMD development [10,119].
However, supplementation of antioxidants is justified only in people, which are suffering
from advanced form of AMD.

Unfortunately, people suffering from the early form of AMD will not reduce the
chances of this disease by increasing intake of antioxidants. In turn, lipids (cholesterol,
triglycerides) may accumulate in Bruch’s membrane, which may result in the formation
of drusen. Therefore, a diet rich in fats increase the risk of developing AMD [10,119].
Additionally, eating high-glycemic-index products may be a risk factor for the development
of AMD [10].

Studies showed that a higher BMI correlates with the development of AMD [10,107,
114,119]. Individuals with BMI higher than 30 have an especially higher risk of devel-
oping late AMD than individuals with BMI in normal range (20-25). Obese individuals
also tend to demonstrate elevated level of certain pro-inflammatory factors, as well as
downgraded antioxidative possibilities that perturbs the functionality of RPE and escalate
the development of AMD [10]. Therefore, overweight has a significant contribution in
the increasing of risk development of AMD, because obesity is a pro-inflammatory state,
promoting the development of oxidative stress [120]. Toxic metals tend to accumulate in
the fatty tissue [121], which also promote the development of AMD [59,69,122].

5.4. Other Risk Factors

The strongest demographic risk factor for the development of AMD is age because
structural and functional alternations of the retina, as well as additive effects of other
pathological processes, are undeniably augmented as a consequence of aging. Numerous
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studies showed that risk of AMD increase with age [10,115,123-129]. In eye response to
the damages relies on the elimination of senescent cells. The production of senescent cells
or the mechanisms of the removal cells lead to a detrimental hoarding of senescent cells
increases with age. In elder cells many harmful changes, such as telomere erosion, damages
in DNA, increase ROS production, and metabolic disturbance are observed. The long-term
accumulation of senescent cells in the effect of chronic stress is a result of aging and is
characteristic for age-related diseases [130].

It has been confirmed that women are more likely to suffer from AMD [118,131-133].
However, in cases of female sex tendency of higher progression rate to early or late AMD may
be confused by such factors as differences in life expectancy or influence of sex hormones
(estrogen exposure in females may even exert some protective effects as well as may be
connected with favorable changes in relation to serum lipids or activity of antioxidative
agents) [10]. Furthermore, the researchers indicated that the incidence of women is higher
only among patients over 75 years of age. In younger groups, the incidence is the same in men
and women [134]. This tendency results from the influence of hormones, especially estrogen,
which most likely protects against the development of AMD [118,135].

Studies suggested that also physical activity can influence on the development of AMD.
Regular exercise has positive impact on the activity of antioxidative enzymes, which may
protect against the development of AMD [118,136]. Thus, physical activity generally favors
antioxidative possibilities and subsequently decreases the incidence of early or late AMD.
Nevertheless, this factor remains highly unreliable in the prediction of AMD progression
(difficulties in precise quantification of physical activity) [10]. Even educational status has
been studied; this risk factor only in a few studies was associated with the development
of AMD. Education level is inversely related with the development of early [137] and late
AMD [138,139]. It may be connected with the fact that higher education level usually favors
better nutrition, usage of eye care services and voluntary cessation of smoking [10].

Another very important risk factor is ethnicity: in multi-ethnic studies, it has been
calculated that prevalence rates of any form of AMD for different ethnic groups. In effect
the lowest risk of development of AMD was in African group (2.4%) and the highest was
in Caucasians (5.4%). The remaining groups have medium rates: 4.2% Hispanics and 4.6%
Chinese [140]. In the African population, AMD occur less frequently than in other ethnic
groups. This is probably caused by increased melanin in RPE in Africans. This higher
concentration may play role of UV filters and antioxidant free radical scavengers, which
may protect by the development of AMD and subsequently act as alleviating factor in
the matter of AMD development and progression. Conversely, AMD appears to be more
common in the Chinese population when compared to Caucasians [10,141]. The differences
in the chance of progression of this disease may also result from changes in DNA in genes
susceptibility for AMD [142].

Associated diseases play important role in the development of AMD. There are several
diseases, which may affect the progression of this illness. Several diseases confirmed
the influence in AMD progression. In a few studies it has been observed that patients
after cataract surgery have higher risk of late AMD development [143-145]. Research
suggests that during and after cataract surgery, the process of inflammation is induced
and after this, medical procedure the eye is more exposed on UV light [146]. Other
hypothesis points to the same risk factors determining cataract and AMD [147]. The
possible influence of hypertension has been well described [125,148,149], but this disease is
not always treat as risk factor of AMD [150-152]. Hypertension may be a modulating factor
because high blood pressure is connected with lower choroidal blood flow and troubled
vascular homeostasis [10]. Some studies reported the possible influence of chronic kidney
disease in the development of AMD, but this correlation is unclear [149,153]. In chronic
kidney disease, a decrease in the estimated glomerular filtration rate may be connected
with increased possibility of developing early AMD; however, only in patients older than
65 years. Additionally a certain serum biomarker for kidney function (cystatin C) appears
to be associated with the development of nAMD and early AMD [10].
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A different disease, hyperthyroidism, was presented in long-term population stud-
ies [154,155]. Research showed that an increase concentration of free thyroxine (FT4) in
serum was associated with the development of AMD [155]. Conversely, an increased
level of the thyroid-stimulating hormone (TSH) was not correlated with this disease [154].
Hyperthyroidism is probably brought about by increasing the level of FT4 and inducing
oxidation stress [156]. Therefore, hyperthyroidism may be considered an accelerative factor
for oxidative metabolism and basal metabolic rate (through induction of certain mitochon-
drial enzymes). Some studies showed that increase levels of thyroid hormones can damage
RPE cells [10,157,158]. Other studies found that diabetes correlates with the development
of AMD. Usually, there is no correlation between these two diseases [152,159]. It is possible
that, in diabetic patients, hyperglycemia and dyslipidemia may induce oxidative stress in
retinal tissue, which disbalance the homeostasis in this eye structure [160]. Thus, hyper-
glycemia and dyslipidemia accompanying diabetic individuals may act as a trigger factor
for inflammatory responses in retinal tissue [10].

The correlation between Alzheimer’s disease (AD) and AMD was studied. Due to
the fact that in both diseases extracellular amyloid p-peptide deposits are produced (in
AMD in drusen, in AD in extracellular amyloid -peptide) [10,161] researchers studied
the correlation between these diseases. Moreover, in both diseases, several isoforms of
apolipoprotein E (APOE) are engaged. In AD, isoforms APOE €2 and € 4 isoforms are
associated with decreased and increased risk for AD and AMD, respectively.

The opposite directions are reported for AMD [162,163]. Despite these similarities,
studies did not show associations between these diseases. Unclear associations also occur
between AMD and Parkinson’s disease (PD). In studies of PD patients treated with lev-
odopa, the risk of AMD was lower than in patients not treated [164]. Levodopa activates
the GRP143 receptor, which reduces the release of VEGF and inflammatory factors from
RPE cells. This observation showed that levodopa may reduce inflammatory reactions in
retina and delay the progression of AMD [10,165]. Ultimately, early AMD development
may be accelerated in the event of heavy alcohol consumption and mentioned hypertension.
In this context antioxidant disturbances and augmented oxidative stress persistently play a
major role [113].

6. The Influence of Genetic Factors on the Development of AMD

Studies shown that many genetic factors affect in small or moderate morbidity of
AMD. This is because of the interaction of both genetic and environmental factors. In
specific genes heredity of this illness increases to 71% [114]. In 50-60% cases, progression of
AMD is determined by polymorphisms in genes encoding CFH, ARMS2, and II-§ [166]. The
oldest studies into the genetic background of AMD was conducted in 1988, on monozygotic
twins. That was first research where severe AMD in both twins was observed [167]. In
1994, prospective studies (1986-1993) were examinated monozigotic and dizigotic twins. In
effect, AMD occurred among 23 pairs of monozygotic twins [168].

Other studies (e.g., Familial Aggregation Studies) also confirmed genetical background.
Studies showed that frequency of AMD occurrence was twice as high in people who had in
first-degree relatives with that illness than in people who had no one in family tree with
AMD [92]. In publications from 1999, 50 pairs of monozygotic twins and their 47 spouses
were examined. All participants were from Iceland and exposure to environmental factors
was similar for twins and spouses. Results showed that AMD occurred more frequently
among twins than among spouses [169]. Other studies published in 2001 (Beaver Dam Eye)
were conducted on patients with AMD who had siblings. After 5 years, healthy siblings
which had no signs of disease before were again tested. The odds ratios (Ors) for patients
were 10.32 for exudative AMD compared to controls [170].

Further important studies were published in 2005 in the USA. They examined pairs
of twins (210 monozygotic, 181 dizygotic, and 58 singletons). Studies have divided the
factors induce the development of AMD into environmental and genetic ones. The team
confirmed the significance and role of genetic factors in the development of AMD. It is
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estimated that this influence is important for severity of AMD (46-71%) [95]. These studies
confirm the involvement of genetic factors in AMD. Now, many studies have been carried

out in search of specific genetic factors. These studies are presented in Table 5.

Table 5. Most significant polymorphisms engaged in the progression of AMD.

Gene Polymorphism Mechanism Role in the AMD Reference
Deregulation of
proinflammatory
CFH rs1061170 (Y402H) cytokines, changes in Progression of AMD [166,171-181]
alternative complement
pathway
Regulation of Protection against
186677604 complement system AMD [182-184]
Decrease level of Protection against
CFHR1 16677604 CFHRL i sortim AMD [183]
delCFHR1/CFHR3 Enhanced complement Protection against
CFHRS/CFHRI (CNP147) inhibitory activity AMD [185-187]
Activation of
ARMS2 110490924 intraocular Progression of AMD [166,188]
complement
HTRAT rs11200638 Increased the Progression of AMD [189,190]
expression of HtrA1l & !
Changes in the
752230199 expression level and .
c3 (R102G) binding affinity of Progression of AMD [28,191-195]
complement factors
Lower concentration of .
VEGEA 73025039 VEGFA Progression of AMD [196-198]
Elevated level of .
rs3025020 VEGEA Progression of AMD [196]
CFB rsd151667, rs641153 . uppressing the Protection against [166,190,199,200]
inflammation process AMD
SKIV2L 1429608 Unknown Protection against [201,202]
AMD
LIPC 15493258, 1510468017 Elevated HDL levels P mecj;if[‘];gamt [190,191,203-207]
Changes in the
concentration of . [44,179,199,204,206,
CETP 752230199, 13764261 cholesteryl esters in Progression of AMD 208-212]
HDL
CFI 710033900 Changes in CFI Progression of AMD [213,214]
production
IL8 —251AA, Increase in
II-8 IL-8 +781C/T, inflammation and Progression of AMD [166,215-217]
152227306 angiogenesis
GSTM1 rs1183423000 Weaker antioxidant [218-222]
protection
GSTT1 rs1601993659 Weaker antioxidant [218,222]
protection
GSTP1 rs1695, rs1138272 Weaker antioxidant [218,222,223]

protection

237



Int. J. Mol. Sci. 2024, 25, 6567

6.1. CFH

This gene is located in locus 1q32-q32.1 [171], and encodes two proteins: CFH and
factor H-like 1 protein (FHL-1), which are part of complement system [224,225]. Studies
have shown that changes in noncoding parts of this gene are stronger correlated with the
development of AMD than polymorphisms occurring in coding parts [183]. Many studies
have identified a numerous of polymorphisms in this gene, which may promote the devel-
opment of AMD. The most significant is rs1061170 (named Y402H), which was detected in
2005 [171-174]. Later studies confirmed that the presence of C allele in this polymorphism
significantly increases the risk of progression of AMD [175]. Furthermore, it is estimated
that the proportion of this polymorphism in the development of this disease is 60%, and
is the most important risk factor [176]. Other studies from 2008 indicated that Y402H
polymorphism correlates with another (LOC387715, C3) and cigarette smoking increasing
the risk of AMD [177]. Studies also indicated that CC variant in the Y402H in patients
with dry AMD may have a significant effect on inflammatory regulation and affect the
development of AMD [178]. Allele CC also affects the accumulation of macrophages after
death in the tissues of eye. It is possible that polymorphism rs1061170 affects deregulation
of proinflammatory cytokines [179].

It was suggested that the occurrence of rs1061170 allele does not affect neovascular-
ization in healthy individuals, because studies have shown that the occurrence of this
polymorphism does not affect changes in retinal blood vessels in healthy individuals [226].
Similar unexpected results were reported in 2015, which examined how the presence of
extramacular drusen and genetic load of 751061170 correlated with the development of
AMD. The results showed that drusen strongly correlates with AMD development, but
the presence of polymorphism has no effect on the formation of drusen. The authors also
stated that patients with extramacular drusen, but without AMD, could be in the control
group in research on AMD risk factors [227].

Studies indicated correlation between two polymorphisms in genes CFH rs1061170
and HTRA1 rs3793917, and the progression of exudative AMD [180,181]. Other polymor-
phisms that may increase the risk of AMD are 151410996, which was found in a Cau-
casian population [191,228], rs1329428, and rs1329421, which were indicated by examining
Spanish population [229], and also 15551397, rs800292, rs1410996, rs2274700, rs1329424,
rs10801555, rs10737680, rs12124794, and rs10733086, which were obtained in the Chinese
population [209,230]. Studies by an Iranian research group have found polymorphisms of
rs800292, rs2274700, rs1061170, and the new rs3753395. All of them were correlated with
AMD development [231]. Another research on the Spanish population confirmed role of
haplotypes rs800292, rs1061170, and rs800292 and show new ones—+s529825 and rs203674
—in the development of AMD [232]. Important polymorphisms were also obtained in
rs121913059 [224,225].

In the CFH gene, the protection of polymorphisms against the development of AMD
are also known. In 2013, rs6677604 was detected, which ensures correct regulation of
complement system. This polymorphism is linked with lower concentration of CFH in
serum [182-184].

6.2. CFHR1 and CFHR3/CFHR1

There are five CFH-related proteins, all involved in complement control. Genes en-
coding these proteins are located in the 1932 locus within the tandem 355 kb of genomic
region [233]. A study from 2013 demonstrated positive effect of deletion of CNP147
(rs6677604) on the protection against the development of AMD. This polymorphism cor-
relates with a decrease level of CFHR1 in serum. This reduces competitive inhibition of
CFH binding by competitive inhibition of CFH binding to tissue surfaces. As a result, CFH
inhibits C3 convertase and protects against inflammation process [183].

Correctly, this polymorphism is del CFHR1/CFHR3 deletion (CNP147), and this change
affects the CFHR3 and CFHR1 genes and its other protective polymorphism [185]. The
change was also detected in 2006 by studying European and African population [186].
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Later, other studies also confirmed that this polymorphism protects against the develop-
ment of AMD. An enhanced complement inhibitory effect was obtained in the presence
of delCFHR1/CFHR3, induced by CFH, as the effect of alternative inhibited pathway
activation [185-187].

6.3. ARMS2 and ARMS2/HTRA1

In this gene, the most common appears to be the polymorphism of LOC387715
(rs10490924 (A69S), located in exon 1 1026 [234]. Numerous studies in many popu-
lations have shown that this change strongly correlates with the development of late
AMD [173,174,191,192,209,229]. Other studies have shown that carriers of TT genotype
for rs10490924 have a 10 times higher risk for progression of AMD [172], because of the
intraocular complement activation. However, precise mechanism is still unknown [188].
Studies have also confirmed the correlation of polymorphisms of ARMS2, CHF, and C3
in increasing risk of development of AMD [177]. Important results were found in 2015,
which confirmed that the presence of drusen correlates with AMD development. However,
the presence of polymorphism of ARMS?2 rs10490924 is not related with the occurrence of
drusen [227].

Studies confirmed that single nucleotide polymorphisms (SNPs) in the promoter
region of HtrAl strongly correlates with the development of AMD [189,191,235]. This poly-
morphism increased the expression of HtrA1, but further influence on the development
of AMD is unclear [189]. Studies conducted in Chinese population showed, that polymor-
phisms in these genes (1511200638 and rs3793917) play role in progression of AMD [209].
Other studies on the Mexican population have shown that 7510490924 may affect the devel-
opment of AMD [236]. Research conducted on the Spanish population in 2014 presented
polymorphisms of rs10490923 in ARMS2 and HTRAT1 rs11200638, which correlate with
the development of AMD. Interestingly, both ARMS2/HTRA1 (rs10490923/rs11200638)
polymorphisms of both alleles increase the risk of AMD progression nine times [228].

6.4. Complement Factor C3

The third complement factor (C3) is located in the chromosome 19. Studies from
1990 have shown that gene C3 can occur in two variants of C3 F and C3 S. C3 S is most
common, C3 F is not so popular, but occur more frequently in Caucasians [28,237,238].
The presence of 152230199 (Arg80Gly, R102G) polymorphism within C3 gene correlates
with the development of AMD [28,192], because of the changes in the expression level
and binding ability of complement factors to the ligands [195]. Other studies have also
shown the effect of polymorphisms of R102G [191,193,194], P314L [194], rs2241394 [239],
K155Q [224], rs6795735 [192], and rs1047286 [236] in the development of AMD.

6.5. Vascular Endothelial Growth Factor VEGFA

Vascular endothelial growth factor VEGFA has locus in 6p12. It plays an important role
in angiogenesis, vasculogenesis and lymphangiogenesis. This factor is responsible for main-
taining proper retinal structure by controlling the growth and maintenance of blood vessels.
Polymorphisms in this gene lead to neovascularization and development of AMD [240]. Stud-
ies have shown that polymorphisms of 753025039 (+936C/T’) [196,198], and 15833061 (—460C>),
52010963 (—634G>C) [241], and rs4711751 [242], correlate with the development of AMD
because of the lower concentration of VEGF in serum. Conversely, polymorphism of
rs3025020 is associated with elevated VEGF level [196,197]. 1t is also possible that 75699946
promotes the progression of AMD [192], while 75699947 polymorphism is correlated with
an increased concentration of VEGF, which is a risk factor for AMD [243]. Other studies
suggest, that 75943080 polymorphism protects and decreases the expression of this gene
and protects against the development of this disease [242].
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6.6. CFB

CFB gene is located in region 6p21.3, codes complement factor B. Studies showed that
these polymorphisms: 15641153 [244], rs12614 (32W) may have protective effects against
development of AMD [166,190,200]. Polymorphisms of rs4151667 and rs641153 (32Q) have
different effects, identified as protective [192]. Other studies have suggested that the
presence of these polymorphisms may promote the development of AMD [230,245].

6.7. SKIV2L

SKIV2L gene encodes helicase superkiller viralicidic activity 2-like enzyme. It is
located in the 6p21. It participates in RNA degradation and play a role in the control
of autophagy [201]. Studies have shown that rs429608 polymorphism appeared more
frequently in the control group, which suggest that it may have a protective effect against
AMD development, but this mechanism is unknown [201,202].

6.8. LIPC

LIPC gene is located in locus 15721.3, encodes hepatic triglyceride lipase, an enzyme
which participates in lipid metabolism converting HDL to LDL in the liver [203]. It was
confirmed that the polymorphisms of rs10468017 [190,203-206] and 5493258 [190,191,207]
correlate with high serum HDL levels, which protect against the progression of AMD [190].

6.9. CETP

CETP is the gene encoding cholesteryl ester transfer protein, which is located in the locus
of 16q21 [192]. Studies have shown the contribution of two polymorphisms, which increase the
risk of development of AMD, i.e., 752230199 [192] and rs3764261 [179,199,204,206,208-211].

6.10. CFI

CFI gene encodes complement factor I (CFI) and is located in the locus of 4425. It
plays a role in the inactivation of C3b factor, but its action is regulated by CFH. The study
conducted in 2009 covered genotyping and sequencing, demonstrating the presence of
rs10033900 and its correlation with the development of AMD [213]. Next studies demon-
strated the significant contribution of ¥s10033900 of TT polymorphism in the development
of AMD [191]. Additionally, the latest meta-analysis indicated that the polymorphisms of
rs10033900 T>C and 152285714 C>T could promote the progression of AMD [214].

6.11. IL-8

IL-8 gene is in the 4q12-921 locus. Studies have shown that IL8 -251AA polymorphism
is proinflammatory and may be a risk factor for the development of AMD [215]. Later,
it was also indicated that the carriers of IL-8 +781 C/T of SNP have higher risk of the
progression of wet AMD [216]. Other studies showed that polymorphism of 152227306
elevates inflammation and increase angiogenesis, which may lead to the development of
AMD [166,217].

6.12. GST Polymorphisms

Glutathione S-transferase (GST) enzymes, as divided into four groups (GSTA-o, GSTM-
i, GSTT-0, GSTP-m), are responsible for catalyzing the bonding reaction of glutathione with
ROS [246]. This results in water-soluble products, that can be removed from the body. The
first study of the polymorphism of this gene was from 2006. The research team analyzed
DNA from patients’ blood to determine changes in genes of GSTP1, GSTM1 and GSTT1.
The results from patients were significantly different from these from controls [218]. Also
in 2006, another team tested a number of genes, including GSTM1 microsomal glutathione-
S-transferase 1. The results did not show GSTM1 association with AMD development.
However, as in the previous study the group was too small to explicitly deny the participa-
tion of GSTMI1 in the development of this disease [219].
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Further studies on a larger number of individuals have shown that GST polymor-
phisms may correlate with the development of AMD. Studies confirmed that GSTM1-null
polymorphism correlates with both dry and wet AMD [220]. In 2012, Chinese patients
were conducted on the occurrence of variant rs1695 of GSTP1. The results demonstrated
that this allele is correlated with the development of wet AMD [223]. In the same year,
GST polymorphism study was conducted in Iran. The results showed that GSTM1 and
GSTT1 correlate with the higher risk of progression of AMD. GSTM1 polymorphism is
associated with the decline in the expression of protein and is a risk factor, if the activity of
GST enzyme is lower, ROS cannot be effectively neutralized and affect the development of
AMD [221,222].

6.13. Other Polymorphisms Promoting the Development of AMD

Studies indicated polymorphisms promoting the development of AMD, i.e., 158135665
(SLC16A8), 156795735 (ADAMTS9-AS2) [192], rs17810398 and rs17810816 (DAPLI) [247],
513095226 (COL8AT) [206,242], 151999930 (FRK/COL10A1) [242], rs3094111 (DDR1) [248],
1513278062 (TNFRSF10A) [249], rs5888 (SCARB1) [250], rs2243250 (IL-4 -590) [251], and
Pro197Leu in GPx1 [11]. Studies confirmed that polymorphisms of 15547154 (C2) [244], copy
number variation of C4A and C4B [247], rs2679798 (MYRIP) [201], rs174547 (FADS1) [192],
5429358 (APOE), and 159621532 (TIMP3) [192] can play a protective role against the devel-
opment of AMD.

Studies on the mitochondrial DNA show that the JTU haplogroup cluster (haplogroups
in mtDNA; and changes in groups of ], T, and U) strongly correlates with the development
of AMD. The SNP defining the JTU haplogroup cluster interferes with bioenergetics within
the retina and may play a role in the development of AMD [173]. Studies conducted
on eye tissues in 2015 showed that mtDNA damage in mice was significantly higher in
mRNAs [252]. In addition, meta-analysis has shown that the polymorphisms of mt16111,
mt16362, mt16319, mt1736, and mt12007 were characteristic of the Mexican part of American
population [253].

7. Summary and Conclusions

This review shows current knowledge about AMD. It focused on risk factors and
current mechanisms of the development of AMD. This disease may develop as a result
of various factors, focused on different polymorphisms which occur in the inhabitants of
different regions and environments (also in those we examined directly) and they correlate
with the place of residence and the development of AMD. These results will help with
future diagnosing patients from different places of residence.

The action of chemical elements and oxidative stress are closely linked to the devel-
opment of early and late AMD. Pb, Cd, and Hg had a clear impact on the late AMD. Mn
and Zn have a positive impact on this AMD phase. The early phase is influenced by Pb.
AMD is age-related and causes blindness in approximately 70% of patients. Pb and Cd
accumulate in retinal tissues and may cause damages with participation of oxidative stress,
which has consequences for AMD. Pb and Cd through DNA damage increase oxidative
stress and produce reactive oxygen species in retinal pigment epithelial cells. These cells
interact with basal metals, as well as toxic heavy metals. Cd in the eyes is mainly deposited
in people exposed to prolonged exposure and cigarette smokers. Cd and Pb have the ability
to appear at a higher concentration in the eye tissue than in the blood.

Currently, exposure to toxic metals is lower than in the past, but Pb and Cd deposited
in the eye and can promote AMD. The occurrence of chronic oxidative stress has a big
impact on the human eye, because the level of antioxidant enzymes decreases with age.
The eye becomes more susceptible to stress and free radicals leading to the development of
inter alia AMD.

Retina and choroid have the ability to assimilate heavy metals. Sometimes, elements
such as Al, Se, and T1 are also deposited. Al concentration correlates with the development
of AMD, causes damage, and the breakage of lysosomes, migration of immune cells, and
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inflammation, leading to tissue damage and tumor growth. Changes in the eye also cause
Hg, which affect the late pathogenesis of AMD. Mn and Zn have a protective effect on the
development of AMD.

A favorable activity of metallothioneins as low molecular weight intracellular proteins
is able to bind metals and scavenging of free radicals encloses counteraction against
destructive changes in the cell structures and preventing apoptosis of cells which happen
as after-effects of oxidative stress. Metallothioneins stimulates the processes of cellular
growth, favor sedate metabolism of cells and counteract inflammatory processes. They
may also play protective role in the course of degenerative diseases that grow more intense
in advanced age, like AMD. Retina itself is unceasingly subjected for various types of
radiation that may contribute to uncontrolled generation of free radicals.

Three isoforms of metallothioneins, MT-1, MT-2, MT-3, were detected in retina in
photoreceptors, pigment epithelium, and neurons. Especially the expression of MT-1 and
MT-2 increases is due to the intensification of oxidative stress and escalation of inflamma-
tory processes. Metallothioneins exhibit an ability of binding and detoxification of heavy
metal ions and subsequently contribute to minimization of negative effects of their toxicity
in cells. Conversely, the binding of Zn or Cu may act as a regulator of homeostasis and
bioavailability of these microelements of certain antioxidative significance.

The facts about MT attest the profitable activity of metallothioneins in range of protec-
tion of structures of organism (nervous system, retina) against oxidative stress and their
potential to counteraction negative after-effects of AMD, as well as to the elimination of
many risk factors of this disease. The presence of different protein isoforms is an important
aspect of antioxidative protection beside typical antioxidative enzymes.

AMD development is mainly correlated with changes in two types of genes: regulating
inflammation process and coding proteins. In this way, the first group contains polymor-
phisms within CFH, C3, CFI. In the second group are ARMS2 and HTRA1. Polymorphisms
of CETP are correlated with AMD development. Many synergies have been identified
between changes in genes of CFH, HTRA1, CFH, and CRP, ARMS2 and HTRA1. Many other
polymorphisms have been identified so far in both DNA and mtDNA that could promote
the development of AMD. Today some polymorphisms that prevent the progression of
AMD are known, e.g., in genes of CFH, CFHR1, CFHR3/CFHR1, ARMS2, C3, VEGF, CFB,
SKIV2L, and LIPC.

We examined the polymorphisms of 7s3025039 (VEGF), rs2243250 (1l-4), and GST to
determine how they affect the development of this disease. The role of these mutation is
still in question, so we should check how often they appear in patients. This information
will allow us to get to know better the mechanism of AMD development. Our research
aims to detect new markers of AMD and better understand the etiology of this disease.
Although we expect a larger number of patients in the population of large cities, it is certain
that we will encounter the effects of environmental pollution in this population. Here, such
contaminants and the different types of defense mechanisms correlated with the immune
response are described.
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Abstract: Reactive oxygen species (ROS) are central to inter- and intracellular signaling. Their
localized and transient effects are due to their short half-life, especially when generated in controlled
amounts. Upon T cell receptor (TCR) activation, regulated ROS signaling is primarily initiated by
complexes I and IIT of the electron transport chain (ETC). Subsequent ROS production triggers the
activation of nicotinamide adenine dinucleotide phosphate oxidase 2 (NADPH oxidase 2), prolonging
the oxidative signal. This signal then engages kinase signaling cascades such as the mitogen-activated
protein kinase (MAPK) pathway and increases the activity of REDOX-sensitive transcription factors
such as nuclear factor-kappa B (NF-«kB) and activator protein-1 (AP-1). To limit ROS overproduction
and prevent oxidative stress, nuclear factor erythroid 2-related factor 2 (Nrf2) and antioxidant
proteins such as superoxide dismutases (SODs) finely regulate signal intensity and are capable of
terminating the oxidative signal when needed. Thus, oxidative signals, such as T cell activation, are
well-controlled and critical for cellular communication.

Keywords: T lymphocytes; reactive oxygen species (ROS); oxidative signal; T cell activation; T cell
receptor (TCR); electron transport chain (ETC); glycolysis; metabolic shift

1. Introduction

Prior to the emergence of photosynthetic archaebacteria approximately 2.7 billion years
ago, the Earth’s atmosphere was predominantly anoxic, lacking significant levels of oxygen.
At that time, life on Earth was completely anaerobic and, thus, the advent of oxygen
(Oy) generated by oxygenic photosynthesis posed a significant evolutionary challenge
to terrestrial life forms on Earth. The absence of defense mechanisms against oxidative
damage rendered O, toxic to many organisms, precipitating widespread extinctions across
numerous species. Nevertheless, life found adaptive pathways for survival and evolved
protective mechanisms, eventually harnessing oxygen for energy generation via oxidative
phosphorylation [1-4]. However, managing the utilization of oxygen for energy production
posed additional hazards, notably the generation of reactive oxygen species (ROS). Once
again, life adapted and evolved complex systems to build a defense against these highly
reactive toxic agents [5-7].

Over time, reactive oxygen species (ROS) have transitioned from being undesired
byproducts of enzymatic reactions to molecules intentionally produced and by regulation,
serving as signaling molecules or weapons to eliminate pathogens [8-10]. To comprehend
the utilization of ROS as signaling molecules, one should (i) be familiar with the chemical
properties of the major ROS, (ii) understand the key mechanisms governing their control
and removal, and (iii) be aware of the primary sources of ROS production in eukaryotic cells.
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1.1. Key ROS Vital for T Cell Signaling

The primary ROS crucial for cellular signaling include superoxide anions (0,°7),
hydroxyl radicals (*OH), and hydrogen peroxide (H,O5) [8-12]. Cellular ROS production
typically begins with electron transfer to O, forming O,°~. Due to their energetically
unstable state, these molecules exhibit high reactivity and possess a short half-life of
approximately 1 ps. Furthermore, their charged nature impedes free diffusion through
cellular membranes. Consequently, O,°~ exerts a locally constrained impact, primarily
contributing to oxidative damage rather than serving as a signaling molecule [9,10].

In an aqueous environment, O,°~ rapidly transforms into HyO,. Intracellularly, this
conversion is expedited by superoxide dismutases (SODs) [10,13-15]. Despite H,O; not
being a radical, it is classified as an ROS. H,O, exhibits a longer half-life of approximately
1 ms compared to O,°~. Moreover, H,O; can freely diffuse through membranes, and it
primarily targets free thiols. This oxidation is generally reversible. Thus, H,O, meets the
criteria to serve as a second messenger [9,10,16,17].

However, an accumulation of H,O; also poses risks of cellular damage. To ensure
proper signaling, concentrations of HyO, must be maintained within a specific range.
Additionally, an accumulation of HyO, increases the likelihood of its interaction with free
iron?* (Fe?*). While Fe?* generally exists in a bound form in cells, a small free fraction
exists called the labile iron pool. When H,O, encounters free Fe?", highly reactive hydroxyl
radicals (*OH) are generated. These radicals have a half-life of less than 1 ps and can lead
to massive cell damage, including lipid peroxidation [9,10,18,19].

1.2. The Essential Components of the Oxidative Defense

To prevent the accumulation of ROS, a complex network of antioxidative enzymes and
ROS scavengers exists [8,10]. Superoxide dismutases (SODs) are essential enzymes that
catalyze the conversion of O°~ into HyO,. SODs play a vital role in the disproportionation
of O,°~ both intracellularly and extracellularly, thus safeguarding cell membranes and
DNA from ROS-mediated damage. In the cytosol and mitochondrial intermembrane space,
SOD1 catalyzes the conversion of O,°~ into HyO,; in the mitochondrial matrix, SOD2
performs this function; and extracellularly, SOD3 fulfills this task [13,20,21].

Catalase eliminates HyO;, transforming it into O, and water (H;O). The chemical
equation is 2H,O, — O, + 2H,0. Catalase is primarily active in peroxisomes, where it
neutralizes excessive HyO,. Catalase can also be extracellularly secreted, where it may
associate with the plasma membrane or disperse in the extracellular milieu [22-24].

Another important factor in HyO, removal is the tripeptide glutathione, which acts as
an effective oxidative scavenger in its reduced form (GSH). With concentrations typically
ranging from 1 to 10 mM, GSH emerges as the primary antioxidant within cells, playing a
pivotal role in the efficient removal of H,O, [25]. Abundantly distributed across various
cellular compartments, glutathione is present in the cytosol, endoplasmic reticulum (ER),
mitochondria, vacuoles, and peroxisomes. The scavenging ability of GSH is attributed to
its high reductive potential. A central cysteine residue with nucleophilic characteristics is
the source of its reducing power. GSH can directly reduce HyO, or reverse thiol oxidations
on proteins [8]. In addition to GSH, other thiol scavengers are thioredoxin 1 and 2. Thiore-
doxins serve as key disulfide (-S5-S-) reductases within the cell, primarily reversing thiol
oxidations [9,26].

1.3. The Sources of ROS Production in T cells

ROS are generated at multiple cellular sites, including the mitochondria, peroxi-
somes, endoplasmic reticulum (ER), peroxisomes, and plasma membrane. Among these,
nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases) at the plasma
membrane and mitochondria stand out as prominent sites for ROS generation in immune
cells [27].

The NOX family comprises inducible NOX complexes 1-5 associated with the plasma
membrane and two dual oxidases (DUOX)1/2. NOX2 (respiratory burst NOX), the most exten-
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sively studied isoform, is primarily expressed in phagocytes (e.g., at high levels—neutrophils,
macrophages, dendritic cells; at low levels—B cells, mast cells, eosinophils, natural killer
cells), where it facilitates ROS-dependent pathogen killing [28,29]. It is also found in certain
non-phagocytic cell types, including T cells [30-32]. NOX2 consists of various compo-
nents: the transmembrane flavocytochrome b558 (a heterodimer containing gp91phox and
p22phox) as well as the four cytoplasmic proteins p47phox, p67phox, p40phox, and small
G protein Racl/2. Upon activation, the NOX2 complex generates membrane-impermeant
O,°~ towards the inside of the phagosomes or the extracellular side of the plasma mem-
brane. There, O,°~ can then be converted into H>,O, and re-enter the cell to work as a
second messenger [9,29].

Aerobic respiration leads to substantial ROS production by mitochondria. Mitochon-
drial ROS are primarily released at two sites within the electron transport chain (ETC):
Complex I (NADH dehydrogenase) and Complex III (ubiquinone-cytochrome c reduc-
tase) [10,29,33,34]. Mitochondrial ROS serve as crucial signals in various cellular processes
such as adaptation to hypoxia, regulation of innate or adaptive immunity, differentiation,
or autophagy [10,27,29,35,36]. Mitochondrial ROS act as important signaling molecules,
particularly in T cells, determining the activation and deactivation of T cell-mediated
immune responses [29].

In summary, the nature of produced ROS, the cellular oxidative defense, and ROS
localization are critical factors determining the induction of the generation of an oxidative
signal [10,11]. To enable oxidative signaling, a constant oxidative environment must be
established [8].

Oxidative processes, once hazardous in early life’s development, are utilized not
only by the majority of organisms for energy production but also for signal transduction.
This review focuses on oxidative signaling cascades in T lymphocytes and explores the
mechanisms driving their formation.

2. T Cell Receptor (TCR) Stimulation-Induced Oxidative Signaling

T cells are an integral part of the adaptive immune response. Like all blood cells,
T cells originate in the bone marrow. From there, they migrate to the thymus. In the
thymus, T cells undergo differentiation and selection to specifically recognize a particular
antigen. Upon exiting the thymus, these cells circulate throughout the body and scan major
histocompatibility (MHC) complexes displayed on the surface of antigen-presenting cells
(APCs) to locate their target antigen. A target antigen binding to the T cell receptor (TCR)
subsequently triggers a complex signaling cascade that initiates T cell activation.

Antioxidants were observed to inhibit T cell activation, suggesting a regulatory role of
ROS [37-39]. Subsequently, direct evidence of TCR-triggered ROS production is demon-
strated in various studies [40-44]. This supports the specific involvement of ROS in T cell
activation signaling pathways, emphasizing the intricate role of oxidative processes in
cellular responses [29,45,46].

2.1. The Proximal TCR Machinery

Upon TCR stimulation, receptor-bound tyrosine kinases are activated, including
the Zeta-chain-associated protein kinase 70 (ZAP70). ZAP70 subsequently phosphory-
lates the adapter protein Linker for activation of T cells (LAT), to which Phosphoinositid-
phospholipase (PLC)y1 is recruited and activated [47-49]. Activation of PLCy1 results in
the generation of inositol 3,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP5 increases
cytosolic calcium (Ca2*) levels, while DAG activates protein kinase C 6 (PKC0). A subpop-
ulation of activated PKCB is translocated to the mitochondria and induces controlled ROS
generation by the ETC [29,32,46,50,51]. Concurrently, activation of NADPH oxidase 2 is
induced, ensuring a sustained ROS signal [30]. Thus, mitochondria are crucial for initiat-
ing the oxidative signal, while NADPH oxidase 2 is responsible for its maintenance [32]
(Figure 1 and Table 1).
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Figure 1. Schematic representation of oxidative signaling in T cells. Stimulation of the T cell receptor
(TCR) leads to phosphorylation and activation of tyrosine kinase ZAP70, which phosphorylates LAT.
Consequently, LAT recruits PLCy1, which generates inositol 3,4,5-triphosphate (IP3) and diacylglyc-

erol (DAG). At this point, the activation-induced signal diverges. IP; is responsible for releasing Ca2*
into the cytosol. DAG activates the RAS guanyl-releasing protein 1 (RAS-GRP) and PKC6. RAS-GRP
activates Rat sarcoma (RAS) and subsequent kinase signaling. PKC8 induces ROS release via the
mitochondria. Both signals are essential for the induction of activation-induced gene expression in
T cells. Mitochondrial ROS release is a prerequisite for the induction of NADPH oxidase 2. ROS
generation via NADPH oxidase 2 leads to a sustained oxidative signal. The figure was created with
BioRender.com (accessed on 31 May 2024).

Importantly, both signals, Ca?* release and ROS production, constitute the minimal
requirement for inducing the expression of essential interleukins crucial for initiating an
immune response [29,41,50].

2.2. Mitochondria: Oxidative Signaling Hub in TCR Activation

Following TCR stimulation, mitochondria serve as the central oxidative signaling
platform. Upon translocation of a subpopulation of PKC6 to the mitochondria, there is a
controlled release of O,°~ into the mitochondrial matrix, mediated by Complex1[29,32,36],
and of Complex III of the ETC to the mitochondrial intermembrane space [33,35,51-53]
(Table 1).

During later phases of TCR signaling, upregulation of MnSOD (SOD2) expression
occurs to mitigate potential oxidative damage to the mitochondria. Elevated MnSOD
levels lead to reduced oxidative signaling, contributing to the cessation of TCR-triggered
T cell activation. The precise mechanism by which MnSOD blocks the oxidative signal
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remains incompletely understood. It is hypothesized that the high efficiency of MnSOD
in scavenging oxygen reduces the probability of oxygen participating in other reactions
that could generate H,O, (e.g., reduction in the Aconitase [4Fe—4S] cluster) and therefore
produces less HyO, per oxygen molecule than the non-catalyzed conversion of O,°~ to
H,O, [20] (Figure 2). This is in line with two studies emphasizing the critical role of
MnSOD in T cell homeostasis. The first study demonstrated that T cell-specific MnSOD
knockout increases mitochondrial superoxide anion levels, leading to the hyperactivation
of thymocytes and peripheral T cells [54]. The second study shows that reduced MnSOD
activity and content in mouse T cells lacking the interferon (IFN)-y-inducible lysosomal
thiol reductase (Gilt~/~) result in increased TCR-triggered ERK activation and proliferation
by elevated intracellular ROS levels [55].

( 2. Shut-down phase )

( 1. Signaling phase )
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Figure 2. Complex I (CI) releases O,°~ into the mitochondrial matrix, where most of it is converted

to HyO,. However, certain conditions can lead to increased Hy,O, production through other reactions.

This high H,O, production induces MnSOD, which further accelerates the conversion of O,*~ to
H,O;. As a result, fewer alternative reactions leading to HyO, formation occur. Overall, this leads to
reduced H,O, production and a downregulation of the oxidative signal. The figure was created with
BioRender.com.

A study by Sena et al. highlights the role of Complex III as an additional ROS source
following TCR stimulation. The authors report the necessity of intact Complex III for T cell
activation and mitochondrial ROS production through this complex. Using a T cell-specific
knockout mouse with a deletion of the Rieske iron-sulfur protein (RISP) subunit of Complex
I1I, they demonstrated impaired CD4* and CD8" T cell responses in murine models of
asthma and listeriosis, respectively [51].

Complex III releases ROS into both the mitochondrial matrix and the mitochondrial
intermembrane space. Here, O,*~ converts into HyO, and can act as second messenger
in the cytosol. Cu/ZnSOD (SOD1) could play a role similar to MnSOD in the matrix by
protecting the cell against oxidative damage and terminating the oxidative signal.
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Table 1. Overview of key signaling molecules responsible for ROS induction and complexes generat-

ing the oxidative signal.

TCR Activation-Induced Oxidative Signaling

Proximal Proteins of the TCR Machinery Essential for Oxidative Signal Induction

Protein Name Function

References Demonstrating
the Essential Role of These
Proteins in Oxidative
Signaling.

Zeta-chain-associated protein

kinase 70 (ZAP70) phosphorylation of LAT

Linker for activation of T cells  scaffold protein recruiting

(LAT) PLCy1 upon phosphorylation signal cascade from the T cell
receptor (TCR) to the
Phosphoinositide- PLCy1 generates inositol mitopchorf dria z essential
phospholipase 1 3,.4,5—triphosphate (IP3) and proteins for the induction of
(PLCY1) diacylglycerol (DAG) activation-induced oxidative

a subpopulation signals)
DAG-activated PKCO
translocates to mitochondria

and induces ROS release

Protein kinase C 0 (PKCB0)

Kaminski et al., 2007 [32],
Kaminski et al., 2010 [50],
Kaminski et al., 2012 [36]

Initial Oxidative Signaling: ETC Complexes Releasing ROS upon TCR Triggering

References Demonstrating

Name of the ETC Complex ROS Is Released Into: ROS Production via the ETC
Kaminski et al., 2007 [32],

Complex I the mitochondrial matrix Kaminski et al., 2010 [50],
Kaminski et al., 2012 [36]

Complex II the mitochondrial intermembrane space Sena et al., 2013 [51]

Protein Complexes Involved in Sustained Oxidative Signaling

Name of the Complex ROS Is Released Into:

References Demonstrating
ROS Production via NADPH
Oxidases

NADPH oxidase 2 the extracellular space

Jackson et al., 2004 [30],
Krammer et al., 2007 [56]
Kaminski et al. 2007 [32]

3. Interplay between Glucose Metabolism and Oxidative Signaling

Mitochondria serve as aerobic energy producers, with the respiratory chain requiring

a precise balance between pro-oxidative and anti-oxidative systems for optimal operation.
ROS are natural byproducts of this process. However, during the generation of oxidative
signals, specific and finely regulated quantities of ROS are deliberately released [29,57].
As described in Section 2, mitochondrial ROS are generated in a regulated manner by
Complexes I and III following TCR stimulation. Complex I is the site where electrons from
NADH are fed into the respiratory chain. Following TCR stimulation, mitochondrial ROS
are primarily generated by Complex I most likely through reverse electron transport (RET).
RET occurs in a two-step process involving reduced coenzyme Q (CoQ) and a change in
proton motive force that drives electrons back into Complex I, where ROS are released into
the mitochondrial matrix [29,32,57-59]. Complex III generates ROS as well. Under normal
conditions, electrons flow from the CoQ pool to cytochrome C. However, alterations within
the ubiquinone binding site of Complex III can prompt O, to react with ubisemiquinone,
resulting in O,°~ formation. O,°~ generated by Complex Il is primarily released into the
intermembrane space. After disproportionation, HyO, can diffuse freely into the cytosol
either from the matrix or from the intermembrane space [60,61] (Figure 3).
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Figure 3. After TCR stimulation, PLCy1 generates 3,4,5-triphosphate (IP3) and diacylglycerol (DAG).
IP3 induces Ca?* influx into the cytosol and activates NF-AT via calcineurin. Simultaneously, DAG
activates PKCO. PKCO most likely phosphorylates ADPGK. ADPGK induces a redirection of gly-
colysis, allowing electrons to be directly transferred to ubiquinone via GPD2. From there, electrons

can be retrogradely directed towards Complex I of the ETC and forward directed to Complex III. At
these complexes, ROS is released, activating REDOX-sensitive transcription factors and inducing the
expression of specific genes essential for T cell activation. The figure was created with BioRender.com.

A shift in cellular metabolism is essential to modify electron flow, which is accompa-
nied by increased glucose uptake. Only this metabolic adjustment ensures the targeted
release of oxidative signals through mitochondria.

3.1. Cellular Metabolic Alterations Are Essential for Oxidative Signal Generation

The metabolic program of T cell activation involves a transition from quiescence
to increased energy demand upon TCR engagement. Naive T cells primarily rely on
oxidative phosphorylation for ATP production, fueled by pyruvate oxidation and fatty acid
oxidation, with low glycolytic activity. TCR engagement leads to activation, proliferation,
and the differentiation of naive T cells into effector, memory, and central memory T cells,
accompanied by the upregulation of key metabolic enzymes such as glucose transporter
GLUT1 and acetyl-CoA carboxylase 1 (ACC1) [62].

TCR signaling relies on glucose uptake [63,64] and is accompanied by a metabolic
shift from mitochondrial ATP production to aerobic glycolysis, comparable to the Warburg
effect [65-67], a phenomenon characteristic of rapidly proliferating cells [66,68]. Therefore,
upon T cell activation, the mitochondrial respiratory chain switches from an ATP-producing
to an oxidative signaling function, while glycolysis fulfills cellular energy demands.

In this context, TCR triggering has been shown to activate ADP-dependent glucok-
inase (ADPGK), an ER-localized glycolytic enzyme [36,69]. ADPGK activation is associ-
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ated with a rapid glucose uptake, downregulation of mitochondrial oxygen consumption,
and redirection of glycolysis via the Glycerin-3-phosphat-Dehydrogenase (GPD) shuttle.
Glycerol-3-phosphate dehydrogenase 2 (GPD2), located proximal to the ETC at the inner
mitochondrial membrane, oxidizes glycerol-3-phosphate to dihydroxyacetone phosphate.
This process directs electrons into the CoQ pool, leading to the generation of ubiquinol and
the onset of an electron backlog. This backlog results in RET, with the subsequent release of
0,°~ from Complex 1[36,70]. Thus, this process represents the initial step in the generation
of the activation-induced oxidative signal (Figure 3).

In addition to Complex I, Complex III also contributes to activation-induced oxidative
signaling in T cells. The release of ROS via Complex III has been demonstrated through
knockout of the Rieske iron-sulfur protein (RISP), a component of Complex III. RISP
knockout can impair both the oxidative signal and the activation of T cells [51,70]. The
release of ROS via Complex III may be induced by enhanced electron transport from
ubiquinol toward Complex III, leading to electron flow from ubiquinol both backward
to Complex I [36] and forward to Complex III (Figure 3). An alternative explanation
could involve an increased electron flow through the ETC due to an enhanced production
of reducing equivalents NADH and FADH,. These could be generated by heightened
activity of the tricarboxylic acid cycle (TCA cycle) induced by the activation-induced Ca?*
signal [35]. However, the exact mechanism requires further detailed investigation.

The individual complexes of the mitochondrial ETC play distinct roles in generating
ROS and regulating cellular functions, such as inflammation, epigenetic changes, and
T cell differentiation [71]. A fundamental prerequisite for mitochondria to become ox-
idative signaling platforms is a metabolic alteration associated with increased glucose
uptake, irrespective of whether Complex I, Complex III, or both complexes generate the
oxidative signal.

3.2. Elevated Glucose Uptake in Different T Cell Subsets

An increase in glucose uptake and a shift from respiration and ATP production
via oxidative phosphorylation to aerobic glycolysis is observed in many T cell subsets
following TCR stimulation [72]. Elevated glucose uptake induces heightened glycolytic
flux, leading to elevated ROS levels. This heightened glycolytic flux typically correlates
with increased activity in the TCA cycle, resulting in the accumulation of ETC substrates
and elevated NADH/NAD* and FADH2 /FAD ratios [73]. Excessive mitochondrial NADH
levels promote an elevated electron flow through the ETC, triggering the formation of O,°~
by Complex III [51]. Additionally, the combination of an increased glycolytic flux, GPD2-
dependent hyper-reduction in ubiquinone, and a highly negative membrane potential
(M) lead to Op°~ production by Complex I via RET [29]. The metabolic shift is thus a
prerequisite for the generation of the oxidative signal and for T cell activation. To enable the
shift toward glycolysis, increased glucose import is required. Only through this metabolic
shift can controlled ROS release from Complex I and Complex III occur. This oxidative
signal then regulates the activation and differentiation of T cells.

3.2.1. Increased Glucose Uptake in CD4" T Cells

Upon activation of and exposure to lineage-specific cytokines, naive CD4* T cells un-
dergo differentiation into different lineages (Figure 4). This differentiation process is tightly
linked with a metabolic shift towards aerobic glycolysis [72,74,75], with the regulation of
glycolysis rates playing a pivotal role. An activation of CD4" T cells promotes glucose
uptake and aerobic glycolysis, influencing the differentiation of T cell subsets. Several
glucose transporters (Glut), including Glutl, Glut3, Glut6, and Glut8, are upregulated
and involved in this process [76]. The specific significance of inducing glucose import
by increased Glut transporter expression in the differentiation of CD4" T cells becomes
particularly evident in cells with mutations or deletions in the genes for Glutl and Glut3.
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Figure 4. Overview of T cell subsets. CD8" T cells, also known as cytotoxic T lymphocytes (CTLs), are
a vital component of the adaptive immune system. Their primary function is to identify and destroy
infected or malignant cells. CD4* T cells, also known as helper T cells, are crucial for orchestrating
the immune response. They assist other immune cells by releasing cytokines that regulate the
activity, growth, and differentiation of various immune cells. CD4* can further be divided into
Th1 cells (expressing T-box expressed in T cells [T-bet]), Th2 cells (expressing the GATA binding
protein 3 [GATAZ3]), Th17 cells (expressing the RAR-related orphan receptor gamma t [RORyt]), and
T regulatory cells (Treg; expressing elevated levels of (Forkhead-Box-Protein P3 [FOXP3]). Th1 cells
promote cell-mediated immunity by activating macrophages and cytotoxic T cells. They are crucial
for defending against intracellular pathogens like viruses and certain bacteria. Th2 cells support
humoral immunity by stimulating B cells to produce antibodies. They are important for combating
extracellular parasites and allergens. Th17 cells are involved in defending against extracellular
bacteria and fungi. They also play a role in autoimmune diseases by promoting inflammation. Tregs
maintain immune tolerance by suppressing immune responses, preventing autoimmune diseases,
and controlling inflammation. The figure was created with BioRender.com.

A deficiency in Slc2al (encoding the Glutl protein) reduces thymocyte numbers,
inhibits effector CD4" T cell expansion, and diminishes cytokine production across various
CD4" T cell subsets. Notably, while Glutl is dispensable for the lineage commitment of
CD4* Treg cells, the cell surface expression of Glutl is high in Th1, Th2, and Th17 cells.
Consistent with Glutl expression patterns, Th1l, Th2, and Th17 cells exhibit increased
glycolysis rates, while Treg cells display increased rates of fatty acid oxidation [76,77].

Glut3 plays a crucial role in Th17 cell differentiation, as deficiency in Slc2a3 (encoding
the Glut3 protein) inhibits this process [78]. Glut3-mediated glucose uptake is critical for
mitochondrial glucose oxidation and subsequent acetyl-CoA production. In addition to its
central function during energy production, acetyl-CoA plays a pivotal role in regulating the
chromatin accessibility of loci associated with inflammatory genes, including IL17a [78].

Treg cells exhibit distinct glucose metabolic patterns compared to Th1, Th2, and Th17
cells, with significantly lower levels of Glutl and reduced glycolytic rates [77].

In summary, it can be concluded that Th1, Th2, and Th17 cells exhibit elevated Glut
levels and consequently an increased glycolytic flux. Conversely, Treg cells do not show an
elevated glycolytic flux and tend to shift toward lipid metabolism.

3.2.2. Increased Glucose Uptake in CD8* T Cells

Similar to CD4* T cells, the activation and differentiation of CD8" T cells (Figure 4) are
associated with an upregulation of Glut transporters [72]. However, there are characteristic
differences. Unlike CD4* T cells, CD8* T cells do not rely on Glutl for proliferation or
granzyme B production. Instead, CD8" T cells depend on Glut2 for optimal proliferation
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and effector cytokine production [72,76]. A deficiency in Slc2a2 (which encodes the Glut2
protein) affects CD8" T cell activation [79]. Thus, Glut2 emerges as the primary factor
involved in CD8" T cell activation.

Increased glucose import via the induction of Glut transporters is a prerequisite for
heightened glycolytic flux. Through enhanced glycolysis and the consequent increased
activity of the TCA cycle, more reducing equivalents (NADH and FADH,) can be produced.
By promoting glycolysis and channeling electrons through GPD2 to ubiquinone, RET is
induced, enabling the generation of an oxidative signal from Complex I. The augmented
electron influx into the ETC via the reducing equivalents NADH (Complex I) and FADH,
(Complex II) leads to the release of ROS at Complex III. Consequently, glucose metabolism
is intricately associated with the generation of the oxidative signal.

3.3. Modulation of TCR Activation-Induced Signaling by Co-Stimulation

T cell activation is a complex process that requires multiple signals to ensure a robust
and controlled immune response. TCR activation alone is not sufficient for complete T
cell activation. Co-stimulatory signals are also required. Co-stimulatory receptors on T
cells, such as CD28, the cytotoxic T lymphocyte-associated protein 4 (CTLA-4), and the
programed cell death protein 1 (PD-1), interact with their respective ligands on APCs (e.g.,
CD80/CD86 for CD28 and CTLA-4, and PD-1L for PD-1). The balance between activating
(e.g., CD28) and inhibitory (e.g., CTLA-4, PD-1) signals determines T cell activation, anergy,
or exhaustion.

3.3.1. CD28

CD28 is a critical co-stimulatory receptor on T cells that plays a vital role in their
activation and survival. It works in tandem with the TCR to ensure a full and effective
immune response. The interaction between CD28 on T cells and its ligands, CD80 and CD86,
on antigen-presenting cells (APCs) is essential for the proper functioning of the immune
system. Simultaneously to TCR stimulation, CD28 binds to its ligands CD80 or CD86 on
the APC. This interaction provides a necessary secondary signal. The co-stimulatory signal
from CD28 amplifies the TCR signal, leading to full T cell activation. Activation of CD28
initiates several intracellular signaling pathways, including the activation of PI3K/AKT,
MAPK, and NF-«kB pathways.

CD28 stimulation leads to the induction of ROS [8,80], which amplifies the oxidative
signal induced by TCR activation. Unlike the mitochondrial origin of the TCR-derived
oxidative signal, the CD28-depenent signal is generated by Arachidonate 5-Lipoxygenase
(5-LO) [8,80,81].

3.3.2. Cytotoxic T Lymphocyte-Associated Protein 4 (CTLA-4)

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4) is an inhibitory receptor primar-
ily expressed on activated T cells. Its main function is to downregulate immune responses,
thereby maintaining immune homeostasis and preventing autoimmunity. CTLA-4 achieves
this by binding to its ligands, CD80 and CD86, which are expressed on antigen-presenting
cells. This binding competes with the costimulatory receptor CD28, which also binds to
CD80 and CD86, but promotes T cell activation. By outcompeting CD28 for these ligands,
CTLA-4 effectively inhibits T cell proliferation and cytokine production, leading to immune
suppression [82].

The fact that CTLA-4 competes with CD80 and CD86 for binding explains its ability
to block CD28-dependent ROS production via 5-LO. This was confirmed using a soluble
CTLA-4-Ig protein, a chimeric protein consisting of the extracellular domain of human
CTLA-4 and a fragment (hinge and constant region) of the Fc portion of human IgG1 [83].
CTLA-4-Ig successfully inhibited CD28-induced ROS production, thereby preventing T cell
activation [84].
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3.3.3. Programmed Cell Death Protein 1 (PD-1)

Programmed cell death protein 1 (PD-1) is an inhibitory receptor expressed primarily
on the surface of T cells, B cells, and myeloid cells. Its primary function is to regulate
immune responses by maintaining self-tolerance and preventing autoimmunity. PD-1
achieves this by binding to its ligands, PD-L1 and PD-L2, which are often upregulated
in various tissues, including tumor cells. This interaction inhibits T cell activation and
proliferation, leading to reduced cytokine production and immune suppression. The PD-
1/PD-L1 pathway is a critical mechanism for cancer cells to evade the immune system,
making it a significant target for immunotherapy treatments.

Surprisingly, PD-1 stimulation or upregulation can generate ROS, probably through
mitochondrial or mitochondria-related processes [85,86]. This ROS production is not
associated with a proliferation or differentiation of T cells, but it is associated with the
induction of apoptosis [85]. The CD95 death ligand (CD95L) is regulated by NFkB [56].
Naive or resting T cells are resistant to apoptosis, with CD95L acting as a weapon to induce
apoptosis in neighboring (malignant or damaged) cells. Activated T cells become sensitive
to apoptosis, where CD95L can induce fratricide in neighboring T cells or suicide within the
same cell through being cleaved by the metalloprotease a disintegrin and metalloproteinase
domain-containing protein 10 (ADAM10). This process, known as activation-induced cell
death (AICD), is thought to eliminate autoreactive (persistently activated) T cells, thereby
preventing autoimmunity [41,56,87-89].

4. Oxidative Signaling Modulates Signal Cascades and the Expression Profile of
Activated T Cells

The oxidative signal can oxidize various proteins, including phosphatases, kinases,
and transcription factors. This oxidation can either inhibit or induce protein activity and
thereby modulate signal pathways.

4.1. Regulation of Phosphatases

The protein tyrosine phosphatases (PTPs) comprise a crucial group of redox-regulated
proteins. Within their catalytic center, all PTPs have a redox-regulated cysteine. Oxidation
of this thiol group by H,O, leads to PTP inactivation. Given the reversibility of PTP
oxidation, these proteins exist in two alternative states: an active state with a reduced
cysteine or an inactive state with an oxidized cysteine [9,90]. ROS generated upon TCR
stimulation rapidly convert to H,O,, which constitutes the primary oxidative signal. Thus,
activation-induced oxidative signaling can inhibit PTPs, thereby regulating the signaling
pathways they govern.

A particularly important signaling pathway in T cells is the mitogen-activated protein
kinase (MAPK) pathway. These kinases are activated via phosphorylation and deactivated
by dephosphorylation through MAPK phosphatases (MKPs). The activation-induced ox-
idative signal inactivates MKPs, thereby activating MAPKSs (Figure 5) such as extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinases (JNK), and p38, inducing cell
proliferation and differentiation [90-92]. Another critical regulator of T cell activation and
function is the Phosphatase and Tensin Homolog (PTEN). It acts as a tumor suppressor by
dampening the Phosphoinositid-3-Kinase (PI3K)-Protein kinase B (PKB/AKT) signaling
axis crucial for T cell activation, growth, and viability. Through its action of dephosphorylat-
ing phosphatidylinositol (3,4,5)-trisphosphate (PIP3), PTEN counteracts the PI3K pathway,
thus restraining downstream AKT activation. This control aids in preserving T cell balance
and preventing hyperactive immune reactions. ROS can oxidize PTEN at its active site
cysteine residue, leading to its inhibition and therefore opening the AKT pathway, enabling
T cell activation [93].
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Figure 5. ROS-induced oxidation of free thiol groups activates MAP kinase kinase kinases (MAP-
KKKs), which phosphorylate MAPKK and, subsequently, MAPK. This signaling pathway is fur-
ther amplified by the oxidation of MAPK phosphatases, which are inhibited by oxidation of a
thiol residue in their active site, resulting in full activation of the MAPK cascade. OX = oxidation,
P = phosphorylation. The figure was created with BioRender.com.

4.2. Regulation of Kinases

Kinases can be activated by oxidation. Again, the MAPK signaling pathway is the most
prominent example in T cells. Activation of MAPKSs typically involves a cascade of kinase
reactions, progressing from MAP kinase kinase kinases (MAPKKKSs) to MAP kinase kinases
(MAPKKs), culminating in the final activation of MAPK [90,92,94]. ROS-induced oxidation
of free thiol groups activates MAPKKKSs, promoting kinase activity through conformational
changes [95,96]. This, along with PTP inhibition, induces the MAPK signaling pathway,
fostering T cell proliferation and differentiation (Figure 5).

4.3. Essential Transcription Factors for T Cell Activation

Oxidative signals not only activate or deactivate signaling pathways but also directly
modulate the activity of transcription factors [97].

4.3.1. Activator Protein-1 (AP-1)

The AP-1 transcription factors comprise homodimers and heterodimers formed by
members of the Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fra-1, Fra-2), Maf (c-Maf, MafA,
MafB, MafG/F/K, Nrl), and ATF (ATF2, ATF3, B-ATF, JDP1, JDP2) protein subfamilies [90].
AP-1 dimers vary in composition, offering functional diversity. Different family members
have unique affinities for DNA sequences and interaction partners crucial for the induction
of processes like proliferation, differentiation, and apoptosis [98]. Numerous studies have
demonstrated a highly conserved characteristic of AP-1 from yeast to mammals, namely its
redox regulation and activation by oxidative signals [90]. For instance, exposure to ROS
enhances both gene expression and protein levels of c-Fos and c-Jun, leading to increased
DNA-binding activity in AP-1[99,100]. In addition, ROS scavengers or antioxidants can
effectively inhibit AP-1 activity [99-102]. The DNA-binding activity of c-Fos and c-Jun
are determined by the redox state of several conserved free thiol groups. Many studies
have shown that AP-1 is also indirectly regulated by ROS signals. The AP-1 family of
transcription factors is a target for phosphorylation by the MAPK cascades, which, as
described above, respond to ROS, leading to an enhanced transcriptional activation of
AP-1[29,90,91,98,101,103].

4.3.2. Nuclear Factor Kappa B (NF-«B)

NF-«B represents a collective term for dimeric transcription factors within the Rel fam-
ily [90]. In the absence of activating signals, NF-«B is sequestered in the cytoplasm through
binding to the inhibitor of NF-«B (IxkB). Upon stimulation, the IkB kinase (IKK) complex is
activated, phosphorylating IkB and marking it for ubiquitination and subsequent degra-
dation (Figure 6). This degradation exposes the nuclear localization sequence of NF-«B,
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facilitating its translocation into the nucleus [104,105]. In the early 1990s, Schreck et al.
demonstrated that treatment with H,O, induces nuclear translocation [106]. Subsequent
studies have revealed the inhibition of NF-«B activation by antioxidants [8]. Although H,O,
does not universally induce NF-kB activation across all cell types, it is generally recognized
to be reliant on ROS in activated T cells [29,107]. Mechanisms of H,O,-induced NF-«B
induction are diverse and dose-dependent. In the cytosol, a pro-oxidative environment
prompts IkB oxidation and degradation, releasing NF-«B for nuclear translocation. Free
thiol groups in NF-kB subunits are also oxidized in the cytosolic milieu, with thioredoxin
(TRX)-1 primarily reversing this process in the nucleus (Figure 6). Notably, NF-«B must be
in its reduced form in the nucleus to effectively bind to DNA binding sites [29,90,108,109].
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Figure 6. The role of oxidative signals in the activation of NF-kB. The inhibitor of NF-kB (IxB)
is phosphorylated by the IkB kinase (IKK) complex. Additionally, a pro-oxidative environment
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in the cytosol causes IkB to become oxidized. Both phosphorylation and oxidation result in the
accelerated degradation of IkB, so NF-«B is released. The free NF-kB can now translocate to the
nucleus. Oxidation further accelerates this translocation. The oxidation of NF-B is enabled by a shift
in the cytosolic REDOX homeostasis towards a pro-oxidative state, induced by the oxidative signal.
In the nucleus, NF-kB must be reduced again to enable optimal DNA binding. This is primarily
achieved by Thioredoxin 1 (TRX1). The figure was created with BioRender.com 4.3.3. Nuclear Factor
of Activated t cells (NF-AT).

NF-AT is primarily regulated by Ca?*. The increase in intracellular Ca* levels stimu-
lated by TCR triggering activates the Ca*-calmodulin-regulated phosphatase, calcineurin.
Calcineurin, in turn, dephosphorylates the transcription factor NF-AT. Dephosphorylation
exposes a nuclear localization signal, leading to the translocation of transcriptionally active
NEF-AT into the nucleus [56,110]. Additionally, it has been shown that ROS can also pro-
mote the nuclear translocation of NF-AT and enhance the transcriptional activity of NF-AT.
However, the precise mechanisms involved in this process remain unclear [51].
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4.3.3. Nuclear Factor Erythroid 2-Related Factor 2 (NRF2)

The Keap1-Nrf2 signaling pathway is crucial for maintaining cellular redox equilib-
rium and protecting cells from oxidative stress. ROS plays a central role in this mechanism,
dynamically balancing Nrf2 activation and inhibition by Kelch-like ECH-associated protein
1 (Keapl).

Under the conditions of a balanced redox equilibrium, Nrf2 is sequestered in the
cytoplasm through its interaction with Keapl, which facilitates the ubiquitination and
subsequent degradation of Nrf2. Upon the induction of oxidative stress, Keap1 releases
Nrf2, allowing Nrf2 to stabilize and translocate into the nucleus. Once in the nucleus,
Nrf2 initiates an antioxidative response, protecting cells from oxidative stress and the
accumulation of cellular damage [90,111-114]. In particular, Nrf2 is involved in modulating
the anti-inflammatory response by controlling redox balance and activating Antioxidant
Response Enzyme (ARE)-mediated anti-inflammatory genes. This includes upregulating
the expression of antioxidant genes like NQO1, HO-1, and PRX1, all of which possess
anti-inflammatory properties [114].

On the one hand, a misregulated oxidative defense and the accumulation of ROS lead
to extensive oxidative damage to macromolecules, including proteins, lipids, and DNA.
Damage to proteins and lipids not only disrupts intracellular signaling but also leads to
cell death. DNA oxidation results in the accumulation of mutations, which can cause the
development of malignancies [111,115]. If regulation of the redox balance is disrupted
due to alterations in the Nrf2/Keapl signaling pathway, it can lead to increased oxidative
damage and mutations, thereby raising the risk of tumor development [115-118]. On the
other hand, Nrf2 protects cells by preventing the accumulation of ROS and thus oxidative
stress. Tumors often exhibit elevated ROS levels due to their higher energy demands. In this
context, the deregulation of Nrf2 and/or Keapl is detrimental [118-121] as the induction
of antioxidant genes by Nrf2 enables the survival of these malignant cells, which would
otherwise die from oxidative damage. Additionally, resistance to chemotherapy increases
because many chemotherapeutic agents work by shifting the redox balance and generating
ROS [116,118,119]. Thus, Nrf2 is indeed a double-edged sword. It fine-tunes the redox
balance, allowing oxidative signaling to occur. Additionally, it prevents the accumulation
of mutations and the development of tumors by curbing excessive ROS production. In
contrast, Nrf2 enables malignant cells to adapt to elevated ROS levels, thereby protecting
them from cell death. Therefore, N1f2 is a crucial factor in the regulation of the intracellular
redox balance.

Taken together, ROS can oxidize essential signal proteins such as phosphatases, ki-
nases, and transcription factors, altering their activity. Oxidation of specific functional
amino acid residues within these proteins can either inhibit or enhance their function. Thus,
oxidative signaling directly controls T cell proliferation and differentiation by impairing
the activity of protein phosphatases, kinases, and transcription factors.

These ROS-dependent changes in signaling pathways and transcription factor activity
significantly alter the expression profile of T cells. The minimal requirements for inducing
IL2 expression, an essential factor in T cell activation, involve the activity of the transcription
factors AP-1, NF-«B, and NF-AT. The MAP kinase cascade, primarily via ERK activation,
significantly contributes to the induction of T cell proliferation and differentiation [29,35,122].

5. Conclusions

Redox signaling has evolved from being seen as a mere byproduct of enzymatic re-
actions to intentionally produced molecules crucial for cellular signaling. In T cells, ROS
play a pivotal role in signaling pathways, with HyO, acting as a vital second messenger.
The precise localization of ROS generation and the balance between ROS and antioxidant
defense mechanisms are critical for enabling oxidative signaling. Furthermore, cellular
metabolic alterations are essential for generating oxidative signals, emphasizing the intri-
cate interplay between metabolism and signaling in T cell activation, proliferation, and
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differentiation. Overall, redox signaling is indispensable for fine-tuning cellular responses,
particularly in the context of T cell function and immune responses [29,35].

Stimulation of the TCR by an antigen triggers activation of the proximal T cell machin-
ery, leading to activation of the tyrosine kinase ZAP70. ZAP70 phosphorylates the scaffold
protein LAT, which in turn recruits proteins like PLCy1. Recruitment to LAT activates
PLCvy1, leading to the production of IP3 and DAG. IP5 then induces the opening of calcium
channels in the endoplasmic reticulum (ER). This initial influx of Ca?" is followed by a
stronger influx through calcium channels in the plasma membrane. This increase in cytoso-
lic Ca®* levels represents one arm of the TCR signaling pathway. The other arm of TCR
signaling involves DAG. DAG activates PKC, with a subpopulation of PKC8 translocating
to the outer mitochondrial membrane. Additionally, PKCO likely phosphorylates ADPGK,
inducing increased glucose influx and a metabolic switch. This results in an electron trans-
fer to the CytQ pool, directly mediated by GPD2. At this point, hyper-reduced ubiquinol
likely leads to electron flow in the ETC retrograde to Complex I. During this process,
ROS are released into the mitochondrial matrix. Simultaneously, electrons may also flow
forward from ubiquinol to Complex III, which then releases ROS into the intermembrane
space. The release of ROS via Complexes I and III of the ETC constitutes the oxidative
signal [36,51]. The Ca?* signal activates the transcription factor NF-AT via calcineurin,
an integral component of T cell activation. The oxidative signal enhances/enables the
activation of kinase signaling cascades through the modification/oxidation of kinases and
regulatory phosphatases (e.g., MAPK signaling cascade). Additionally, REDOX-sensitive
transcription factors such as AP-1 and NF-«B are also modified /oxidized, thereby increas-
ing their translocation into the nucleus. The oxidative signal also induces the transcription
factor Nrf2. Nrf2 regulates a variety of antioxidant proteins, which then prevent an excess
of ROS production, thus regulating/terminating the oxidative signal. The transcription
factors NF-AT, AP-1, and NF-«kB form the minimal requirement for T cell activation. Thus,
the Ca®* signal in combination with the oxidative signal is indispensable for the activation
of T lymphocytes [8,29,35,36,51,90] (Figure 7).

Changes in the redox balance and oxidative signals are ubiquitous and play a funda-
mental role in both inter- and intracellular communication. In the case of T cell activation,
these signals are indispensable. A more in-depth exploration of these signals, their forma-
tion, and the impact of metabolic changes on these signals or, conversely, how changes in
the redox equilibrium affect metabolism, is imperative and requires further investigation.

The role of the activating co-stimulatory surface molecule CD28 was last studied in
detail in the late 1990s [8]. New investigative methods could provide more precise insights
into the production of oxidative signals through CD28 stimulation and elucidate how these
signals interact.

CTLA-4, which competes with CD28 for its ligands, attenuates T cell activation. This
competition naturally reduces the oxidative signal that can be induced by CD28. This
has potential clinical applications; soluble CTLA-4 can be used to dampen T cell immune
responses, thereby preventing excessive immune responses and autoimmunity [83,84].
However, further research is needed to investigate in detail how CTLA-4 stimulation affects
TCR-induced oxidative signaling.

For PD-1, the situation is more complex. There are limited data on the generation
of oxidative signals or changes in redox balance. The available data suggest that PD-
1 stimulation initiates an oxidative signal. This is puzzling because oxidative signals
contribute to T cell activation, whereas PD-1 limits or inhibits T cell activation [85,86].
However, oxidative signals are also crucial for terminating an immune response by inducing
CD95L, which can trigger apoptosis (AICD). Naive and resting T cells are resistant to
apoptosis. If CD95L is induced, these cells survive. In contrast, activated T cells are
sensitive to apoptosis, and CD95L induction leads to apoptosis (AICD) in these cells [56,88].
The ability of oxidative signals in T cells to terminate an immune response is crucial for
preventing autoimmune reactions.
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Figure 7. After TCR stimulation, two signaling pathways are induced via 3,4,5-triphosphate (IP3) and
diacylglycerol (DAG). The IP3-dependent pathway leads to Ca®* release into the cytosol, activating
NF-AT. The DAG-dependent pathway activates PKCO and induces an oxidative signal via Complex
I and IIT of the mitochondrial electron transport chain (ETC). Additionally, the MAPK signaling
pathway is induced via PKC6. The oxidative signal originating from mitochondrial ETC amplifies
the MAPK signaling pathway and activates the redox-sensitive transcription factors AP1, NF-«B,
and Nrf2. AP1 and NF-kB, together with NF-AT, create the minimal requirement for T cell activa-
tion. Conversely, Nrf2, by inducing antioxidant proteins, contributes to the control and potential
termination of the oxidative signal. The figure was created with BioRender.com Oxidative signals
in T cells are essential for the initiation of a T cell immune response. Several publications and data
have addressed the induction of oxidative signals by TCR stimulation and the mechanisms by which
these signals are generated. However, the role of co-stimulation in oxidative signaling is not well

understood. This represents a knowledge gap that urgently needs to be investigated in detail.

However, induction of AICD can be dysregulated in certain diseases. In Human Im-
munodeficiency Virus (HIV) infection, the trans-activating regulatory protein (Tat) induces
an oxidative signal, sensitizing T cells to AICD [41,123,124]. This may be a mechanism that
leads to T cell depletion following HIV infection and the development of the acquired im-
mune deficiency syndrome (AIDS). This demonstrates how little we know about oxidative
signals and highlights the importance of pursuing further research in this area.

However, information on how oxidative signals affect transcription factors in T cells
has already been exploited clinically. In cutaneous T cell lymphoma (CTCL), especially in its
incurable and aggressive leukemic variant, the Sézary syndrome, there is constitutive NF-
kB activation. This leads to increased proliferation and apoptosis resistance in malignant T
lymphocytes. In the cytosol, a pro-oxidative environment promotes NF-«B translocation
to the nucleus. Within the nucleus, however, an anti-oxidative environment is required
for NF-kB to be reduced and able to bind to DNA. The reduction in NF-kB is primarily

mediated by Trx-1. When Trx-1 is inhibited in the nucleus, NF-kB can no longer be
reduced, leading to the downregulation of important protective NF-kB target genes, such
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as inhibitors of apoptosis (IAPs). As a result, a cytosolic death platform known as the
ripoptosome can form, inducing apoptosis and necroptosis in malignant cells [108]. Trx-1
can be specifically inhibited by the small molecule dimethyl fumarate (DMF). Treatment
with DMF has been shown to significantly induce cell death in CTCL cells, both in vitro
and in vivo. Healthy T cells were spared by DMF as they do not require constitutive NF-«B
activation for survival [108,125,126]. These findings were also corroborated in a phase II
clinical study [127].

These studies underscore the importance of understanding oxidative signals—their
origins, mechanisms of action, and how they can be modulated. A precise understanding
of the redox balance will allow us to modulate immune responses, understand disease, and
develop new treatments.
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Abstract: Age-related macular degeneration (AMD) is a chronic disease that usually develops in older
people. Pathogenetic changes in this disease include anatomical and functional complexes. Harmful

factors damage the retina and macula. These changes may lead to partial or total loss of vision.

The disease can occur in two clinical forms: dry (the progression is slow and gentle) and exudative
(wet—progression is acute and severe), which usually starts in the dry form; however, the coexistence
of both forms is possible. The etiology of AMD is not fully understood, and the precise mechanisms
of the development of this illness are still unknown. Extensive genetic studies have shown that
AMD is a multi-factorial disease and that genetic determinants, along with external and internal
environmental and metabolic-functional factors, are important risk factors. This article reviews the
role of glutathione (GSH) enzymes engaged in maintaining the reduced form and polymorphism in
glutathione S-transferase theta-1 (GSTT1) and glutathione S-transferase mu-1 (GSTM1) in the development
of AMD. We only chose papers that confirmed the influence of the parameters on the development of
AMD. Because GSH is the most important antioxidant in the eye, it is important to know the influence

of the enzymes and genetic background to ensure an optimal level of glutathione concentration.

Numerous studies have been conducted on how the glutathione system works till today. This paper
presents the current state of knowledge about the changes in GSH, GST, GR, and GPx in AMD. GST
studies clearly show increased activity in ill people, but for GPx, the results relating to activity are not
so clear. Depending on the research, the results also suggest higher and lower GPx activity in patients
with AMD. The analysis of polymorphisms in GST genes confirmed that mutations lead to weaker
antioxidant barriers and may contribute to the development of AMD; unfortunately, a meta-analysis
and some research did not confirm that connection. Unspecific results of many of the parameters
that make up the glutathione system show many unknowns. It is so important to conduct further
research to understand the exact mechanism of defense functions of glutathione against oxidative
stress in the human eye.

Keywords: age-related macular degeneration; AMD; oxidative stress; glutathione (GSH); glutathione
peroxidase (GPx); glutathione reductase (GR); glutathione S-transferase (GST); GSTT1; GSTM1
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1. Introduction

Age-related macular degeneration (AMD) is a chronic eye disease that usually appears
in people after the age of 50; however, in highly developed countries, it also occurs in
younger people. AMD is an important cause of blindness in the USA and accounts for 54%
of blindness in Caucasian patients, 4.4% in black patients, and 14.3% in Spanish patients.
Today, among white people aged 40 and older, AMD is the most common cause of visual
impairment and blindness in the USA [1]. According to the increasing life expectancy,
it is expected that the frequency of AMD will increase [2-5]. The precise development
mechanism of this illness is still unknown. Previous studies have shown that, due to
pathological changes in the retinal pigment epithelium (RPE), the macula is damaged,
which may lead to partial or complete loss of vision [6].

It is known that age-related macular degeneration occurs in two different pathophys-
iological forms: dry and exudative (known as wet or neovascular). The dry form of the
disease is characterized by mild and gradual degeneration, and in the neovascular form, the
disease has an acute and violent nature. Usually, the dry form transforms into the wet form
(Figure 1) [7]. This disease can develop in only one eye, but with progression, it may affect
both ones. It has been reported that both forms of AMD may occur simultaneously [2-5].
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Figure 1. The figure shows the two different clinical forms of macular degeneration (modified from
the work of Nayyar et al. (2020) [7]).

AMD is a heterogenic and multi-factorial disease that can also be influenced by
numerous environmental and genetic risk factors [3,4,7], which significantly contribute to
the development of the disease. Studies have confirmed that environmental factors such
as smoking, a high cholesterol diet, carotenoids, vitamins A and E levels, zinc levels, age,
sex, and the presence of heavy metal ions and chemicals slightly increase the risk of AMD.
Previous studies have shown that there is no clear evidence that oxidative stress is a major
factor in AMD development; however, reactive oxygen species (ROS) continue to be an
important factor in the course of this disease [2—4,8]. AMD risk factors can be classified
as modifiable and non-modifiable. The division of these groups of factors is illustrated in

275



Int. J. Mol. Sci. 2024, 25, 4158

Figure 2. It is important that modifiable and non-modifiable AMD risk factors are mutually
dependent on the epigenetic regulation of gene expression, which is mainly determined by
the cellular epigenetic profile [9].
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Figure 2. The figure shows the risk factors for age-related macular degeneration (AMD). CFH:
complement H activity; ApoE: apolipoprotein E; ARMS2: age-related maculopathy susceptibility 2
(modified from the work of Hyttinen et al. (2023) [9]).

Four processes take part in the development of AMD: lipofuscinogenesis, drusogen-
esis, inflammation, and neovascularization [10]. As we described earlier, retinal cells are
exposed to oxidative stress to a large extent due to the effects of light [2-4]. As a result
of aging processes, the cells do not respond to mitogenic factors and lose their ability to
proliferate. Studies have confirmed the presence of AGE-exposed genes (advanced glyca-
tion products) in RPE cells [11]. They are deposited in lysosomes in the form of lipofuscin
(lipofuscinogenesis), which, in turn, is deposited underneath the RPE as a drusen (druso-
genesis) [10]. As a result, this disturbs the metabolic exchange between the choroid and
retina [12], weakening the activity of photoreceptors [13]. Then, low-intensity inflammatory
processes begin, which increase the levels of acute-phase proteins, reducing total antiox-
idant status (TAS) [4,14]. The next stage is neovascularization, which occurs due to the
secretion of proangiogenic factors during the para-inflammatory process. New capillaries
come from the choroid and are formed under the retina in the macula area, where they
should not occur [4]. As a result of all of these stages, photoreceptors are destroyed in the
macula [2—4].

2. The Role of Reactive Oxygen Species (ROS)

The retina is exposed to light and consumes large amounts of oxygen when trans-
forming light into vision. As a result, ROS production takes place [15]. ROS, as a group of
compounds (hydrogen peroxide (H;O;), superoxide radical anions (O,* ™), and hydroxyl
radicals (*OH), react with other molecules and promote lipid peroxidation (LPO) [2—4].
These processes, involving ROS and LPO, are shown in Table 1.

These various particle molecules can form in many ways, e.g., as a product of the
respiratory chain in mitochondria, photochemical or enzymatic reactions, as an effect of
exposure to UV light, exposure to ionizing radiation, or the influence of metal ions [2—4,16].
ROS play an important role in the regulation of many physiological processes by participat-
ing in intracellular signaling [16,20], but they can also cause serious damage to biomolecules
via lipid peroxidation (autoxidation). ROS also attack structural and enzymatic proteins
via the oxidation of amino acid residues, the formation of transverse bonds and protein ag-
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gregates, and proteolysis. The deactivation of key proteins can have serious consequences
in important metabolic pathways. ROS can also react with nucleic acids. The inability of
the cell to repair the damage incurred may lead to the death of the cell; alternatively, there
may be mutations in the DNA, leading to the development of diseases [2—4,16].

Table 1. The table shows the main reactive oxygen species (ROS) and products of lipid peroxidation

connected with oxidative stress in the eye (* symbolize free electron in molecule) [15-19].

ROS/Chemical Compounds

Characteristics and Activity

Superoxide radical anions
(02"7)

Is a product of the single-electron reduction of oxygen. O,*" reacts relatively fast with compounds that contain
thiol groups (like cysteine) or with such reductive compounds as ascorbate or NADH. It is also able to react
quickly with metal ions (especially copper) or certain metalloproteins. O,* ™ reactions are biologically important
and lead to the reduction of transition metal ions (Fe3* to Fe?*; Cu* to Cu™*).

Hydrogen peroxide (H,O,)

Generated as a consequence of reactions of O,*~ molecules that are mediated by superoxide dismutase or
non-enzymatically. It is a relatively stable compound but may undergo a disproportionation reaction catalyzed by
transition metal ions. Hy O, is not excessively reactive. This molecule with superoxide radical anion (O,*~) takes

part in Fenton and Haber-Weiss reactions and creates a hydroxyl radical (*OH).

Hydroxyl radicals (*OH)

These are some of the most reactive oxidative agents. They are able to react with practically all substances that are

present in an organism; however, in lots of cases, the tempo of such reactions is determined by diffusion only (not

by an activation barrier). The biologically critical consequence of *OH reactivity is a risk factor for the generation

of DNA damages. *OH is produced in Fenton and Haber—Weiss reactions or as a by-product from the process of
water radiolysis.

Products of LPO

Characteristics and Activity

Malondialdehyde (MDA)

It is a reactive aldehyde generated as a result of polyunsaturated lipid degradation by ROS. MDA constitutes a
highly toxic and mutagenic compound that forms lipoperoxidation end-products. It is capable of reacting with
lysine residues on proteins, leading to the formation of secondary oxidation products. It may also participate in
provoking DNA damages (reaction with deoxy-guanosine of DNA and the generation of
8-hydroxy-2-deoxy-guanosine) or interact with deoxyadenosine residues.

4-Hydroxynonenal (4-HNE)

This aldehyde compound is highly reactive and able to form adducts with cellular proteins and DNA. 4-HNE is
mainly produced by such precursor substances as arachidonic acid and linolenic acid through 15-lipoxygenase.
Electrophilic double-bond and nucleophilic amino acid residues on proteins enable 4-HNE to form Michael
adducts with such amino acids as cysteine, histidine, and lysine residues. It leads to increases in their molecular
masses (by the molecular mass of HNE 156 Da). These adducts are relatively stable and capable of remaining in

cells even for several hours, provoking dysfunctions of the targeted biomolecules.

It is known that the retina is the element that is most exposed to oxidative stress.
This is due to its continuous exposure to radiation, high concentrations of O,, high levels
of polyunsaturated fatty acids in the external photoreceptors, and the presence of many
chromophores (lipofuscin, melanin, rhodopsin, and cytochrome C oxidase in the retina and
retinal pigment epithelial cells (RPE) that also generate ROS in phagocytosis photoreceptor
disks by RPE [4,21]. Molecular damage caused by ROS results in the formation and
activity of advanced glycation products (AGEs). These products may affect cell DNA
and increase the expression of genes that promote RPE cell aging [22]. These harmful
factors are associated with the progression of AMD [2,4,23,24]. As a result of recognition
system disorders, DNA repair genes are not able to efficiently repair DNA damage. In
effect, changes accelerate the aging of the organism, leading to the dysfunction of cells
and tissues. ROS formation is the result of normal, daily cellular metabolism, which
is why aging is unavoidable. To protect molecules from the negative influence of ROS,
cells have developed complex defense mechanisms [3,4,16]. According to these studies,
photoreceptors and RPE cells are some of the most susceptible to oxidative stress damage.
These non-proliferating postmitotic cells do not have any DNA damage detection systems
at the cell cycle checkpoints [3,4].

The retinal pigment epithelium (RPE) performs a number of crucial functions, such as
in the formation of an external retinal barrier, transport, retinoid retention, phagocytosis,
the degradation of segmental photoreceptors, and protection against light and oxidative
stress [25]. In this part of the eye, the dominant photoreceptors are cones. They are
characterized by higher demand and energy production than rods, leading to higher
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oxygen requirements. In addition, rod cells and cones differ in their susceptibility to
oxidative stress. Unfortunately, cones show greater sensitivity to free radicals [26].

The macula is also permanently exposed to high metabolic activity and oxidative stress
due to the high partial pressure of choriocapillaris and polyunsaturated fatty acids (PUFAs),
which is related to the external segments of the retina [2—4,27]. This is considered important
in inducing drusen formation between RPE cells and Bruch’s membrane. Lipofuscin is a
chromophore that serves as a primary RPE photo-oxide [28], which, after absorbing high
energy photons (especially blue light), undergoes a series of photochemical reactions. These
photochemical reactions lead to ROS formation, which, in turn, induces photochemical
damage in the retina and RPE cells [2-4,29]. The role of auto-phagocytosis and the RPE
homeostasis pathway plays an important role in the aging of cells and the effect of oxidative
stress on AMD. Studies on the cellular and molecular pathways of autophagy showed that
acute exposure to oxidative stress increased autophagy activity, while chronic exposure to
oxidative stress reduced autophagy. Based on animal and human models, elevated levels
of autophagy in the early AMD stage have been observed, with activity decreasing in late
AMD. Moreover, it has been observed that the reduced effect of auto-phagocytosis makes
RPE cells more susceptible to oxidative stress and that the autophagy system is enhanced
to protect RPE cells from oxidative damage [25].

3. Antioxidant Defense

To counteract the effects of oxidative stress, a response is triggered in two stages. The
first stage is a reaction where the cytochrome P450 monooxygenase system and aldo-keto-
reductase (AKR), carboxylesterases (CES), and epoxide hydrolase are involved. This action
involves the oxidation and reduction of dangerous compounds. In the next phase, these
products are coupled with hydrophilic molecules. The antioxidants involved in the second
phase are divided into so-called “direct” and “indirect” categories. The “direct” group
contains superoxide dismutase (SOD), glutathione (GSH), and thioredoxin reductase (Trx).
The first two enzymes oxidize dangerous compounds and quickly regenerate themselves.
The so-called “indirect” enzymes take part in the biosynthesis and regeneration of GSH
and Trx. They also participate in the removal of oxidized compounds [11].

An antioxidant barrier cannot function without nuclear factor erythroid-2 related
factor 2 (Nrf2). The antioxidants involved in the second phase are regulated by transcrip-
tional master Nrf2/Keapl (nuclear factor erythroid-2 related factor 2/Kelch Like ECH
Associated Protein 1). This factor plays a major role in antioxidant response. It activates the
transcription of the leucine zipper by binding to the antioxidant response element (ARE)
within the promoter of the target genes. Its role is to maintain redox homeostasis in the
cell [2,30,31]. Nrf2 regulates the action of both “direct” and “indirect” enzymes [32,33].
The “direct” group is created by SOD, glutathione peroxidase (GPX), catalase (CAT), and
peroxiredoxins (PRDXs). This group of “indirect” enzymes contains transketolase (TKT),
glucose-6-phosphate dehydrogenase (G6PD), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), glutathione-redox cycle enzymes (glutathione reductase (GSR), glutathione
synthetase (GSS)), selenoproteins, and thioredoxin-related enzymes (thioredoxin (TXN),
sulfiredoxin (SRXN)) [34].

4. Glutathione Function in AMD

Glutathione is the most important low-molecular antioxidant from the thiol
group [35-37]. It exists in two forms: oxidized glutathione disulfide (GSSG), which is
reduced as a tripeptide gamma-glutamyl-cysteinyl-glycine (GSH). The GSH thiol group of
cysteine can donate a reducing equivalent (H* + e™) to different unstable molecules (e.g.,
ROS). After donation, glutathione becomes reactive but can easily react with other reactive
glutathione and, in effect, may create the glutathione disulfide (GSSG) form [38]. These
two molecules (GSH and GSSG) form a redox buffer system [39]. Analyzing the status
of this system allows us to determine the status of the oxidative state in the intracellular
environment. The GSH:GSSG ratio is specific to intracellular compartments [39,40]. The
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concentration of GSH in cells depends on their type and ranges from 5 to 10 mM [36,37],
while the level of GSH in the serum is much lower (20 uM) because the oxidized form
(GSSG) predominates (2GSH + R,O, — GSSG + 2ROH) [37].

Glutathione occurs in eukaryotic cells (both animals and plants) [35-37]. In the case
of physiological pH, GSH has functional groups (one positively charged amino group
and two negatively charged carboxyl groups) that allow for reactions with various macro-
molecules [41,42]. Along with ascorbate, albumin, cysteine, uric acid, creatinine, bilirubin,
melanin, beta-carotene, and others, glutathione is one of the most important antioxidants
in the human body. To protect cells from oxidative stress, glutathione competes with other
antioxidants when reducing ROS. GSH is also involved in different vital functions. This
molecule plays a role in xenobiotic metabolism by forming S-Nitroso-glutathione (GSNO),
which can be a reservoir for nitric-oxide (NO) [42] and plays a role in the regulation of blood
pressure. GSH is necessary for the transformation of prostaglandin H2 into prostaglandin
D2, which is also important in leukotriene synthesis. It has been confirmed that GSH
inhibits infection caused by influenza virus [43]. On the other hand, a study during the
SARS-CoV-2 pandemic showed that cellular glutathione metabolism and redox function
are impaired in this disease [44].

It is essential to keep GSH in cells at an appropriate level because when it is signifi-
cantly lowered, the accumulation of HyO, may occur, which results in cell damage [35,41].
In effect, low GSH concentrations may lead to the development of various diseases, such
as neurodegeneration, mitochondrial dysfunction, and even cancer [38,42,45,46].

GSH biosynthesis proceeds across many stages. There are three precursor amino
acids (cysteine, glutamate, and glycine) that are combined to form GSH. This molecule is
synthesized exclusively in the cytosol. This process requires the sequential action of two
ATP-dependent enzymes: glutamate—cysteine ligase (GCL is composed of two subunits: a
catalytic GCLC and a modifier GCLM) and glutathione synthetase (GS). GCL catalyzes the
first stage of the biosynthetic pathway where glutamate and cysteine are linked, creating
v-glutamyl-cysteine in the presence of ATP and Mg?* or Mn?*. The last stage of GSH
synthesis involves the addition of glycine to y-glutamyl-cysteine, which is catalyzed by
GSH synthetase (Figure 3). The hydrolysis of GSH can be conducted by y-glutamyl
cyclo-transferase and cation transport regulator-like protein-1 (CHAC1) to obtain cysteinyl
glycine and 5-oxoproline. Then, the breakdown of 5-oxoproline (which is catalyzed by
5-oxoprolinase) creates glutamate, and cysteinyl glycine is split by its respective peptidases
to yield cysteine and glycine. These newly liberated amino acids can be reused for the
synthesis of GSH [47,48]. The enzymes involved in GSH synthesis and metabolism in
different types of retinal cells are shown in Figure 3.

As we said earlier, ROS are important in the development of AMD [2—4,8]. Therefore,
research focusing on glutathione shows that this molecule plays a major role in protecting
RPE cells against oxidative stress [36,48-50]. In the retina, GSH protects tissue against
ROS because it is a thiol reductant and is able to detoxicate photooxidation products [42].
Studies have confirmed the role of GSH supplementation in preventing AMD [50-52].
On the other hand, GSH deficiency leads to the death of RPE cells. Unfortunately, the
mechanism of increasing oxidative stress in RPE cells as a result of GSH depletion is still
unknown [50].

Research has shown different results in terms of the concentration of GSH in the serum
of patients with AMD compared to the controls. Some research has not indicated differences
in the GSH levels between patients and healthy people [53,54]. Most studies showed
decreased GSH levels in AMD patients compared to people without the disease [47,55-60].
There was even a study in which higher serum GSH concentrations were observed in
AMD patients than in the control group [61]. These different results show that GSH is a
non-specific parameter when analyzing the development of AMD.

Cellular GSH status in RPE cells is decreased, which has been confirmed in many
studies [50,51,62-66]. Only a few studies showed increased cellular GSH levels [65,67].
These novel studies concentrate on mitochondrial GSH (mGSH) because this molecule
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reaches a 5-10-fold greater concentration in this organelle than in the cytosol [47,68]. GSH is
transported to the mitochondria via an efflux pump and takes part in antioxidant defense,
the detoxification of xenobiotics, the stabilization of mDNA [47,69], the synthesis of cluster
Fe-S (mGSH is a cofactor in this reaction) [47,70], and the electron transport chain (mGSH
is a redox regulator) [47,71,72]. Studies on RPE cells showed that mGSH concentration is
lower in the development of AMD [47,65,73,74].
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Figure 3. The figure shows the enzymes involved during glutathione synthesis and metabolism
in the retina. AC: amacrine cell; BPC: bipolar cell; GC: ganglion cell; GCL: ganglion cell
layer; yGCL: y-glutamate cysteine ligase; G6PD: glucose-6-phosphate dehydrogenase; 6PG: 6-
phosphogluconate; GPx: glutathione peroxidase; GR: glutathione reductase; GS: glutathione synthase;
GSH: glutathione; ROD: rhodopsin; HC: horizontal cell; INL: inner nuclear layer; IPL: inner plexiform
layer; IOSP: inner and outer segments of photoreceptors; NF: nerve fiber; ONL: outer nuclear layer;
OPL: outer plexiform layer; protein-S2: protein-S—S; protein (SH)2: protein-SH; RPE: retinal pig-
ment epithelium; TR: thioredoxin reductase; TRX (SH)2: thioredoxin; TRX-52: oxidized thioredoxin
(modified from the work of McBean et al. (2015) [48]).

5. Enzymes Engaged in the Maintenance of Functions of Glutathione

In cells, reduced glutathione (GSH) reacts with oxidants spontaneously or in reactions
catalyzed by glutathione peroxidase (GPx) [35,39]. In effect, it creates glutathione disulfide
(GSSG), which is composed of two glutathione molecules linked by a disulfide bridge.
GSSG can be actively transported out of the cell or react with a protein sulfhydryl group
(PSH). As a result of this process, a mixed disulfide (PSSG) is formed, but cellular GSH
undergoes depletion [75]. GSSG can be reduced to GSH via glutathione reductase (GR) with
the participation of 1 NADPH [24,42]. To protect proteins from harmful oxidative reactions,
GSH insult trans-sulphuration reactions catalyzed by gluta-redoxin (GRX) [56,76]. On the
other hand, glutathione transferase (GST) can conjugate GSH with many hydrophobic and
electrophilic molecules (e.g., carcinogens, therapeutic drugs, and the products of oxidative
metabolism), making them less toxic and easier to remove from cells [42,75].
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Every fraction of the tetramer GPx contains a selenium atom [35]. This enzyme has
eight isoforms distributed across different tissues (GPX1-GPX8) [77-79]. These isoforms
are shown in Table 2. In this family, GPx1 is the most abundant member. This isoform
is present in every cell and also in the cytosol, mitochondria, and peroxysomes. In some
cells, it has been found in the peroxisomal compartment. This isoform plays a crucial role
in preventing the harmful reaction of intracellular hydrogen peroxide and is much more
effective than catalase [80]. Isoforms GPx1 and GPx4 probably have a protective role in the
development of AMD [81,82]. In studies focusing on Polish patients with AMD, mutations
in GPx1 were found, and these mutations lead to weaker antioxidant defense. This may
have led to the development of AMD in this group of patients [81]. However, studies
on mice showed that GPx4 suppresses increasing levels of vascular endothelial growth
factor A (VEGF-A), which increase during neovascularization [82]. Studies also showed
that lower GPx activity may increase the risk of developing AMD [83]. In several pieces of
research, AMD patients were characterized by lower GPx activity [4,84]. Unfortunately, in
recent AMD studies, patients had higher GPx activity than that seen in a healthy group [85].

Table 2. The table shows the isoforms of glutathione peroxidase (GPx), their location, and role [79].

Isoform Location Role
GPx1 Every cell (cytosol, mitochondria, and Plays a major role in protecting against systemic oxidative stress.
peroxysomes)
GPx2 Gastrointestinal system In mammals, it is the first l?arrler that prevents the absorption of
hydroperoxides produced by food.
GPx3 Plasma In the plasma, it is a major ROS scavenger,ghmmatmg all circulating
complex hydroperoxides.
GPx4 Cell membrane It is able to reduce and destroy lipid hydroperoxides.
GPs5 Epididymal tissues In the epididymis, it regulates 0x1dat1ve. stress damage and protects
sperm maturation.
GPx6 Embryonic and olfactory organ epithelial cells It probably plays a role in the transmission and degradation of
odor-related signals.
GPx7 Endoplasmic reticulum It plays a unique role in maintaining redox homeostasis. It has different

responses to oxidative stress than other enzymes from the GPX family.

It exerts a role in oxidative stress, takes part in folding endoplasmic
GPx8 Transmembrane protein reticulum proteins and regulates the concentration of Ca* in the
endoplasmic reticulum.

Most studies on AMD showed that during this disease, GR activity was
decreased [83,84,86] or that lower activity may increase the risk of developing AMD [83].

Research suggests that lower GR activity is associated with weaker antioxidant abilities [84].
There are some mechanisms relating to ganglion cell death during macular degeneration,
including high intraocular pressure (IOP) and hypoxia, oxidative or nitrative stress, glu-
tamate toxicity, loss of neurotrophic factors, and autoimmune reactions assisting in the
degeneration of retinal ganglion cells. The retina is a highly vascularized tissue in the body
and is vulnerable to oxidative stress due to its high consumption of oxygen and exposure
to light. This tissue has one of the highest oxidative metabolic rates per tissue mass in
the human body. In effect, it is important for retinal cells to maintain normal GSH levels
and oxidation states. This is due to the fact that a deficiency of this molecule manifests in
increased susceptibility to oxidative stress, and the resulting damage is thought to be a key
step in the onset and progression of eye diseases [48].

The superfamily of GST enzymes is divided into cytosolic and microsomal groups,
and the cytosolic family contains four groups: GSTA (), GSTM (u), GSTT (), and GSTP
(m) [87]. The GSTM isoform is responsible for detoxifying ingredient electrolytes, such as
drugs, carcinogens, environmental toxins, or products of oxidative stress [88,89]. GSTT
catalyzes the combination of GSH with hydrophobic and electrolyte compounds. The
main function of this isoform is to neutralize reactive low-molecular hydrocarbons, such as
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ethylene oxide [90]. Studies have shown that this isoform of GSTP protects the eye from
oxidative stress. This protein can bind zeaxanthin and meso-zeaxanthine in the retina,
suggesting that it can modulate antioxidant levels in the human eye [91,92].

6. The Role of Polymorphisms in AMD

It has been confirmed that no single gene is responsible for the development of
AMD. As we stated in the beginning, AMD is a multi-factor disease. There are many
genetic factors engaged in the development of AMD. However, the progression of this
disease is determined in 50-60% of cases by the polymorphisms in three genes that encode
the following: CFH (rs1061170), ARMS2 (rs10490924), and 11-8 (rs2227306) [93]. Other
polymorphisms are less likely to correlate with the development of AMD, but their influence
has been confirmed in other studies [81,93-104]. Genes and their polymorphisms are
presented in Table 3.

Table 3. The table presents an overview of the polymorphisms engaged in the development of AMD.

Gene Polymorphism Mechanism Reference
CFH rs1061170 (Y402H) Hyperactivation of the alternative complement pathway [93]
7510490924 Changes in the function of retinal mitochondria [93]
ARMS2 LOC387715 Reduction in ARMS2 mRNA stability [93,94]
11-8 rs2227306 Increase in inflammation and angiogenesis [93]
LIPC 151046817, rs493258, rs10468017 Changes in HDL levels [95]
C2 1$9332739, rsb47154 Lowering the risk of progression to late AMD [93,95]
CFB 54151667, rs641153 Lowering the risk of progression to late AMD [93,95]
TNFRSF10A rs13278062 Enables apoptosis in cells [95]
HTRA1 rs11200638 Elevates the expression of HtrAl [95]
CETP 13764261 Changes in the concentration of cholesteryl esters in HDL [96,97]
GSTM1 rs1183423000 Weaker antioxidant protection [98-103]
GSTT1 rs1601993659 Weaker antioxidant protection [99,102,103]
GSTP1 11695, rs1138272 Weaker antioxidant protection [99,103,104]
GPx1 Pro197Leu Weaker ability to scavenge hydrogen peroxide [81]

The activation or dysregulation of the complement factors of the alternative comple-
ments pathway, like complement factor H (CFH), complement component (C2), comple-
ment factor I (CFI), and complement factor B (CFB), have been found to be associated with
the development of AMD. Their influence is caused by the release of local inflammatory-
activating products [93,95]. Complement factors, especially alternative complement path-
way genes, have been reported in the pathogenesis of AMD (Figure 4). The data analyzed
concerning four SNPs, 19332739 and rs547154 for the C2 gene and rs4151667 and rs641153
for the CFB gene, probably suggested that these alleles lower the risk of all AMD patho-
genesis in the Caucasian population by 2.0% to 6.0%. It has been observed that the CFB
polymorphism (R32Q) is greatly correlated with early AMD; on the other hand, it has
a protective effect against late AMD in the Caucasian population [95,105]. It has been
reported that CFH and ARMS2 SNPs are significantly correlated with early AMD pathogen-
esis, and it has also been suggested that the polymorphisms of Apolipoprotein E (APOE)
are associated with early AMD [106]. Tumor necrosis factor receptor superfamily 10A
(TNFRSF10A) signaling plays a crucial role in apoptosis in cells. It has been identified as an
important risk factor that is significantly correlated with AMD pathology. Studies focusing
on Japanese populations showed a significant association between disease susceptibility
and the TNFRSF10A gene on chromosome 8p21 (rs13278062) [95].
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functions, e.g., apoptotic, tumorigenesis, homologous recombination, angiogenesis, and inflammation
are regulated by genes that stimulate the cardinal features of AMD abnormalities. Question marks
symbolize the expected role of factors in the processes involved in AMD’s development (modified
from the work of Anand et al. (2016) [95]).

Human hepatic lipase (HL) plays an important role in lipid metabolism. This enzyme
converts intermediate-density lipoproteins to low-density lipoproteins and is encoded by
the LIPC gene. Polymorphism in this gene has shown strong evidence for its relationship
with the pathogenesis of AMD [95,96]. Anand et al. (2016) [95] conducted studies and
found the protective effect of the TT genotype in LIPC. Their work further revealed that SNP
variation exists in the promoter region (rs1046817). This change influences LIPC expression,
showing a strong association with AMD pathogenesis. The same study showed LIPC
variance rs493258 and its connection with the development of AMD [95]. A meta-analysis
conducted in 2015 showed the protective role of the rs10468017 polymorphism in the LIPC
gene. This mutation elevates the level of HDL, which protects against oxidative stress.
Another polymorphism in this gene engaged in a lipid metabolism pathway associated
with the development of AMD was confirmed in gene CETP [96,97]. This gene encodes
cholesteryl ester transfer protein (CETP), which regulates the concentration of cholesteryl
esters in HDL molecules [97]. It was confirmed in a meta-analysis that 153764261 in
CETP was associated with an increased risk of developing AMD. In theory, CETP shuttles
triglyceride particles from very-low-density lipoproteins (VLDL) and LDL to HDL and
creates triglyceride-enriched HDL. In effect, excessive HDL can lead to the accumulation of
oxidized lipids in the retina, which is related to the development of AMD [96].

The age-related maculopathy susceptibility 2 (ARMS2) gene has been studied widely
and replicated in several ethnic groups worldwide (Figure 4). ARMS?2 is predominantly
located in high-energy-demanding tissues, like human photoreceptor cells. SNP variation
in ARMS2 genes (LOC387715) could reduce the stability of ARMS2 mRNA (Figure 4) [95].
HTRAL1 are serine proteases composed of four protein domains for the binding of the
insulin-like growth factor binding domain (ILGF), kazal domain, trypsin-like peptidase
domain, and PDZ domain to accomplish cellular functions. Moreover, polymorphisms
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in the ARMS2/HTRA1 (rs10490924 and rs11200638) locus are significantly associated with
early and late AMD; however, instead of this locus, complement factor components (C2,
CFH) and complement factor B (CFB) have not shown a positive correlation with AMD
abnormalities [95] (Figure 4).

Multi-domain protein DICERI1 is an important enzyme in the synthesis of short inter-
fering RNAs (siRNAs~21-25 nucleotides) from pre-double-stranded RNAs during RNA
interference. DICER1 is the miRNA-processing enzyme required for the maturation of
miRNAs. If there is any defect in DICER1, then most of these RNAs cannot be gener-
ated [107]. About 30% of human genes are regulated by micro-RNA classes of small
RNA [95]. However, DICER1 plays an important function in visual activities by degrading
toxic RNA. The accumulation of transcripts of Alu RNA in geographic AMD was caused
due to dysregulation in DICER1. It has been reported that the accumulation of transcripts
of Alu RNA in the geographic AMD was caused by the dysregulation of DICER1. DICER1
was found to be reduced in the advanced form of AMD, i.e., geographic atrophy in AMD
patients [105].

The first study on the GST polymorphism in AMD patients was conducted in 2006; the
research team analyzed DNA from the blood of patients to determine changes in this gene.
The results suggested that the combinations of GSTM1 (null) and GSTP1 (mutant), GSTM1
(null) and GSTT1 (null) can be risk factors for the development of wet AMD [99]. Further
studies on a larger number of individuals have shown that polymorphisms in this gene
may correlate with the development of AMD. Studies confirmed that the GSTM1 (null)
polymorphism correlates with both dry and wet AMD stages [100]. In 2012, a Chinese
research team analyzed the role of polymorphisms in the GSTP1 gene (rs1695 and rs1138272)
in the development of wet AMD stage. The results showed that only 751695 moderately
increases the risk of developing this disease [104]. In the same year, a GST polymorphism
study was conducted in Iran [100]. The results showed that GSTM1 and GSTT1 correlate
with a higher risk of the progression of AMD. The GSTM1 polymorphism is associated
with a decline in the expression of the protein, which is a risk factor. If the concentration
or activity of this enzyme is lower, ROS cannot be effectively neutralized, affecting the
development of AMD [98]. Unfortunately, cohort studies conducted in 2012 did not confirm
the role of polymorphisms in genes GSTM1, GSTT1, and GSTP1 in the development of
AMD [108]. Studies conducted in 2016 showed that the control group was characterized by
higher copy numbers of GSTM1 than AMD patients. Moreover, it was the first report to
show a lack of GSTM1 (null) (0/0) or polymorphisms of GSTM5 (+/0, 0/0) in AMD. The
authors suggested that weaker antioxidant functions could intensify oxidative stress and
lead to the development of AMD [101].

Unfortunately, a meta-analysis conducted in 2021 showed no significant associations
between GSTM1/GSTT1 polymorphisms and the development of AMD in a Caucasian
population [102]. Additionally, a meta-analysis conducted in 2022 showed no significant
role of polymorphisms of GSTM1 (rs1183423000), GSTT1 (rs1601993659), and GSTP1 (rs1695)
in the development of AMD [103]. Only one study on the polymorphisms in gene GPx
confirmed the influence of mutations in this gene on the development of AMD. A study on
a group of Polish patients showed the polymorphism of Pro197Leu in the GPx1 isoform.
This mutation is probably related to a weaker ability to scavenge ROS (especially hydrogen
peroxide) in the retina, which may lead to the development of AMD [81].

7. Summary and Conclusions

Glutathione is the most important antioxidant in the eye. To maintain GSH function,
an organism needs enzymes such as GPx, GST, GR, and GS. The proper functioning of
enzymes and maintaining the balance between oxidants and antioxidants help avoid the
negative effects of oxidative stress in the eye, which may lead to the development of
many eye diseases. Numerous studies have found the exact role of glutathione in the
development of AMD. Studies conducted on the activity of enzymes have shown that
patients are characterized by lower GR activity. GST studies clearly showed an increase
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