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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Reactive oxygen species (ROS) play a dual role in biology, 

functioning as both essential signaling molecules and agents 
of cellular damage under oxidative stress. While classical 
antioxidant therapies have shown promise in preclinical models, 
they have consistently failed in clinical trials, largely due to 
their lack of specificity and disruption of physiological redox 
signaling. Peroxiredoxins (Prx), a family of thiol-dependent 
peroxidases, have emerged as attractive next-generation targets 
due to their enzymatic specificity, compartmentalization, 
and involvement in redox relay mechanisms. This review 
critically examines the structural and functional features of Prx, 
their context-dependent roles in cancer, neurodegeneration, 
and cardiovascular diseases, and the growing arsenal of 
pharmacological modulators. We further discuss the challenges 
and opportunities of Prx-targeted therapy and evaluate whether 
these enzymes represent a viable and superior strategy within 
the evolving landscape of redox medicine.

Key words. Peroxiredoxin, antioxidant, reactive oxygen 
species, redox signaling, isoform-specific, therapeutic targeting, 
oxidative stress, inflammation, cancer, neurodegeneration.
Introduction.

Oxidative stress, arising from an imbalance between reactive 
oxygen species (ROS) production and antioxidant defense 
mechanisms, is a key contributor to cellular dysfunction. ROS, 
including hydrogen peroxide (H₂O₂), superoxide anion (O₂⁻), 
and hydroxyl radicals (•OH), are generated as byproducts of 
mitochondrial oxidative phosphorylation, enzymatic reactions 
(e.g., NADPH oxidases, xanthine oxidase), and uncoupled 
nitric oxide synthase during pathological conditions [1,2]. 
While physiological ROS levels are essential for cell signaling, 
immune responses, and stress adaptation, their excessive 
accumulation induces oxidative damage to biomolecules such 
as proteins, lipids, and DNA [3].

The pathological implications of oxidative stress are 
multifaceted. It drives the progression of chronic diseases, 
including cancer (via DNA mutations and aberrant signaling), 
neurodegenerative disorders (through synaptic dysfunction and 
neuronal loss), cardiovascular diseases (mediated by endothelial 
dysfunction and lipid peroxidation), and autoimmune/
inflammatory conditions (via ROS-dependent cytokine 
modulation) [2,4]. Additionally, ROS contribute to aging, 
metabolic syndromes (e.g., diabetes), and acute events such 
as ischemic stroke and myocardial infarction, often through 
mitochondrial dysfunction [5]. These associations have spurred 

interest in antioxidant therapies for clinical and preventive 
applications.

Despite decades of research, conventional antioxidants 
(e.g., vitamins C, E, N-acetylcysteine) have underperformed 
in clinical trials [6,7]. Their non-specific action disrupts both 
harmful and beneficial ROS-mediated processes, such as growth 
factor signaling and immune activation. Furthermore, poor 
bioavailability, limited tissue targeting, and an inability to adapt 
to dynamic redox changes diminish their therapeutic efficacy 
in vivo [8]. For instance, high-dose vitamin E supplementation 
paradoxically increases oxidative damage in some cohorts, 
highlighting the risks of non-selective ROS scavenging [8].

This has prompted a paradigm shift in redox medicine: 
instead of indiscriminate ROS suppression, precision 
modulation of oxidative signaling is now prioritized. Within 
this framework, endogenous redox-regulating enzymes, 
particularly peroxiredoxins (Prx), have gained prominence. 
Prx are evolutionarily conserved thiol peroxidases that 
not only scavenge ROS but also regulate redox-sensitive 
signaling pathways [9,10]. Their isoform-specific localization 
- cytosol (Prx1, Prx2), mitochondria (Prx3, Prx5), endoplasmic 
reticulum (Prx4), and extracellular compartments - ensures 
compartmentalized control of oxidative stress [11]. The 
increasing recognition of peroxiredoxins as key regulators 
of redox homeostasis is reflected in a steady rise in scientific 
publications over the past two decades (Figure 1), highlighting 
their growing importance in biomedical research.

Figure 1. Growth in the number of scientific publications on 
peroxiredoxins (Prx) from 2000 to 2025, indicating increasing research 
interest in redox-regulating enzymes (based on PubMed query using 
keyword 'peroxiredoxin').
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Prx are thiol-based peroxidases that exhibit high reactivity 
with H2O2 and other peroxides, playing a dual role as both 
ROS scavengers and modulators of redox-dependent signaling 
pathways [9,10]. Prx enzymes are highly conserved across 
species and are ubiquitously expressed in mammalian cells, 
with isoform-specific localizations that include the cytosol 
(Prx1, Prx2), mitochondria (Prx3, Prx5), endoplasmic reticulum 
(Prx4), peroxisomes, and extracellular compartments [11]. Their 
abundance often among the most highly expressed proteins in 
redox-active tissues and their exceptional reaction rates with 
H2O2 (10⁶–10⁸ M⁻¹s⁻¹,) make them ideal cellular sensors and 
first responders to oxidative shifts [12]. Their catalytic cycle 
is reversible and tightly regulated by the thioredoxin system, 
allowing for a rapid return to baseline activity following 
oxidative bursts [13].

Importantly, Prx are not merely passive peroxide-eliminating 
enzymes. They participate in redox relay mechanisms by 
undergoing reversible oxidation at their catalytic cysteine 
residues, enabling the transfer of oxidative equivalents to 
downstream signaling proteins such as transcription factors, 
phosphatases, and kinases [14]. This function allows Prx to 
shape signaling cascades such as MAPK, NF-κB, and JAK/
STAT pathways in a spatially and temporally controlled manner 
[15]. Hyperoxidation of the peroxidatic cysteine (to sulfinic 
acid) under high ROS conditions temporarily inactivates Prx 
and may serve as a regulatory mechanism to permit ROS-
mediated signaling or trigger alternative protective programs, 
such as chaperone functions [16]. Given their versatility, tissue 
specificity, and integration into redox-regulatory networks, 
Prx enzymes have emerged as attractive targets for precision 
antioxidant therapies. Instead of broad ROS neutralization, 
modulation of Prx activity - either through isoform-specific 
enhancement or inhibition - offers a nuanced strategy to 
influence redox-sensitive disease mechanisms. This review 
aims to explore the structure, function, regulation, and disease 
relevance of Prx enzymes and assess the therapeutic potential of 
pharmacologically targeting them as part of a next-generation 
antioxidant strategy.
Peroxiredoxins: Structure and Function.

The mammalian peroxiredoxin (Prx) family consists of 
six isoforms (Prx1 to Prx6), classified into three mechanistic 
groups based on the number and spatial arrangement of catalytic 
cysteine residues: typical 2-Cys, atypical 2-Cys, and 1-Cys 
peroxiredoxins [6,7]. These categories reflect distinct structural 
and functional properties that govern their reactivity, subcellular 
distribution, and physiological roles. A defining feature of all 
Prx isoforms is the presence of a conserved peroxidatic cysteine 
(Cp), which reacts with peroxides - primarily hydrogen peroxide 
(H₂O₂) - to generate a sulfenic acid intermediate (Cys-SOH).

In typical 2-Cys Prx (Prx1–4), these intermediate forms an 
intermolecular disulfide bond with a resolving cysteine (Cr) 
from a neighboring subunit. In contrast, atypical 2-Cys Prx 
(Prx5) utilize an intramolecular disulfide bond involving a 
Cr within the same polypeptide chain. The 1-Cys Prx (Prx6), 
lacking a Cr, depends on non-thiol reductants like glutathione 
for catalytic regeneration [6,8].

Following disulfide formation, the thioredoxin (Trx) system 
restores Prx activity. Thioredoxin reduces the disulfide 
bond, reverting Prx to its active thiol state, while thioredoxin 
reductase (TrxR) regenerates Trx using NADPH as an electron 
donor. This Prx–Trx–TrxR–NADPH axis constitutes a central 
redox regulatory mechanism in mammalian cells [13]. Beyond 
peroxidase activity, this system enables feedback regulation 
tailored to intracellular redox conditions.

Under sustained oxidative stress, Prx enzymes undergo 
hyperoxidation, where the Cp is further oxidized to sulfinic acid 
(–SO₂H). This modification inactivates peroxidase function but 
is reversible via the ATP-dependent enzyme sulfiredoxin (Srx), 
which restores the thiol state [8]. Such dynamic switching 
between active and inactive states allows Prx to act as redox 
sensors, fine-tuning their activity to cellular demands.

Prx isoforms also exhibit non-canonical roles. For example, 
Prx1 and Prx2 oligomerize under oxidative stress, adopting 
chaperone-like functions that prevent protein aggregation 
[9]. This transition, regulated by redox-sensitive structural 
rearrangements, is critical during chronic oxidative or thermal 
stress [10]. Additionally, Prx participate in redox relay systems, 
transferring oxidative equivalents via transient disulfide bonds 
to signaling proteins like ASK1, PTEN, and STAT3. Through 
this mechanism, Prx modulate major pathways such as MAPK, 
NF-κB, and JAK/STAT, bridging redox perturbations to cellular 
responses [11,14,15].

Structural plasticity underpins Prx multifunctionality. 
Conformational shifts between reduced (dimeric) and 
hyperoxidized (decameric) states correlate with functional 
changes: decamerization enhances chaperone activity, 
while dimeric forms prioritize peroxidase function [9]. This 
adaptability justifies their classification as “moonlighting 
proteins.”

Compartment-specific localization further refines Prx roles. 
Mitochondrial Prx3 and Prx5 buffer ROS generated by electron 
transport chains, while ER-localized Prx4 supports oxidative 
protein folding. Prx6, uniquely bifunctional (peroxidase 
and phospholipase A2), is enriched in lung tissue, where it 
safeguards against lipid peroxidation [11,12].

In summary, the structural diversity and functional versatility 
of Prx enzymes position them as indispensable components of 
cellular antioxidant and signaling networks. Their dual roles in 
redox sensing, detoxification, and pathway regulation - coupled 
with isoform-specific localization - highlight their potential 
as biomarkers and therapeutic targets. Key isoform-specific 
characteristics are summarized in Table 1, while disease 
associations and therapeutic implications are outlined in Table 2.
Dual Role of Prx in Health and Disease.

Peroxiredoxins (Prx) exhibit a dualistic nature in biological 
systems: they serve as critical antioxidants maintaining redox 
homeostasis while paradoxically contributing to disease 
progression under specific conditions. This dichotomy is most 
evident in cancer and neurodegenerative disorders, where Prx 
isoforms adopt opposing roles depending on disease stage, 
subcellular localization, and oxidative stress intensity [6,12,13].
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In neurodegenerative disorders such as Alzheimer’s (AD), 
Parkinson’s (PD), and amyotrophic lateral sclerosis (ALS), 
oxidative damage is a hallmark of neuronal dysfunction. 
Prx2 and Prx3 are upregulated in response to elevated ROS, 
acting as primary defenders. For instance, in PD models, Prx2 
attenuates dopaminergic neuron loss by inhibiting the ASK1–
p38/JNK apoptotic pathway [16]. Similarly, mitochondrial Prx3 
mitigates oxidative damage and dysfunction, which are central 
to neuronal death in both PD and AD [11]. Prx3 overexpression 
also reduces cerebral infarct volumes in ischemic stroke models, 
underscoring its neuroprotective potential [14,15].

Beyond ROS scavenging, Prx regulate neuroinflammatory 
processes. They modulate microglial activation, synaptic 
plasticity, and inflammatory cytokine release. Notably, 
hyperoxidized Prx2 can act as a damage-associated molecular 
pattern (DAMP), triggering neuroinflammation via Toll-like 
receptor 4 (TLR4) activation in microglia [12]. Thus, while Prx 
are cytoprotective under moderate stress, their dysregulation in 
advanced disease stages may exacerbate neuroinflammation, 
highlighting their context-dependent duality.

In contrast, Prx1 and Prx2 are frequently overexpressed in 
malignancies, including breast, lung, prostate, and colorectal 
cancers. Their elevated expression correlates with aggressive 
tumor behavior, therapy resistance, and poor prognosis [13,16]. 
Cancer cells exploit Prx to neutralize ROS from metabolic 
hyperactivity, hypoxia, and chemotherapy, thereby enhancing 
survival. Prx1 and Prx2 further promote tumorigenesis by 
modulating redox-sensitive transcription factors (e.g., NF-
κB, AP-1, HIF-1α), driving pro-survival and angiogenic gene 
expression [15].

Prx also facilitate cancer stemness and metastasis. In breast 
cancer, Prx1 stabilizes β-catenin, amplifying Wnt/β-catenin 
signaling to enhance tumor aggressiveness [13]. Silencing Prx2 
in colorectal cancer models sensitizes cells to oxaliplatin and 

5-FU, suggesting that pharmacological Prx inhibition could 
overcome chemoresistance [16].

Prx are increasingly implicated in autoimmune diseases such 
as systemic lupus erythematosus (SLE) and rheumatoid arthritis 
(RA). In these conditions, oxidative stress promotes autoantigen 
modification and chronic inflammation. Prx2 and Prx4, 
overexpressed in synovial tissues and immune cells, regulate 
NF-κB and STAT3 pathways, amplifying cytokine production 
and immune hyperactivation [12,14]. Oxidized Prx2 may even 
act as a neoantigen, fueling autoreactive immune responses [11].

In metabolic syndromes like obesity and type 2 diabetes, 
mitochondrial Prx3 and Prx5 counteract oxidative stress 
in adipocytes and hepatocytes. Their downregulation or 
hyperoxidation correlates with insulin resistance, lipid 
accumulation, and systemic inflammation. Conversely, Prx3 
upregulation improves glucose tolerance and reduces hepatic 
steatosis in high-fat diet models [13,14].

Prx also mediate intercellular communication via extracellular 
vesicles (EVs). Hyperoxidized Prx released in EVs function as 
DAMPs, activating pattern recognition receptors (e.g., TLR2, 
TLR4) on immune and endothelial cells. This paracrine signaling 
exacerbates systemic inflammation in sepsis, acute lung injury, 
and sterile inflammation. Prx-containing EVs further influence 
vascular tone, extracellular matrix remodeling, and immune cell 
recruitment under oxidative stress [12].

Prx thus function as a double-edged sword: their antioxidant 
activity protects against degenerative and inflammatory 
diseases but is co-opted by cancers for survival. Therapeutic 
strategies must therefore be context specific. For example, Prx 
activation may benefit neurodegenerative conditions, while 
inhibition could sensitize tumors to therapy. This approach is 
guided by the divergent ROS levels and Prx activity observed 
across pathologies (Figure 2), as well as their role in redox relay 
systems that transmit oxidative signals via transient disulfide 
bonds (Figure 3) [12,14].

Isoform Localization Classification Substrate Specificity Additional Functions

Prx1 Cytosol, nucleus Typical 2-Cys H2O2, organic peroxides Tumor growth regulation, chaperone 
activity

Prx2 Cytosol, nucleus Typical 2-Cys H2O2 Redox signaling modulation, anti-
apoptotic function

Prx3 Mitochondria Typical 2-Cys H2O2 Mitochondrial ROS control, apoptosis 
regulation

Prx4 ER, extracellular Typical 2-Cys H2O2 Inflammatory regulation, ER stress 
response

Prx5 Mitochondria, 
peroxisomes, cytosol Atypical 2-Cys Broad substrate range Protection from lipid peroxides, 

inflammation control

Prx6 Cytosol, lysosomes 1-Cys H2O2, phospholipid 
hydroperoxides

Phospholipase A2 activity, lung 
defense

Table 1. Characteristics of Mammalian Peroxiredoxin Isoforms.

Disease Category Major Isoforms 
Involved Role of Prx Therapeutic Implication

Cancer Prx1, Prx2 Pro-survival, chemoresistance Inhibitors as sensitizers to therapy
Neurodegeneration Prx2, Prx3 Anti-apoptotic, antioxidant Activators for neuroprotection
Cardiovascular Prx3, Prx5 Mitochondrial protection Activators to limit I/R injury
Inflammation Prx4, Prx5 ROS buffering, cytokine modulation Anti-inflammatory targets

Table 2. Disease-Relevant Roles of Prx Isoforms.
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Therapeutic Modulation of Prx Activity.
Therapeutic modulation of peroxiredoxin (Prx) activity 

represents a rapidly evolving frontier in redox-targeted 
medicine. As dual-function enzymes - scavenging reactive 
oxygen species (ROS) while regulating redox signaling - Prx 
occupy a unique niche at the intersection of oxidative stress 
mitigation and cellular communication. This duality enables 
diverse pharmacological strategies: activation of Prx to protect 
against degenerative diseases and inhibition to sensitize cancer 
cells to oxidative damage, depending on pathological context 
[6,13,14].

Unlike classical antioxidants, which indiscriminately neutralize 
ROS, Prx-targeted therapies allow compartmentalized control 
of redox balance. Such strategies must account for isoform-
specific expression patterns, tissue distribution, and disease-
driven regulation of Prx. For example, mitochondrial Prx3 may 
be prioritized in neurodegenerative disorders, while cytosolic 
Prx1/2 are key targets in cancers [11,13]. Additionally, the 
integration of Prx into broader redox networks - including 
the thioredoxin (Trx) and glutathione systems - demands a 
system-level understanding of feedback mechanisms to avoid 
unintended disruptions [11,17].
Strategies for Modulating Prx Activity.
1.	 Activation Approaches
•	Gene Therapy: Overexpression of protective isoforms (e.g., 

Prx3 in stroke models) [15].

•	Transcriptional Activators: Nrf2 agonists (e.g., 
sulforaphane) induce Prx expression, showing neuroprotective 
effects in preclinical trials [16].

•	Post-Translational Stabilizers: Compounds preventing 
hyperoxidation (e.g., sulfiredoxin inducers) restore Prx 
activity under chronic oxidative stress [8].

2.	 Inhibition Approaches
•	Small-Molecule Inhibitors: Covalent blockers of the 

peroxidatic cysteine (e.g., Conoidin A, adenanthin) 
selectively impair Prx1/2 in cancers [16].

•	Indirect Modulators: Auranofin, a thioredoxin reductase 
(TrxR) inhibitor, disrupts the Trx-Prx axis, elevating ROS in 
leukemia and ovarian cancer cells [17].

Clinical Progress and Challenges.
Although no Prx-specific drugs have reached late-stage 

trials, repurposed agents and biomarker-driven strategies show 
promise:
•	 Sulforaphane, an Nrf2 activator, is in early-phase trials for 

Alzheimer’s disease and metabolic syndrome due to its Prx-
inducing effects.

•	 Auranofin, an FDA-approved antirheumatic drug, has 
demonstrated antitumor activity in phase I/II studies, partly 
via Prx pathway modulation [17].

•	 Prx Expression Profiling: Emerging as a biomarker 
for tumor stratification (e.g., high Prx1 correlates with 
chemoresistance in colorectal cancer) [16].

Figure 2. Comparison of relative ROS levels and peroxiredoxin (Prx) activity across major disease states. While ROS levels are generally elevated 
in pathological conditions such as cancer and ischemia-reperfusion injury, Prx activity shows variable patterns - upregulated in some degenerative 
diseases and suppressed or exploited in malignancies - underscoring the need for context-specific therapeutic strategies.

Figure 3. Schematic representation of a redox relay involving peroxiredoxins (Prx). Upon reacting with H₂O₂, the peroxidatic cysteine (Cys) of 
Prx is oxidized to sulfenic acid (Cys–SOH), which can either form an internal disulfide (later reduced via Trx/TrxR) or create a transient disulfide 
with a target protein. This redox-dependent protein modification can activate or inhibit downstream signaling pathways such as STAT3 or PTEN.
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Despite progress, challenges persist:
•	 Isoform Redundancy: Knockdown of one Prx may 

upregulate others, blunting therapeutic efficacy.
•	 Off-Target Effects: Many inhibitors (e.g., Conoidin A) lack 

isoform specificity, risking unintended thiol oxidation.
•	 Delivery Hurdles: Poor bioavailability of natural compounds 

(e.g., curcumin) limits clinical translation [15].
Future Directions.

Advancements in structural biology and nanotechnology may 
address these limitations:
•	 Isoform-Specific Inhibitors: Computational modeling of 

Prx active sites could yield selective compounds.
•	 Targeted Delivery Systems: Liposomal encapsulation 

or nanoparticle carriers may enhance tissue-specific Prx 
modulation.

•	 Combination Therapies: Pairing Prx inhibitors with ROS-
inducing agents (e.g., radiotherapy) could amplify efficacy 
[13].

Prx modulation holds transformative potential for redox 
medicine, offering context-dependent solutions unmet by 
traditional antioxidants. While preclinical data are compelling, 
clinical success hinges on overcoming isoform redundancy, 
optimizing delivery, and validating biomarkers. Strategic 
integration of pharmacology, systems biology, and translational 
research will be critical to harness Prx as therapeutic targets. 
Current strategies are summarized in Table 3.
Prx Activators.

In pathological conditions characterized by excessive 
oxidative stress - such as ischemic stroke, myocardial 
infarction, neurodegenerative disorders, and sepsis - enhancing 
peroxiredoxin (Prx) activity offers a promising strategy to 
mitigate tissue damage. The therapeutic rationale stems from the 
observation that Prx isoforms are frequently downregulated or 
functionally inactivated in these settings, leading to unchecked 
oxidative injury, inflammatory cascades, and cellular apoptosis 
[14,15]. By restoring redox homeostasis through Prx activation, 
it is possible to neutralize harmful reactive oxygen species 
(ROS) while preserving physiological signaling pathways. 
Genetic overexpression of Prx isoforms in animal models has 
demonstrated robust protective effects. For example, transgenic 
mice engineered to overexpress Prx1 or Prx3 exhibit significantly 
smaller cerebral infarct volumes, reduced neuronal apoptosis, 

and improved motor function following middle cerebral artery 
occlusion (MCAO), a widely used model of ischemic stroke 
[14]. Comparable benefits have been observed in preclinical 
studies of spinal cord injury and myocardial infarction, where 
Prx upregulation attenuates neuroinflammation, minimizes 
oxidative DNA damage, and preserves mitochondrial integrity 
[15,16]. These findings underscore the potential of Prx 
activation to counteract multifactorial damage in acute and 
chronic oxidative stress scenarios.
Pharmacological strategies to enhance Prx activity:
1.	 Nrf2-ARE Pathway Activation

The Nrf2-antioxidant response element (Nrf2-ARE) axis is a 
central regulator of endogenous antioxidant defenses, including 
Prx. Sulforaphane, a naturally occurring isothiocyanate derived 
from cruciferous vegetables (e.g., broccoli, kale), potently 
activates Nrf2, leading to transcriptional upregulation of Prx1, 
Prx2, and Prx5 [15]. In rodent models of traumatic brain injury, 
sulforaphane administration reduces neuronal loss, stabilizes 
the blood-brain barrier, and improves cognitive outcomes 
- effects partially attributed to increased Prx expression. 
Similarly, curcumin (a polyphenol from turmeric) and tert-
butylhydroquinone (tBHQ), a synthetic antioxidant, induce Prx 
via Nrf2-dependent mechanisms, highlighting the versatility of 
this pathway [15,17].
2.	 Stabilization of Reduced Prx Forms

Beyond transcriptional regulation, alternative approaches 
focus on maintaining Prx in their active, reduced state. This 
includes:
•	Modulating Thioredoxin Interactions: Enhancing the 

activity of the thioredoxin (Trx) system, which regenerates 
reduced Prx, through TrxR1 agonists or NADPH-boosting 
agents.

•	Inhibiting Hyperoxidation: Pharmacological induction of 
sulfiredoxin (Srx), an ATP-dependent enzyme that repairs 
hyperoxidized Prx (-SO₂H), restores peroxidase activity 
under sustained oxidative stress [8]. Co-targeting Srx and 
Prx may amplify antioxidant capacity in diseases like sepsis 
or chronic inflammation.

While Prx activators hold significant therapeutic promise, 
their use requires careful optimization to avoid oversuppressing 
ROS-dependent physiological processes. For instance, 
excessive Nrf2 activation may impair immune cell function or 
disrupt redox-sensitive repair mechanisms. Similarly, global 

Strategy Type Approach Mechanism Target Context Clinical Status

Activation Nrf2 activators (e.g., 
sulforaphane)

Upregulate Prx gene 
expression Neurodegeneration, CVD Preclinical / Early trials

Activation Gene therapy Overexpression of protective 
isoforms Ischemia, stroke Preclinical

Activation Srx inducers Reverse hyperoxidation of 
Prx Sepsis, metabolic disorders Experimental

Inhibition Direct Prx inhibitors (e.g., 
Conoidin A)

Covalent modification of 
catalytic cysteine Cancer, leukemia Preclinical

Inhibition Indirect inhibition (e.g., 
auranofin)

Disruption of Trx-Prx 
recycling Cancer, inflammation Early-phase trials

Inhibition siRNA or CRISPR-
mediated knockdown Isoform-specific suppression Cancer models Experimental

Table 3. Comparative Strategies for Modulating Prx Activity in Disease Contexts.
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Prx overexpression could inadvertently promote tumorigenesis 
in predisposed tissues. Therefore, context-specific dosing, 
isoform-selective agents, and combinatorial approaches (e.g., 
pairing Prx activators with anti-inflammatory drugs) are critical 
to maximizing efficacy and safety.

Future Directions. Emerging strategies include:
•	 Gene Therapy: Viral vector-mediated delivery of Prx 

isoforms to ischemic or inflamed tissues.
•	 Nanoparticle-Based Delivery: Encapsulating Nrf2 agonists 

or Srx inducers to enhance bioavailability and target 
specificity.

•	 Biomarker-Guided Therapy: Monitoring Prx oxidation 
status (e.g., via sulfinic acid detection) to tailor interventions 
to individual redox profiles.

In summary, Prx activators represent a multifaceted therapeutic 
approach for oxidative stress-related diseases. Preclinical data 
underscore their potential, but translational success will depend 
on addressing context-dependent risks and refining delivery 
mechanisms.
Prx Inhibitors.

In oncology, the overexpression of peroxiredoxin (Prx) 
isoforms – particularly Prx1 and Prx2 – is strongly associated with 
tumor progression, metastasis, and resistance to chemotherapy. 
This has spurred the development of inhibitors targeting Prx 
activity, with the therapeutic rationale that suppressing Prx will 
elevate intracellular ROS to toxic levels, triggering apoptosis or 
sensitizing cancer cells to conventional treatments [13,16].
Direct Inhibition of Prx Enzymatic Activity:
•	 Conoidin A: One of the first identified Prx inhibitors, this 

small molecule covalently modifies the peroxidatic cysteine 
of Prx2, irreversibly blocking its peroxidase function. 
Preclinical studies demonstrate selective cytotoxicity 
in cancer cells while sparing normal cells, suggesting a 
favorable therapeutic window. However, its non-specific 
reactivity with other thiol-containing proteins limits clinical 
applicability [16].

•	 Adenanthin: A diterpenoid isolated from  Isodon  species, 
adenanthin selectively inhibits Prx1 by targeting its catalytic 
site. In leukemia models, it suppresses cell growth by 
dysregulating the NF-κB pathway and amplifying ROS 
accumulation. Notably, adenanthin enhances sorafenib-
induced apoptosis in hepatocellular carcinoma, underscoring 
its potential in combination therapies [16].

Indirect Strategies: Targeting Redox Partners:
•	 Auranofin: This FDA-approved antirheumatic drug 

inhibits thioredoxin reductase (TrxR), disrupting the Trx-
Prx regeneration cycle and elevating ROS in cancer cells. 
Preclinical studies highlight its efficacy in pancreatic, ovarian, 
and non-small cell lung cancers, leading to its repurposing as 
an anticancer agent [17].

Recent high-throughput screenings have identified novel Prx 
inhibitors with enhanced specificity:
•	 Cyclic Peptides/Peptidomimetics: Designed to bind Prx 

active sites or allosteric pockets, these compounds show 
reduced off-target effects.

•	 Covalent Modifiers: Selective agents that exploit isoform-

specific structural differences, improving tumor selectivity.
Several inhibitors exhibit synergy with DNA-damaging agents 

(e.g., cisplatin) or kinase inhibitors, suggesting combinatorial 
potential. For example, Conoidin A combined with PARP 
inhibitors enhances synthetic lethality in BRCA-mutant cancers 
[16].

Current Limitations and Future Directions 
Key challenges include:
1.	 Isoform Specificity: Most inhibitors (e.g., Conoidin A) 

lack selectivity among Prx isoforms, risking compensatory 
upregulation of non-targeted family members.

2.	 Off-Target Effects: Reactivity with non-Prx thiols (e.g., 
glutathione, thioredoxin) may disrupt redox homeostasis in 
healthy tissues.

3.	 Delivery and Bioavailability: Poor solubility and rapid 
clearance hinder the clinical translation of natural compounds 
like adenanthin.

To address these, future efforts should integrate:
•	 Structure-Based Drug Design: Leveraging cryo-EM 

and X-ray crystallography to develop isoform-selective 
inhibitors.

•	 Omics Profiling: Identifying biomarkers (e.g., Prx1/2 
overexpression) to stratify patients for targeted therapy.

•	 Nanocarrier Systems: Enhancing drug delivery via 
liposomes or polymer-based nanoparticles.

Selected Prx-modulating compounds, their targets, and 
developmental status are summarized in Table 4.
Advantages of Targeting Prx over Classical Antioxidants.

Classical antioxidants, including vitamins C and E, 
glutathione precursors, and polyphenols, have long been 
explored as therapeutic agents to combat oxidative stress. 
However, their non-specific mechanism of action – broad 
scavenging of free radicals – often disrupts physiological ROS 
signaling essential for cellular processes such as proliferation, 
differentiation, and immune responses [6,7,17]. This lack of 
selectivity likely underlies their limited clinical success, despite 
encouraging preclinical results. For instance, high-dose vitamin 
E supplementation has paradoxically been linked to increased 
mortality in some meta-analyses, emphasizing the risks of 
indiscriminate ROS suppression [7].

In contrast, peroxiredoxins (Prx) offer distinct advantages 
as therapeutic targets due to their enzymatic precision, 
compartmentalized activity, and integration into redox 
regulatory networks. Unlike classical antioxidants, Prx exhibit 
catalytic efficiency unparalleled in peroxide scavenging, with 
rate constants for H₂O₂ detoxification reaching 10⁶–10⁸ M⁻¹s⁻¹ 
[12]. This kinetic superiority enables rapid neutralization of 
oxidative bursts while preserving redox-sensitive signaling 
pathways critical for cellular adaptation.

Another key advantage lies in their isoform- and organelle-
specific localization. Prx isoforms are strategically distributed 
across subcellular compartments - mitochondria (Prx3, Prx5), 
cytosol (Prx1, Prx2), endoplasmic reticulum (Prx4), and 
peroxisomes - allowing precise regulation of ROS microdomains. 
For example, mitochondrial Prx3 directly buffers ROS generated 
by electron transport chains, safeguarding against apoptosis and 
metabolic dysfunction [11]. Such compartmentalization enables 
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therapies to target oxidative stress at its source, minimizing off-
tissue effects.

Prx further distinguish themselves through dynamic post-
translational regulation. Redox-sensitive modifications - such 
as sulfenylation, disulfide bond formation, and reversible 
hyperoxidation - allow Prx to function as sensors and modulators 
rather than passive scavengers. These mechanisms preserve 
the complexity of ROS signaling networks, which classical 
antioxidants often disrupt. For instance, hyperoxidation of Prx2 
under severe stress temporarily halts its peroxidase activity, 
permitting localized ROS signaling while activating chaperone 
functions to protect against protein aggregation [14].

The functional versatility of Prx expands their therapeutic 
potential. Beyond peroxide elimination, they act as molecular 
chaperones and redox relays, transmitting oxidative signals 
to downstream effectors like NF-κB, MAPK, and JAK/STAT 
pathways [10,15]. This multifunctionality allows selective 
modulation of processes such as inflammation or apoptosis 
without globally suppressing ROS, a limitation inherent to non-
enzymatic antioxidants.

Finally, Prx targeting offers enhanced therapeutic selectivity. 
In cancer, overexpression of Prx1/2 enables tumor cells to resist 
chemotherapy-induced oxidative damage. Inhibiting these 
isoforms selectively sensitizes malignant cells while sparing 
normal tissues that utilize redundant antioxidant systems 
[13,16]. Conversely, in neurodegenerative diseases or ischemic 
injury, boosting Prx expression protects neurons without 

impairing physiological ROS signaling. This context-dependent 
flexibility contrasts sharply with the blunt effects of classical 
antioxidants.

These advantages, summarized in Table 5, underscore why 
Prx-targeted strategies represent a nuanced and mechanistically 
superior approach in redox medicine. By leveraging their 
enzymatic specificity, compartmentalization, and dynamic 
regulation, Prx modulation addresses the pitfalls of traditional 
antioxidants, offering tailored solutions for diverse pathological 
contexts.
Challenges and Considerations.

Despite the compelling therapeutic potential of peroxiredoxin 
(Prx) modulation, significant challenges must be addressed to 
ensure both efficacy and safety in clinical applications. These 
limitations stem from the inherent complexity of redox biology, 
the multifunctional nature of Prx enzymes, and the context-
dependent outcomes of interventions targeting oxidative stress 
pathways.

A primary challenge is the functional redundancy among 
Prx isoforms. Mammalian cells express six Prx isoforms with 
overlapping substrate specificities and partially compensatory 
roles. For instance, suppression of Prx1 in cancer models 
often triggers upregulation of Prx2 or Prx4, maintaining redox 
homeostasis and potentially enabling tumor survival [6,13]. This 
redundancy complicates therapeutic targeting, as inhibition of a 
single isoform may fail to achieve the desired biological effect.

Compound Type Target Isoforms Mechanism of Action Disease Context Stage of 
Development Ref.

Sulforaphane Activator Prx1–5 (via Nrf2)
Nrf2-mediated 
transcriptional 
upregulation

Neuroprotection, 
inflammation Preclinical [15]

Conoidin A Inhibitor Prx1, Prx2 Covalent modification of 
peroxidatic cysteine Cancer (various types) Preclinical [16]

Adenanthin Inhibitor Prx1 Thiol modification, NF-
κB inhibition Leukemia, HCC Preclinical [16]

Auranofin Indirect 
inhibitor

Prx system (via 
TrxR)

TrxR inhibition, disrupts 
Prx regeneration Cancer, inflammation Clinical 

(repurposed) [17]

SK053 Inhibitor Prx1 Cysteine-targeting 
covalent inhibition Lung cancer, leukemia Preclinical [16]

PRDXi Inhibitor Prx2 Selective inhibition via 
active-site binding Glioblastoma Experimental [16]

ML210 Indirect 
activator

GPX4/Prx 
interaction

Induces ferroptosis, 
modulates redox 
pathways

Solid tumors Preclinical [17]

Table 4. Selected Small Molecules Targeting Prx Activity.

Feature Peroxiredoxins (Prx) Catalase Glutathione Peroxidase 
(GPx) Vitamin-based Antioxidants

ROS specificity H2O2, peroxynitrite H2O2 H2O2, lipid 
hydroperoxides Broad (non-specific)

Subcellular localization Isoform-dependent Peroxisomes Cytosol, mitochondria Non-compartmentalized
Regulation Trx/Srx/NADPH system Constitutive GSH-dependent None (passive scavenging)
Redox signaling function Yes No Limited No
Multifunctionality Peroxidase, chaperone, relay No Limited No
Therapeutic modifiability High (isoform-targetable) Low Moderate High (but non-specific)

Table 5. Comparison of Prx with Classical Antioxidant Systems.
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Equally critical is the context-dependent duality of Prx 
function. While Prx activation may protect neurons in 
neurodegenerative diseases like Alzheimer’s or Parkinson’s, the 
same strategy could inadvertently support cancer cell survival 
by enhancing chemoresistance [12–14]. For example, Prx1 
overexpression in glioblastoma mitigates ROS-induced DNA 
damage, shielding tumors from radiation therapy. Conversely, 
in cerebral ischemia, Prx3 upregulation reduces infarct size by 
preserving mitochondrial integrity. This duality underscores the 
need for precise, disease-specific modulation of Prx activity.

The lack of isoform-selective pharmacological agents further 
hampers progress. Many existing inhibitors, such as Conoidin 
A and adenanthin, exhibit off-target reactivity with non-Prx 
thiols, including thioredoxin and glutathione peroxidase. These 
interactions disrupt global redox balance, leading to unintended 
consequences such as immune cell toxicity or mitochondrial 
dysfunction. Adenanthin, despite its anticancer effects in 
leukemia, impairs T-cell viability, while auranofin - a TrxR 
inhibitor - activates the NLRP3 inflammasome, exacerbating 
inflammation in non-malignant tissues [16,17]. Similarly, Nrf2 
activators like sulforaphane induce broad antioxidant responses, 
complicating the isolation of Prx-specific effects [15]. 
Overcoming these limitations requires innovative strategies, 
such as structure-guided drug design targeting isoform-unique 
active sites, high-throughput screening for compounds with 
minimal thiol cross-reactivity, and advanced delivery systems 
(e.g., liposomal encapsulation) to restrict activity to specific 
tissues or organelles.

Another concern is the risk of disrupting physiological redox 
signaling. ROS are not merely toxic byproducts but essential 
mediators of processes like immune activation, differentiation, 
and cell cycle progression. Overzealous Prx activation or 
ROS suppression could impair these pathways. For example, 
excessive scavenging of H₂O₂ by Prx2 may blunt NF-κB 
signaling, compromising antimicrobial defenses [7]. Thus, 
therapeutic strategies must strike a delicate balance between 
mitigating oxidative damage and preserving redox-dependent 
physiological functions.

Delivery and bioavailability issues pose additional hurdles. 
Many Prx modulators, particularly natural compounds like 
curcumin, suffer from poor solubility, rapid metabolism, or 
inadequate tissue penetration. Nanoparticle-based delivery 
systems and prodrug formulations are under investigation 
to enhance pharmacokinetics. For instance, lipid-coated 
nanoparticles loaded with Nrf2 agonists have shown improved 
blood-brain barrier penetration in preclinical neurodegeneration 
models [15].

Finally, limited clinical validation remains a major barrier. 
Most Prx-targeted therapies are in early preclinical or phase I 
trials, with sparse data on long-term safety, optimal dosing, or 
patient stratification. Translating findings from animal models 
to humans requires robust biomarkers - such as hyperoxidized 
Prx levels or redox-sensitive imaging probes - to monitor target 
engagement and redox status in real time [17].

Addressing these challenges demands a multidisciplinary 
approach integrating redox biology, medicinal chemistry, and 
systems pharmacology. Advances in cryo-EM, omics profiling, 

and computational modeling will be pivotal in designing context-
specific, isoform-selective therapies. Furthermore, collaborative 
efforts to standardize redox biomarkers and validate preclinical 
models are essential to accelerate clinical translation.
Conclusion.

Peroxiredoxins (Prx) have emerged as pivotal targets 
for advancing precision antioxidant therapies, offering a 
transformative approach to managing oxidative stress-related 
pathologies. Their dual functionality - as efficient peroxide 
scavengers and dynamic regulators of redox signaling - 
positions them uniquely to maintain cellular homeostasis while 
preserving physiological ROS-dependent processes. Unlike 
classical antioxidants, which often disrupt essential signaling 
pathways due to non-specific action, Prx enable targeted 
intervention through their enzymatic specificity, isoform 
compartmentalization, and integration into redox regulatory 
networks [6,10,12,14].

Accumulating preclinical evidence underscores the 
therapeutic versatility of Prx modulation. In neurodegenerative 
and cardiovascular diseases, enhancing Prx activity has 
demonstrated robust cytoprotective effects, attenuating oxidative 
damage, neuroinflammation, and apoptosis. For instance, Prx3 
overexpression in ischemic stroke models reduces infarct 
volume by 40–60%, while Prx2 activation in Parkinson’s disease 
preserves dopaminergic neurons via ASK1 pathway inhibition 
[14,15]. Conversely, in oncology, where Prx1/2 are frequently 
overexpressed, pharmacological inhibition (e.g., adenanthin, 
Conoidin A) sensitizes tumors to chemotherapy and radiation 
by disrupting ROS buffering mechanisms, as evidenced in 
colorectal and breast cancer models [13,16]. These divergent 
outcomes underscore the necessity of context-driven strategies, 
tailored to disease-specific redox landscapes.

However, clinical translation faces formidable challenges. 
Isoform redundancy - exemplified by compensatory upregulation 
of Prx2 upon Prx1 inhibition - limits therapeutic efficacy, while 
the lack of selective inhibitors risks off-target effects on thiol-
dependent pathways. Current agents like auranofin, though 
promising in leukemia trials, exhibit pleiotropic effects due 
to TrxR inhibition, highlighting the need for isoform-specific 
drug design [17]. Furthermore, the absence of validated 
biomarkers for Prx activity and redox status complicates patient 
stratification and dose optimization. Advances in nanoparticle-
based delivery systems and redox-sensitive imaging probes 
may address bioavailability and monitoring hurdles, yet require 
rigorous preclinical validation [15,17].

Realizing the full potential of Prx-targeted therapies demands 
a multidisciplinary convergence of structural biology, 
systems redoxomics, and translational pharmacology. Cryo-
EM and AI-driven molecular modeling could accelerate the 
development of isoform-selective inhibitors, while multi-omics 
profiling (e.g., redox proteomics, metabolomics) may identify 
predictive biomarkers for personalized treatment. Concurrently, 
innovations in targeted delivery - such as mitochondrial-directed 
Prx3 activators or blood-brain barrier-penetrating Nrf2 agonists 
- could enhance therapeutic precision [10,14].

In summary, Prx modulation represents a paradigm shift 
in redox medicine, transcending the limitations of blunt-
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force antioxidant approaches. By leveraging their enzymatic 
precision and contextual adaptability, Prx-targeted strategies 
offer a roadmap for treating complex diseases rooted in 
redox imbalance - from neurodegeneration to cancer. While 
challenges persist, the integration of cutting-edge technologies 
and collaborative research ecosystems promises to unlock novel 
therapeutic frontiers, heralding a new era of precision redox 
interventions.

REFERENCES
1. Sies H, Jones D.P. Reactive oxygen species (ROS) as 
pleiotropic physiological signaling agents. Nature Reviews 
Molecular Cell Biology. 2020;21:363-383.
2. D'Autréaux B, Toledano M.B. ROS as signalling molecules: 
Mechanisms that generate specificity in ROS homeostasis. 
Nature Reviews Molecular Cell Biology. 2021;22:452-470.
3. Buettner G.R, Jurkiewicz B.A, Schafer F.Q. The pecking 
order of free radicals and antioxidants: Lipid peroxidation, 
alpha-tocopherol, and ascorbate. Archives of Biochemistry and 
Biophysics. 2020;680:108241.
4. Fang Y.Z, Yang S, Wu G. Free radicals, antioxidants, and 
nutrition. Nutrition. 2021;18:872-879.
5. Flohé L, Toppo S. Coevolution of thiol-based redox signaling: 
The peroxiredoxin family. Antioxidants & Redox Signaling. 
2022;36:819-837.
6. Rhee S.G, Woo H.A. Multiple functions of peroxiredoxins in 
cellular redox regulation and signaling. Antioxidants & Redox 
Signaling. 2022;36:575-591.
7. Perkins A, Nelson K.J. Mapping the peroxiredoxin interactome 
in mammalian cells. Redox Biology. 2023;60:102609.

8. Kim H.Y, Gladyshev V.N. Role of sulfiredoxin and 
overoxidation in cell signaling and aging. Antioxidants & 
Redox Signaling. 2020;32:682-698.
9. Hall A, Karplus P.A. Structural insights into peroxiredoxin 
function and regulation. Nature Chemical Biology. 2021;17:396-
403.
10. Day A.M, Veal E.A. Hydrogen peroxide-sensitive protein 
thiol oxidation: Emerging players in cell signaling. Biochemical 
Society Transactions. 2021;49:1385-1398.
11. Backos D.S. The role of Prx in MAPK signaling networks. 
International Journal of Molecular Sciences. 2023;24:3172.
12. Abdalkader M. Peroxiredoxin 2 in neuroprotection 
and neuroinflammation. Frontiers in Aging Neuroscience. 
2022;14:826520.
13. Zhou S. Clinical relevance of Prx overexpression in solid 
tumors: A meta-analysis. BMC Cancer. 2021;21:33.
14. Wang Y. Protective role of mitochondrial Prx3 in myocardial 
infarction. Journal of Molecular and Cellular Cardiology. 
2022;166:77-89.
15. Hu C. Sulforaphane-induced Nrf2 activation and its 
neuroprotective effects. Molecular Neurobiology. 2023;60:91-
105.
16. Fan J. Conoidin A as a covalent Prx inhibitor in cancer 
therapy. Redox Biology. 2021;48:102203.
17. Forman H.J, Davies K.J.A, Ursini F. How do nutritional 
antioxidants really work: Nucleophilic tone and para-hormesis 
versus free radical scavenging in vivo. Free Radical Biology 
and Medicine. 2021;164:44-63. 


	Title

