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Abstract

Oxidative stress is characterized by the deregulation of the redox state in the cells, which plays a role in the
initiation of various types of cancers. The activity of galectin-1(Gal-1) depends on the cell redox state and the redox
state of the microenvironment. Gal-1 expression has been related to many different tumor types, as it plays
important roles in several processes involved in cancer progression, such as apoptosis, cell migration, adhesion,
and immune response. The erythroid-2-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1)
signaling pathway is a crucial mechanism involved in both cell survival and cell defense against oxidative stress. In
this review, we delve into the cellular and molecular roles played by Gal-1in the context of oxidative stress onset in
cancer cells, particularly focusing on its involvement in activating the Nrf2/Keap1 signaling pathway. The emerging
evidence concerning the anti-apoptotic effect of Gal-1, together with its ability to sustain the activation of the Nrf2
pathway in counteracting oxidative stress, supports the role of Gal-1in the promotion of tumor cells proliferation,
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immuno-suppression, and anti-tumor drug resistance, thus highlighting that the inhibition of Gal-1 emerges as a
potential strategy for the restraint and regression of tumor progression. Overall, a deeper understanding of the
multi-functionality and disease-specific expression profiling of Gal-1 will be crucial for the design and development
of novel Gal-1 inhibitors as anticancer agents. Excitingly, although it is still understudied, the ever-growing
knowledge of the sophisticated interplay between Gal-1 and Nrf2/Keap1 will enable researchers to gain valuable
insights into the underlying causes of carcinogenesis and metastasis.
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INTRODUCTION

The uncontrolled and irregular cellular proliferation, which represents a hallmark of cancer, requires an
enormous amount of energy to accomplish extensive cell division"!. Cells require an enormous amount of
energy during division. The higher energy demand, with respect to normal cells, is associated with an
increased level of reactive oxygen species (ROS) produced by transformed cells and released in the
environment"”. Chronic exposure to increased levels of ROS can cause DNA defects that may result in
alteration of several enzymes’ activity and dysregulations in gene expression, thus leading to both structural
and functional abnormalities within cells. However, the activation of specific cell defense mechanisms
facilitates the efficient scavenging of reactive species and helps mitigate cell damage.

The role played by the nuclear factor erythroid-2-related factor 2 (Nrf2) is crucial in the prevention of
oxidative stress-mediated cell damage. Nrf2 transcription factor activity is triggered in case of cell redox
unbalance and oxidative stress establishment through its migration into the cell nucleus and the activation
of more than 1,000 genes possessing an antioxidant response element (ARE) in their promoters™*.

The normal functioning of the Nrf2 signaling is known as an important factor for brain homeostasis and
repair following traumatic brain injury (TBI). Conversely, TBI disrupts the Nrf2 signaling pathway and
triggers oxidative stress, inducing damage to the brain®.

The sensitivity of Nrf2 expression to high ROS levels in different cells involved in pregnancy is known. It
has been reported that Nrf2, which helps maintain the redox balance in the cell during pregnancy, also
decreases in the uterine tissues after birth!.

Studies have suggested that, apart from the normal role of Nrf2 during pregnancy, Nrf2 may also affect
pathological mechanisms that lead to some disorders such as preeclampsia. Indeed, in mouse models,
activated Nrf2 has been reported to impair placental angiogenesis, suppress fetal growth, and promote
adverse maternal and neonatal outcomes'”.

The molecular mechanisms involving cyclooxygenase-2 (COX-2), a key enzyme in prostaglandin
biosynthesis, are not clear. Increased COX-2 expression during aging can affect antioxidative homeostasis as
ROS production increases during acute and chronic inflammation, cellular senescence, and

carcinogenesis'®.

Moreover, COX-2 expression is dependent on Nrf2 under conditions of oxidative stress. It has been
suggested that there is a synergistic relationship between COX-2 and Nrf2, which serves to regulate
inflammation and contribute to an antioxidant response, ultimately yielding hepatoprotective effects'..
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The regulatory activity of Nrf2 results in the expression of a wide number of cytoprotective proteins,
including antioxidant, anti-inflammatory, and detoxifying enzymes, as well as proteins involved in the
repair or removal of damaged macromolecules"”"”. Nrf2 signaling suppresses pro-inflammatory cytokines
and controls fundamental cellular processes such as apoptosis, autophagy, angiogenesis, proliferation, and

cell cycle™.

Galectins, which have been shown in studies to be associated with oxidative stress and many cancer types,
are proteins involved in the regulation of oxidative stress reactions and cellular differentiation"” and are
small lectin molecules"” known as soluble p-galactosyl binding proteins"”, which interact with both
glycolipids and glycoproteins™®. Some galectins require a reducing environment for the carbohydrate-
binding reaction, a feature related to the presence of a different number of cysteine residues in their
structure. For example, each monomer of galectin-1 (Gal-1) contains six cysteine (Cys) residues, and many
studies have shown a critical relationship between the ligand binding effect of Gal-1 and the cysteine redox
state™.

GAL-1

Galectins are classified into three groups based on their carbohydrate recognition site (CRD) content and
organization: (a) dimer-forming prototype galectins containing a single CRD, such as Gal-1, -2, -7, -10, -13
and -14; (b) consecutively containing two CRD regions such as Gal-4, -8, -9 and -12 (tandem repeats); (c)
chimera galectin, the only example of this type of galectin is Gal-3""*". Gal-1, which is encoded by the
LGALS1 gene™ located in band 12 (22q12) of the long arm of chromosome 22 in humans, is known for its
affinity for glycans containing p-galactoside*. Gal-1, approximately 29 kDa, has a noncovalent
homodimer structure of single CRD subunits which can bind glycans both as a monomer and as a

homodimer®?%,

Gal-1 structure

The structure of human Gal-1 has a slightly bent bilayer B-sandwich-shaped three-dimensional structure
with alternating long connecting rings””. Gal-1 in humans is a dimer in solution, and the structure of this
dimer is protected by interactions of the monomers at the interface and by the hydrophobic core®. Gal-1
has a role in both acute and chronic inflammation by influencing immune cell adhesion, proliferation,
apoptosis, and differentiation. It has been reported by in-vivo studies that extracellular Gal-1 can bind to
glycan molecules expressed on the eosinophil cell surface in a carbohydrate-dependent manner, thereby
inducing cell death by apoptosis and inhibiting cell migration™'. A better understanding of the details
related to the structural and functional properties of Gal-1 in the context of oxidative stress is crucial for the
development of therapeutic approaches.

Localization and modification of Gal-1

Gal-1 can be found in regions of the cell, such as the nucleus, cytoplasm, cell surface, and extracellular
space. In addition to the keratinocyte cell surface in human skin, it has been found in both the cytoplasm
and nuclei of Langerhans cells and fibroblasts™”. Depending on its intracellular or extracellular localization,
it can display different functions. Dimeric Gal-1 (dGal-1) serves extracellular functions, while monomeric
Gal-1 operates independently of carbohydrates”. dGal-1 (subunit ~14.6 kDa) is a widely expressed dimeric
protein. It is secreted by many cells, especially human endothelial cells"”. It has been currently reported that
Gal-1 had increased expression in many of the analyzed tumors, including skin cancer types, esophageal
carcinoma, brain cancers, such as glioblastoma multiforme, diffuse large B-cell lymphoma of human head
and neck, kidney carcinoma, sarcoma, gastric cancer, pancreatic cancer, and thymoma. However, no change
or even a decline in Gal-1 expression has been found in ovarian cancer, cervical cancer, lung squamous cell
carcinoma, or lung adenocarcinomas". The secreted dGal-1 is found in the basement membrane and
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matrices around capillaries®”. Oxidation of Gal-1 Cys triggers conformational changes that lead to the
formation of three intramolecular disulfide bonds (Cys2-Cys130, Cys16-Cys88, and Cys42-Cys60), which
prevent the carbohydrate-binding activity of Gal-1, thus causing the loss of its lectin function. Gal-1 is

also expressed by many immune cells, such as activated T and B cells"

, macrophages™, regulatory T cells
(Tregs cells)®, dendritic cells””. Many galectins have not signal sequence for secretion to extracellular

space. However, some types of galectins such as Gal-1 is known to be in the extracellular part"**.

Studies have shown that the detection of Gal-1 is an indication of tumor localization, depending on the
tumor stage. Its expression is thought to be associated with a poor prognosis. A remarkable reduction in
tumorigenesis was found in mice orthotopically implanted with Gal-1-silenced-MHCC97L cells. Of
relevance, OTX008 (Gal-1 inhibitor) worked synergistically with sorafenib (multi-kinase inhibitor) in
promoting the shrinkage of the tumors in mice inoculated with MHCC97L cells'*”'.

Extracellular binding ligands of Gal-1

Depending on the different properties and numbers of glycoproteins on the cell surface, different cellular
responses occur, mediated by Gal-1 binding to glycoproteins. Studies have shown that the extracellular
proteins laminin and fibronectin do bind to Gal-1". As in a receptor-ligand relationship, Gal-1 triggers
signaling pathways within the cell upon binding to glycoproteins. Examples of glycoproteins that have a
binding site with Gal-1 on the cell surface are integrins'***), ganglioside-monosialic acid (GM1)"**),
CD146", and neuro-pilin-1 (NRP-1). Extracellular Gal-1 binds specifically to the NRP1 protein by its CRD
domain and induces phosphorylation of the vascular endothelial growth factor receptor 2, activation of the
extracellular signal-amplified kinases 1/2 and of the c-Jun NH2-terminal kinase signaling cascades'"”.

Intracellular binding ligands of Gal-1

Gal-1 is involved in many intracellular signaling pathways independent of carbohydrate binding by
interacting with proteins in the cytoplasm or nucleus*!. In the nucleus, Gal-1 has been shown to form a
complex with the Gemin4 protein, a component of the survival of motor neurons (SMN) core complex that
plays a role in many biological processes™. Recent studies have shown that Gal-1 binds to the COOH
terminal of active H-Ras, thereby stabilizing the plasma membrane. The interaction between H-Ras and
Gal-1 is also important in tumor development and the stabilization of the H-Ras-guanosine triphosphate
(GTP) complex at the cell membrane level®. Furthermore, intracellular Gal-1 can bind to H-Ras-GTP, the
active form of H-Ras, independently of lactose. As a result of this interaction, H-Ras binds to the cell
membrane and increases cell proliferation and migration.

Gal-1 promotes immunosuppression in tumor microenvironment

Gal-1 has been shown to exert immunosuppressive functions in tumor microenvironment. Vaccination
against Gal-1 significantly promoted the accumulation of CD3+ T cells and M1 macrophages in the tumor
microenvironment. Importantly, considerable tumor suppression was found in subcutaneously vaccinated
mice inoculated with melanoma cells"””.

Gal-1-expressing breast cancer cells (4T1) were characterized by an increase in Treg cells, leading to
immunosuppression and the initiation of lung metastases. Targeted inhibition of Gal-1 not only reduced the
abundance of Treg cells but also impaired their suppressive capacity. Treg cells isolated from Gal-1-deficient
tumors showed reduced suppressive activity compared to those obtained from the Gal-1-enriched tumor
microenvironment””.
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Gal-1 potently enhanced the establishment of premetastatic niches through myeloid-derived suppressor
cells (MDSCs). (C-X-C motif) ligand 2 (CXCL2)/G protein-coupled chemokine receptor 2 (CXCR2)
stimulates the migration of MDSCs in tumor-bearing mice. CXCR2 is present on the surface of MDSCs.
High concentrations of CXCLz2 efficiently promoted the chemotactic movements of MDSCs. Importantly,
MDSCs created an immunosuppressive microenvironment and supported the metastatic dissemination of
cancer cells. Gal-1 promoted the infiltration and accumulation of MDSCs in premetastatic niches through
NF«B signaling. Mechanistically, Gal-1 triggered NF«B activation in tumor cells mainly through the
stabilization of stimulator of interferon gene (STING), leading to prolonged inflammation-driven expansion
of MDSCs"".

OXIDATIVE STRESS ON NRF2/KELCH-LIKE ECH-ASSOCIATED PROTEIN 1 PATHWAY IN CANCER
The initiation of carcinogenesis, proliferation of cancer cells, spread of tumor cells, and progression of
cancer as a result of oxidative stress-induced DNA mutation and damage show that oxidative stress is
associated with cancer"™. In this context, the regulation of oxidative stress has a very important place in
both the evolution of the different cancer stages and in the development of anticancer treatments related to
killing cancer cells. On the other hand, many signaling pathways associated with carcinogenesis directly or
indirectly regulate the generation and metabolism of ROS. High levels of ROS under physiological
conditions damage normal cells, whereas cancer cells produce and tolerate high levels of ROS. Due to the
high energy demand associated with abnormal cell growth, tumor cells increase Adenosine triphosphate
(ATP) generating processes, which leads to higher levels of ROS production. Oncogenes increase the
expression of Nrf2, which stimulates carcinogenesis by reducing the level of ROS to prevent the harmful
effects of accumulated ROS products™’. While Nrf2 protects the normal cell against carcinogens, it also
protects the cancer cells from ROS and DNA damage and causes the spread of cancer™*.

The presence of mutations of common oncogenes such as BRAF, MYC, and KRAS can increase NRF2
transcription and activity in malignant cells and save tumor cells from the ROS cytotoxicity caused by
chemotherapeutic agents such as cisplatin and play a key role in drug resistance mechanisms'**".

Although ABCF2 transporters are not considered transmembrane molecules because they do not have a
transmembrane domain (TBD), unlike other ATP-binding cassette (ABC) transporters, studies have
reported that they are overexpressed, especially in ovarian cancer cell lines. Additionally, cisplatin-resistant
ABCF2 gene amplification in cancer cell lines is suggested to play an important role in modulating cisplatin
resistance. Bao et al. examined the role of ABCF2 in NRF2-mediated resistance to cisplatin in ovarian
cancer cell lines. The ovarian cancer cell line overexpresses NRF2, which also exhibited elevated levels of
ABCF2. It is demonstrated that there is increased resistance to cisplatin-induced apoptosis compared to its
control counterpart. Conversely, the cell line with NRF2 knockdown and consequently lower levels of
ABCF2 exhibited heightened sensitivity to cisplatin treatment compared to its control counterpart. Due to
the presence of these data, it has been suggested that ABCF2 may be a novel NRF2 target gene, playing an

[62]

important role in cisplatin resistance in ovarian cancer'**.

Although a significant portion of triple-negative breast cancer (TNBCs) initially respond to
chemotherapeutic regimens, they often develop chemoresistance over time. Consequently, there is an
urgent need to identify new molecular targets aimed at improving the treatment response in patients with
TNBC post-chemotherapy. There are some studies focusing on the paraoxonase-2 (PON2) enzyme, which
has demonstrated increased expression in some tumors, thereby contributing to disease chemoresistance
and aggressiveness'*”.
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Mechanisms by which PON2 contributes to resistance to cancer chemotherapy drugs have not yet been
elucidated. It has been hypothesized that PON2-related chemoresistance activity exists. PON2 expression
may lead to an anti-apoptotic effect due to increased ROS detoxification. Such anti-apoptotic roles of PON2
have been associated with the regulation of apoptosis caused by ER stress and mitochondrial superoxide
anion production. A small number of studies have reported that decreased PON2 expression regulation is
associated with increased intracellular ROS levels, which can damage DNA, proteins, and lipids'*’.

It has been reported that regulation to reduce PON2 can reduce cell proliferation in many types of cancer,
including bladder cancer, pancreatic cancer, and highly aggressive brain cancers such as glioblastoma
multiforme!*>*.

The expression of Nrf2 is increased in many drug-resistant cancers'®. Sferrazzo et al. observed that HO-1
overexpression was associated with drug resistance of brain tumors, such as astrocytoma, neuroblastoma,
meningioma, and medulloblastoma””. Nrf2 triggered the expression of the Bcl-xL gene, which inhibits
apoptosis and increases drug resistance in hepatocellular cancer cells (Hepa-1 and HepG2)"".

The Nrf2 structure and regulation

Nrf2, which is encoded by the NFE2L2 gene, belongs to the Cap’n’collar (CNC) transcription factor
family"*. It comprises 605 amino acids and is divided into seven functional domains (Neh1-Neh?7)
[Figure 1].

Kelch-like ECH-associated protein 1 (Keap1), the main negative regulator of Nrf2, provides both the
ubiquitination and stability of Nrf”. In the absence of stress, Nrf2 in the cytoplasm is held by the Keap1/
Cullin 3 (CUL3)/RBX1 E3-ubiquitin ligase complex [Figure 2A] and keeps the expression of ARE-
responsive genes at a basic level due to following proteasomal degradation””. The concentration of the
Keap1 protein varies with cell type, and the rate of ubiquitination and degradation of Nrf2 depends on it in
non-stressed cells”. When the cell is exposed to stress, which may be due to exogenous and endogenous
factors, the Nrf2/Keap1/ARE signaling pathway is activated”*””. Electrophilic inducers reacting with Keap1
at the level of sensitive Cys residues”™ induce a change in the Keap1-Nrf2 protein-protein interaction,
causing Nrf2 to be synthesized and subsequently translocated into the nucleus”*’, where it dimerizes with
the small MAF (sMAF) protein to form the Nrf2-sMAF complex®*/ [Figure 2B].

The formation of the Nrf2-sMAF complex ensures the induction of phase II detoxifying enzyme genes with
Nrfz binding to ARE of various genes. Examples of these genes are heme-oxygenase-1 (HMOX1),
glutamate-cysteine ligase catalytic (GCLC) and modifier subunit (GCLM), UDP-glucuronosyltransferase
(UGT), NAD(P)H quinone oxidoreductase 1 (NQO1), sulfiredoxin1 (SRXN1), glutathione S-transferase
(GST), and multidrug resistance-associated proteins (MRPs)"****. In homeostatic conditions, MAF proteins
and BACH1 (BTB and CNC homology 1) form heterodimers and they occupy AREs. BACH]1, the sensor of
heme molecule and natural competitor of Nrf2 in the cell, also acts as a transcription repressor™'. If the cell
receives a stress signal, BACH1 is phosphorylated at Tyr 486 and comes out of the nucleus, thus allowing
the Nrf2 free access to the ARE™. When the redox balance is stabilized by Nrf2, the resynthesized BACH1
enters the nucleus and represses the ARE elements. Oxidative stress is often associated with heme release
from hemoproteins. As the free heme level rises, the binding of BACH1 and FBXO22 ubiquitin ligase
increases, thereby addressing BACH1 to proteasome degradation”. This model has been extensively
investigated by programming the experimental model with the genetic background to HMOX1.
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Figure 2. Nrf2/Keap1 signaling pathway. (A) homeostatic/constitutive conditions; (B) oxidative stress conditions (Figures adapted
from""784). Nrf2: Erythroid-2-related factor 2; Keap1: Kelch-like ECH-associated protein 1.

Lignitto et al. have compared genetically programmed KP (Kras""“"*""*; p5371°*) mice with KPK mice and

have observed KPK (Keap1 knockout) mice to develop a high number of lung metastases dependent on
both Nrf2 and Bach1. The mechanisms that reduce the level of BACH1 degradation are as follows: (a)
Increased heme oxygenase 1 level depending on Nrf2; (b) Increased heme degradation rate; (c) Decreased
FBXO22 ubiquitin ligase and BACH1 depending on the concentration of free heme; (d) Increased levels of
free heme effects proteasome-dependent BACH1 breakdown. With this study, researchers have indicated
that the deficiency of FBXO22 has highly effectively activated the premetastatic transcription program of
BACH1 in KPK cells. In this complicated relationship, the promoter activity of BACH1 was demonstrated
depending on its multiple interactions; thus, while HMOX1 was shown to exert an inhibitory activity in the
progress of metastasis, BACH1 plays important roles in the poor survival and formation of metastasis in
lung adenocarcinoma'.
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In agreement with the reported study, further evidence indicates a relationship between increased BACH1
level and metastasis, observed by lowering the level of free antioxidants such as vitamin E and NAC (N-
acetyl cysteine). It has also been shown that Bach1 contributed to the energy production (ATP) and
glycolysis enhancement by binding to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and
Hexokinase 2 (Hex 2)®,

All these findings suggest that the Nrf2 signaling is linked by a complex relationship to other pathways. In
addition, Nrf2-targeted therapy methods should be explored by examining the roles of Nrf2 in various
cancers in more detail*.

The dual role of Nrf2 in tumorigenesis

As a transcription factor, Nrf2 is considered a master regulator of the cellular antioxidant response.
Although its activity was initially assumed to prevent cancer and disease, recent studies have shown that the
Nrf2 signaling pathway also plays a role in cancer initiation, spread, and resistance to treatment"”. In
physiological conditions, a low Nrf2 level in the nucleus is desired to sustain the homeostasis of the cell.
Low levels of Nrf2 reduce the effects of factors such as ROS, carcinogens, and chemicals that cause DNA
damage. Low levels of Nrf2 diminish the body’s ability to counteract factors such as ROS, carcinogens, and
chemicals that can induce DNA damage, thereby leading to tumor initiation and increased metastasis'*.
The escalation of DNA damage, coupled with the inability to repair it, causes the resulting cancer cells to
produce high amounts of ROS and activate Nrf2. Nrf2 activation, on the other hand, enables cancer cells to
evade apoptosis and thus prompts the expression of genes that facilitate their proliferation. Studies have
shown that cancers with high levels of Nrf2 are linked to a poor prognosis. As a result, while the activation
of the Nrf2 signaling pathway offers protective effects in the early stages of carcinogenesis, it becomes
undesirable in the later stages. Thus, while elevating Nrf2 is crucial for cancer prevention, reducing its levels

is imperative for treatment”*".

GAL-1 PROMOTES TUMOR PROGRESSION BY T-CELL EXHAUSTION

Gal-1 plays a role in many stages of carcinogenesis processes. In the invasion stage, together with integrins,
it adheres to proteins in the ECM and facilitates tumor cell adhesion. Gal-1, which facilitates the adhesion of
the tumor cell, also ensures the separation of the cancer cell for metastasis to occur. It also helps the next
process, i.e., the escape of cancer cells from the immune system. The mechanism of T cells killing cancer
cells occurs in two ways, including secretion of perforin and granzyme enzymes, and exocytosis. Cancer
cells can evade immune responses by secreting immunosuppressive cytokines and inhibitory factors such as
Gal-1. Gal-1 promotes the escape of cancer cells from T cells by increasing apoptosis™'*®. Gal-1-

101]

overexpressing pancreatic stellate cells significantly induced apoptotic death in CD4+ and CDs+ T cells!

Gal-1-targeting DNA aptamers (AP-74 M-545) have been reported to be effective against lung cancer
models. Intratumoral injections of AP-74 M-545 inhibited tumor growth in C57BL/6 mice injected with LL/
2 cells. Essentially, binding of Gal-1 to CD45 on T cells caused activation of apoptotic signaling in T-cells.
AP-74 M-545 also potently promoted the infiltration and accumulation of CD4+ and CD8+ T cells in tumor
tissues*. There is sufficient proof-of-concept related to the Gal-1-mediated inactivation of immune
cells" .

There is an exciting piece of evidence suggesting that increased infiltration of interferon gamma (IFNy)-
producing activated T cells in the tumor tissues also triggers the upregulation of PD-L1 in the cancer cells.
B-Raf mutations in melanoma cells make them therapeutically resistant. Vemurafenib targets B-Raf and
exerts suppressive effects on Programmed Cell Death Protein 1 (PD-L1) levels mainly through inhibition of
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signal transducer and activator of transcription 3 (STAT3)-mediated upregulation of PD-L1. However,
vemurafenib also stimulates the expression of oncogenic Gal-1 in melanoma cells. Gal-1 expressing-A375
and MEL28 melanoma cells induced apoptosis in T cells. Therefore, vemurafenib efficiency can be

improved principally through inhibition of Gal-1 in melanoma cells"*".

105,106]

Overall, Gal-1-mediated exhaustion of T cells' is a rapidly growing concern and interdisciplinary
researchers are focusing on the pharmacological targeting of Gal-1 to enhance the functionalities of T cells.

Gal-1 has also been reported to exert anti-apoptotic effects in cervical and lung cancers'****..

Importantly, because of the rapid pace of phenomenal advancements in glycobiology, pharmacological
targeting of Gal-1 has generated compelling evidence related to inhibition of carcinogenesis and metastasis.

GAL-1 AND DRUG RESISTANCE

Gal-1, overexpressed in hepatocellular carcinoma cells (HepG2), increases the expression of P-glycoprotein
(P-gp), causing drug resistance against doxorubicin and sorafenib"*. In addition, Gal-1 induces drug
resistance by inducing epithelial-mesenchymal transition (EMT) in hepatocellular carcinoma cells""”. Gal-1
overexpressed in patients with triple-negative breast cancer caused the development of doxorubicin
resistance through interaction with integrin p1, which activates FAK/c-Src/ERK/STAT3 signaling. In the
same study, inhibition of Gal-1 was also shown to increase doxorubicin-induced apoptosis in human breast
cancer cells""". Wang ef al. demonstrated in a study of patients with breast cancer that the degradation of
Gal-1 improved the drug sensitivity of breast cancer by reducing the expression of P-gp by inhibiting the
Raf-1/AP-1 pathway""?. Apart from oxidative stress, Gal-1 also regulates endoplasmic reticulum (ER) stress.
Targeted inhibition of Gal-1 in Hs683 orthotopic xenografts in mouse brains impaired ER stress responses
and improved the therapeutic efficacy of the drug temozolomide!"”.

The anti-tumoral effect of thiodigalactoside has been described in murine cancer, elicited by the inhibition
of Gal-1-mediated protection against oxidative stress. This evidence supports the role of Gal-1 in lowering
oxidative stress and inhibiting apoptosis and indicates Gal-1 inhibition as a condition required to trigger
oxidative stress-mediated apoptosis"'*. In terms of antioxidant status, Nrf2 can upregulate genes that have a
role in thioredoxin usage and regeneration, which may affect glutathione levels"'”. Raffaghello et al.
proposed a hypothesis regarding short-term starvation (STS) or low serum/low glucose, suggesting that they
may offer protection to normal mammalian cells againts increased oxidative damage or chemotherapeutic

116]

drugs, but not, or to a lesser extent, to cancer cells'

Pateras et al. conducted an in-vitro study about the molecular mechanism of fasting or STS. Their primary
aim was to elucidate the unclear mechanism behind the increased ROS production in malign breast cancer
cell lines exposed to STS+ doxorubicin (DXR). They determined the transcriptional activity of Nrf2 and two
important antioxidant target genes thioredoxin reductase 1 (TXNRD1) and NAN(P)H quinone
dehydrogenase (NQO1I). The study concluded that the combined STS+DXR treatments in triple-negative
breast cancer cell lines were associated with a reduction in messenger RNA levels of TXNRD1 and NQO1,
which are transcriptional targets of Nrf2, along with increased ROS levels"'”.

OXIDATIVE STRESS AND GALECTINS

Oxidative stress is an important factor contributing to the imbalance between increased ROS and the
activation of antioxidant pathways, thereby leading to the occurrence of many diseases. Current research
highlights the important role of galectins in processes related to the onset and progression of diseases
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through various mechanisms mediated by impaired cell redox homeostasis and ROS-mediated oxidative

stress!1®1%),

Several galectin types can directly stimulate a respiratory burst in phagocyte cells by inducing NADPH
oxidase, which produces superoxide and hydrogen peroxide. It is also known that the galectin function is
associated with redox state, environmental status, and oxidative stress dependence due to the altering
MAPK, MEK1/ERK, mTOR, and JNK signaling pathways®'**>*.

The relationship of Gal-1 with oxidative stress has been reported, as proved by the increased production of
reactive oxygen species in the cell, enabling myofibroblast activation and also affecting the migration of
these cells. NADPH oxidase 4 (NOX4), which enables the production of reactive oxygen species, is
upregulated by Gal-1 through the neuropilin-1/Smad3 signaling pathway in myofibroblast cells"..

T cell immunoglobulin and mucin domain-containing protein 3 (TIM3) has a central role in different
molecular mechanisms"**'””. Galectin 9 has two carbohydrate recognition domains and can effectively
trigger the oligomerization of TIM3. TIM3/Gal-9 interactions protect acute myeloid leukemia cells from
oxidative stress"*".

INTERPLAY BETWEEN GAL-1 AND NRF2 SIGNALING PATHWAY

Several pieces of evidence link the effect of Gal-1 with Nrf2 activation, and outline the impact of this signal
in the regulation of inflammation and apoptosis'*’’.

Gal-1 has the ability to protect neurons from cellular stress by preventing apoptosis and reducing the levels
of ROS. Essentially, the neuroprotective effects of Gal-1 were found to be abolished upon the knockdown of
Nrf2!=,

To investigate whether autophagy is associated with the AMPK signaling pathway when treated with
oxaliplatin, analyses were performed in colon cancer (CRC) cells, and it was shown that oxaliplatin
resistance is regulated by the AMPK signaling pathway'"'.. Further research is needed to develop specific
inhibitors for AMPK that can be used in cancer treatment. AMPK and Nrf2 are both affected and activated
by stress in the cell, and when activated, they regulate the cellular balance*>'**.

A study showed that Gal-1 has protective effects in lipopolysaccharide (LPS)-induced Acute lung injury
(ALI). Treatment of LPS-induced ALI mice models with Gal-1 reduced LPS-induced lung tissue damage
and increased tissue healing by protecting against oxidative stress. Gal-1 inhibited TXNIP-NLRP3
inflammatory activation in LPS-treated macrophages by directly binding to NLRP3 protein. It also
attenuated LPS-related lung injury by activation of NRF-2 in association with AMPK phosphorylation.
Gal-1 reduced LPS-mediated pro-inflammatory cytokines and ROS generation while increasing
antioxidative enzymes regulated by the AMPK/Nrf2 pathway in primary macrophages. Gal-1 upregulates
Nrf2 by activating the AMPK signaling pathway, thus showing a protective effect against LPS-related ALI as
a result of inhibition of oxidative stress. In the abovementioned study, Gal-1 was suggested as an effective

134]

agent in the treatment of ALI"*".
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GAL-1 AND NRF2 AS A POTENTIAL THERAPEUTIC TARGET IN CANCER AND DRUG
RESISTANCE

Gal-1 has promising therapeutic potential for diseases caused by inflammation and also shows promise in
cancer therapy"®"*>"**. Small galectin inhibitor molecules, such as OTX008, have been used to treat galectin-
induced tumorigenesis. OTX008 has been shown to bind to the CRD of Gal-1 and inhibit tumor cell
survival and angiogenesis in ovarian cancer””"**. The small molecule 6DBF7 is a dibenzofuran (DBF)-based
peptidomimetic of Gal-1, whose galectin inhibitor activity was shown as it inhibited tumor angiogenesis and
tumor growth in mouse cancer models such as melanoma, lung, and ovarian cancer"””. It was shown that
an anti-Gal-1 (F8.G7) monoclonal antibody inhibited tumor angiogenesis and increased tumor regression
in a mouse model of Kaposi’s sarcoma*”. Further evidence suggested that Nrf2 may have a dual role in
cancer, as it protects normal cells against carcinogenesis and induces the expression of genes involved in the
survival and proliferation of cancer cells. Since there is concern about the cytotoxicity of Nrf2 activators
used in therapy, more research should be conducted on the specificity and mechanism of action of Nrf2
inhibitors"*.

FUTURE PERSPECTIVES AND CONCLUSIONS

It is very important to achieve a cancer chemopreventive effect to minimize the risk of cancer development
by applying natural or synthetic chemical agents. One of the most suitable and widely explained approaches
for this is to provide the induction of enzymes that have detoxifying and cytoprotective effects. In this case,
the Nrf2/Keap1 signaling pathway plays a critical role in regulating the expression of genes encoding many
inducible enzymes. To date, studies continue on many natural Nrf2 activators, semisynthetic and synthetic
Nrf2 activators, natural Nrf2 inhibitors, semisynthetic and synthetic Nrf2 inhibitors, which affect the Nrf2/
Keap1 signaling pathway and thus have the ability to regulate genes involved in antioxidant defense.

The mechanisms by which Nrf2 and Gal-1 regulate free radical levels in cellular with Nrf2 activation remain
unclear. For the treatment of cancers associated with the Nrf2 signaling pathway, the development of
specific inhibitors of Nrf2 and Gal-1 is necessary. As the role of Gal-1 on tumor onset and spread is
investigated, it is predicted that Gal-1 inhibitors will cause delays in tumor progression and prolong
survival. A strong effort should be made to minimize the side effects eventually exerted by Gal-1 inhibitors
intended for use in the treatment of cancer patients. Scientists are increasingly approaching new therapeutic
developments to unveil the effective role played by Gal-1 at the molecular level and to understand its effects
on the cancer process. Inhibition of Gal-1 expression and NRF-2 regulation should be studied for
treatments for various types. The differentiation of stress-sensitive and resistant galectins against oxidative
stress is still not clear, and once the mechanism of action of the specific galectin subtype is available, it will
allow it to counteract ROS-induced cell damage and address more focused anticancer treatments. Together
with the observations of opposite effects of galectin inhibitors on cellular differentiation and proliferation,
these findings highlight the importance of individual galectin approaches for developing anticancer and
anti-inflammatory therapeutics.
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