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Cells need an antioxidant defense barrier against oxidizing molecules to establish cell hemostasis. Antioxidants are

nucleophiles that have a high affinity to react with electrophilic reactive species and neutralize them. Glutathione

(GSH), as the most abundant endogenous antioxidant molecule, displays a specific role in the oxidative response.

It can effectively eliminate ROS and decreases the generation of the oxidative signal. In this process, GSH donates

an electron to form two oxidized GSH (GSSG).
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1. FOXO Pathways Activation and Its Consequences

FOXO transcription factors are parts of the Forkhead box family of transcription factors, including FOXO1,

FOXO3a, FOXO4, and FOXO6 . They are involved in various cellular functions, including cell proliferation,

apoptosis, differentiation, modulation of oxidative stress, and DNA damage .

Figure 1 shows a common five-domain structure/organization of FOXO proteins, and their arrangement in the

sequence has been elucidated: N-terminal region (CR1), winged-helix DNA-binding domain (DBD) known as

Forkhead domain ((PDB ID 6QVW), nuclear localization sequence (NLS), nuclear export signal (NES) and C-

terminal conserved regions (CR3), also known as transactivation domain (TAD) . DBD consists of about 110

amino acid residues, which are folded at the secondary structure level into three α-helices (H1, H2, and H3), a

three-stranded antiparallel β-sheet comprising three twisted strands (S1-S2 and S3), and two wing-like loops (L1

and L2) which are arranged H1-S1-H2-H3-S2-L1-S3-L2 sequence . Among them, the helix H3, in collaboration

with loops, is responsible for recognizing and specifically binding to “forkhead-responsive DNA elements” (FHRE)

with a core consensus sequence 5′-(A/C)AA(C/T)A-3′ in the major groove of the DNA .
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Figure 1. Common five-domain structure/organization of FOXO proteins. The graphical structure of the DNA

binding domain (DBD) from FOXO1 has been presented based on the solution NMR method (PDB-ID 6QVW). H1,

H2, and H3 are helices, S1, S2, and S3 are strands, and L1 and L2 are wing-like loops. CR1 and CR2 depict N-

terminal and C-terminal region domains, respectively. Nuclear localization signal (NLS) and nuclear export

sequence (NES) domains are also depicted.

Several pieces of evidence show that the deregulation of FOXO proteins is connected with tumorigenesis and

cancer development. Based on various studies, FOXO factors are both sensors of oxidative stress signals and

effectors of the consequent cellular response. FOXO proteins control the intracellular redox environment through

some mechanisms. Activation of FOXO increases manganese-dependent SOD (MnSOD or SOD2) and CAT, as

well as other opposing proteins against oxidative stress, such as sestrin 3 and PTEN-induced kinase 1 (PINK1) .

ROS activates FOXO indirectly or directly. Indirect activation operates via the phosphorylation of FOXO by

activated c-Jun N-terminal kinases (JNK) and p38 MAPK cascades  (Figure 2). Direct FOXO modification

through targeted sulfhydryl group (−SH) oxidation on FOXO to generate disulfides or persulfides .
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Figure 2. The FOXO pathway regulation by ROS. In oxidative conditions, phosphorylation of FOXO family

members by various upstream effectors can trigger some antioxidant enzyme expression and reduce ROS levels in

cells.

Thioredoxin binding protein (TXNIP) has multiple functions and plays an important role in redox homeostasis .

FOXO, through modulating TXNIP, can promptly activate thioredoxin toward reducing the cellular ROS levels in

glucose-treated endothelial cells . The interaction of FOXO1 with sirtuin 1 (SIRT1) under oxidative conditions led

to the triggering of anti-stress-related genes, thus boosting the growth and survival of the cells . Based on some

studies, FOXO has a potent correlation with p53 in cell cycle regulation and tumor suppression . p53 can

directly target FOXO3a and increases its nuclear translocation and induction of apoptosis. FOXO can trigger the

induction of autophagy in cells through the upregulation of various autophagy-related genes such as autophagy-

related genes (Atg4, Atg7, and Atg14) .

2. Nrf2 Pathway Activation and Its Consequences
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Nrf2, as a pivotal redox-sensitive transcription factor, controls the expression of an array of antioxidant proteins and

plays a fundamental role in antioxidant response. Nrf2 contains 605 amino acids that are classified into seven

efficient Nrf2-ECH homology domains (Neh1-7)  (Figure 3a). Neh1 is involved in ARE and DNA binding;

moreover, Neh1 and Neh6 have the main role in regulating Nrf2 stability . The Neh2 domain, at the N-terminal,

comprises seven lysine residues responsible for ubiquitination, and ETGE and DLG motifs involve in Keap1

binding . Interaction of Neh3, Neh4, and Neh5 with coactivators can prompt the activation of Nrf2-related genes.

Finally, Neh7, through binding to retinoic X receptor α (RXRα), an Nrf2 inhibitor, can negatively regulate Nrf2-

related genes .

Figure 3. Domain structures of (a) Nrf2 and (b) Keap1.

Kelch-like ECH-associated protein 1 (Keap1), a zinc-metalloprotein, is the essential regulator of Nrf2 activity .

Keap1 protein is composed of 624 amino acids and has five structural regions: N-terminal region (NTR), common

complex/tramtrack/bric-a-brac (BTB) domain, intervening region (IVR), Kelch domain, and C-terminal region (CTR)

(Figure 3b). BTB domain mediates the homodimerization of Keap1 and Cullin3 (Cul3). Keap1 also has 27 cysteine

residues, among them with more than 20 free sulfhydryl groups . These highly reactive groups act as stress

sensors in the oxidative condition where modification of these residues can modulate its function. Cys273 and

Cys288 are the most important residues for Keap1 to regulate Nrf2 under normal and stress conditions, while

Cys151 in the BTB domain is generally recognized as the most necessary sensory element under oxidative

conditions .

In normal conditions, Keap1 binds to Nrf2 in the cytosol and, through forming a complex with cullin3 (CUL3),

catalyzes the poly-ubiquitination of Nrf2 and its degradation . Under oxidative stress conditions, the

disassociation of Nrf2 and Keap1 and the nuclear translocation of Nrf2 leads to the upregulation of various

cytoprotective genes . Furthermore, modulation of Nrf2 activity can occur through the phosphorylation of several

Ser/Thr residues by numerous kinases, including MAPKs, PI3K/AKT, and PKC . Nrf2-related oxidative response

in cells involves boosting the expression of various antioxidant enzymes such as SOD, CAT, HO-1, thioredoxin

reductase (TrxR), glutathione reductase (GR), and NAD[P]H quinone dehydrogenase-1 (NQO-1) .
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The SODs are a family of enzymes that efficiently catalyze the dismutation of the superoxide radical anion and

produce hydrogen peroxide (H O ) and H O. Three isoforms of this enzyme comprise the cytosolic-CuZnSOD

(Sod1), mitochondrial superoxide dismutase MnSOD (Sod2), and the extracellular secreted enzyme, which is

attached to proteoglycans and the cell surface . Exposure to H O  is a generally used process to trigger

oxidative damage in cells. The Fenton reaction between H O  and Fe  ions increases hydroxyl radical levels and

is a central mechanism for the exacerbation of oxidative damage. The peroxide formed is modified by the enzymes

of the glutathione redox cycle and catalase .

Several studies have depicted that the activation of the thioredoxin (Trx) system comprising Trx, NADPH, and

thioredoxin reductase (TrxR) in particularly TrxR1, is important for counteracting Nrf2 activation . These

observations are strongly suggestive of direct functional links between TrxR1 and Nrf2 . In mammalian cells,

there are two main thiol-dependent antioxidant systems, a 12 kDa oxidoreductase protein, thioredoxin (Trx), and

the most abundant non-protein thiol-harboring molecule, glutathione (GSH). The Trx active site contains two key

cysteine residues in a CXXC motif able to reversibly oxidize into a dithiol and reduce other substrate proteins as an

essential component of the redox activity of the Trx system. This system, through providing electrons for various

enzymes, exerts a fundamental function in the protection of DNA against oxidative stress .

According to previous studies, hyperactivation of Nrf2 can initiate multiple signaling pathways in the cells and is

involved in proliferation, survival, metabolic reprogramming, angiogenesis, drug resistance, and metastasis .

Therefore, a detailed examination of the antioxidant elements in the Nrf2 pathway is very important to understand

their function in cells under acute or chronic stress conditions.

HO-1 has been identified as a functional effector of Nrf2-related cell responses . Some evidence identified

that this stress protein plays a different role in normal and cancer cells. This means that some of the oncogenic

activities of Nrf2 in cancer cells may be the results of the activity of this enzyme . 
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